
Abstract 

 

Exon skipping using antisense oligonucleotides (AONs) has successfully been used to 

reframe the mRNA in various DMD (Duchenne muscular dystrophy) patients carrying 

deletions and in the mdx mouse model. This study can be devided in two parts: in the 

first part we have tested the feasibility of the exon skipping approach for patients with 

small mutations in in-frame exons, while in the second part a quantitative comparison of 

exon skipping revealing techniques is addressed. 

We first identified 55 novel disease-causing point mutations. We selected 5 patients 

with nonsense or frameshifting mutations in exons 10, 16, 26, 33 and 34. Wild type and 

mutation specific 2‟OMePS AONs were tested in cell-free splicing assays and in 

cultured cells derived from the selected patients. The results obtained confirm cell-free 

splicing assay as an alternative system to test exon skipping propensity when patients‟ 

cells are unavailable. In myogenic cells, similar levels of exon skipping were observed 

for wild type and mutation specific AONs for exons 16, 26 and 33, while for exon 10 and 

exon 34 the efficiency of the AONs was significantly different. Interestingly, in some 

cases skipping efficiencies for mutated exons were quite dissimilar compared to what 

previously reported for the respective wild type exons. This behaviour may be related to 

effect of the mutations on exon skipping propensity and highlights the complexity of 

identifying optimal AONs for skipping exons with small mutations. 

In the second part we compared different techniques to reveal the exon skipping levels 

in the muscles of 7 different mdx mice. An absolute quantification of the dystrophin 

transcript amount was possible using a digital array. Results underline the low 

expression of the dytrophin gene and the amount needed to correctly quantify the exon 

skipping percentage. 
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2OMe   2'-O-methyl modified 

AAV   Adeno-associated virus 

ABD   Actin binding domain 
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BMD   Becker muscular dystrophy 

DGC   Dystrophin associated glycoprotein complex 

DGGE   Denaturant gradient gel electrophoresis\ 

DMD   Duchenne muscular dystrophy 

DNA   Deoxiribose nucleic acid 

DRP2   Dystrophin related protein 2 

ESE   Exonic splicing enhancer 

ESS  Exonic splicing silencer 
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LGMD   Limb-girdle muscular dystrophy 

LNA   Locked nucleic acid 

nNOS   Neuronal nitric oxide synthase 
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PEG   Polyethyleneglycol 

PEI   Polyethylenimine 

PMMA  polymethylmethacrylate 

PMO  morpholino oligonucleotides 

PNA   Peptide nucleic acid 

PPMO  peptide-conjugated morpholino oligonucleoides 

PPNA  peptide-conjugated peptide nucleic acid 

PS    Phosphorothioate 

PTT   Protein truncation test 

RNA   Ribose nucleic acid 
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snRNA   Small nuclear ribonucleoprotein 

SCAIP  single-condition amplification/internal primer 

SSCA   Single strand conformation polymorphism analysis 

U2AF   U2 auxillary factor 

UTR   Untranslated region 
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1. Phenotype 

 

Duchenne muscular dystrophy (DMD) is a severe, progressive, muscle-wasting 

neuromuscular disorder (Emery 2002). The worldwide incidence of DMD is estimated to 

be 1 in 3500 newborn boys (Moser 1984). The first symptoms involve the lower limbs 

and appear between the third and fifth year. Patients have hypertrophic calves, show 

difficulty in running and climbing stairs, run on their tiptoes and frequently fall. Due to 

weakness of the knee and hip extensors, patients rise from a sitting position using the 

Gower's maneuver (patients rest on their hands and toes, and then use their hands to 

push down on their thighs to get into an upright position). Muscle weakness progresses 

to the shoulder girdle-, upper armand trunk-muscles and patients loose ambulance 

before the age of 12 (a detailed description of the clinical features can be found in 

(Emery 1993)). 

Histological changes are readily apparent with light microscopy analysis of cross-

sections from patient muscle biopsies (Figure 1). They involve variation in fiber size with 

atrophic and hypertrophic fibers, degeneration and regeneration of the muscle fibers, 

infiltration of inflammatory cells and fibrosis (Dubowitz 2000). The fiber necrosis results 

in leakage of the enzyme creatine kinase (CK), resulting in very high serum CK levels in 

DMD patients (20,000 to 50,000 U/L compared to 80 to 250 U/L in unaffected 

individuals). These levels decline as patients get older and the overall muscle mass  

decreases progressively. 

Until the early nineties of the last century, patients used to die from respiratory 

insufficiency in the second decade of their life. Nowadays, patients live into their third 

decade, due to improved respiratory care and assisted ventilation, and often die as a 

result of congestive cardio-myopathy (Emery 2002; Simonds 1998). A substantial 

proportion, however, still dies before their twenties from pneumonia or other respiratory 

infections.  

One third of all affected boys are also mentally impaired. About 20% of DMD patients 

have an IQ of less than 70 (Emery 2002) and learning difficulties are commonly 

associated with the disease (Polakoff 1998). In contrast to the muscle wasting, the 

mental impairment is not progressive. 
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2. Positionl cloning of the DMD gene 

Since in general only boys are affected by DMD, it was obvious to geneticists that the 

gene mutated in DMD patients, had to be located on the X-chromosome. A few, rare, 

cases of female DMD patients have been described. In the majority of these females, 

the disease was associated with translocations in the Xp21 band, indicating that the 

DMD locus was located in this region (Greenstein 1977; Jacobs 1981). Besides this 

cytogenetical evidence, genetic linkage analysis also localized the DMD locus to the 

Xp21 band (Davies 1983). Using probes located in and around this band prenatal 

diagnosis and carrier detection was performed as early as 1985 (Bakker 1985). 

Surprisingly, linkage analysis localized Becker muscular dystrophy (BMD) to the same 

locus as DMD (Kingston 1984). BMD affects 1 in 20,000 men, and patients also suffer 

from muscle weakness. However, the course of the disease is more benign than for 

DMD (Emery 2002). Patients have a phenotype that varies from very mild to moderately 

severe. The age of onset is around 12 years, but some patients remain asymptomatic 

until later in life. Most patients lose ambulance around 20-30 years after diagnosis 

(Emery 1993), although some remain ambulant for much longer (England 1990; 
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Mirabella 1998; Yazaki 1999). About 50% of all BMD patients suffer from 

cardiomyopathy, which sometimes is the main symptom (de Visser 1990; Emery 1993). 

Severely affected patients die between 40 and 50 years, whereas mildly affected 

patients have near normal life expectancies. The pERT87 probe, which is deleted in 

some DMD patients, was shown to be deleted in several BMD patients as well (Hart 

1987), suggesting that DMD and BMD are either allelic or that the genes mutated in 

these diseases are close together. Using different probes the first partial DMD cDNAs 

were identified by Monaco and collegues in 1986 (Monaco 1986), whereupon the 

complete 14 kb DMD cDNA could be cloned in 1987 (Koenig 1987). The gene 

(described in more detail in Chapter 3) was found to contain at least 60 exons and to be 

dispersed over at least 2000 kb. Deletions in the DMD gene were found in 50% of all 

patients using cDNA probes (den Dunnen 1987; Koenig 1987). Following studies found 

similar or even higher percentages of deletions in DMD patients as well as in BMD 

patients (Davies 1988; Den Dunnen 1989; Forrest 1988). The protein product of the 

DMD gene was identified shortly after the DMD cDNA. It was named 'dystrophin', 

because of its identification via the isolation of the Duchenne muscular dystrophy locus 

(Hoffman 1987). The protein was shown to be approximately 400 kD and to represent 

0.002% of total striated muscle protein (Hoffman 1987). Dystrophin could not be 

detected in muscle tissue isolated from DMD patients. Microscopic analysis of cross-

sections revealed that dystrophin is located in the sarcolemma in unaffected muscle 

tissue, and confirmed that it is absent in muscles from DMD patients (Arahata 1988; 

Bonilla 1988; Watkins 1988; Zubrzycka-Gaarn 1988) (Figure 1C-F). In contrast to DMD 

patients, dystrophin could be detected in BMD patients (Figure 1E). Western blot 

analysis revealed that these dystrophins were of an abnormal size, but present in near 

normal levels in mildly affected BMD patients, and in low amounts for more severely 

affected patients (Hoffman 1988). These findings implied that the amount of the protein 

was more important than the size of the protein. In 1988 Monaco and colleagues 

proposed the open reading frame hypothesis, by which the phenotypic differences 

between DMD and BMD patients could be explained (Monaco 1988). This model was 

based on the breakpoints of intragenic DMD deletions and their effect on the translation 

of triplet codons into amino acids of the dystrophin protein. They hypothesized that 

deletions in DMD patients lead to a shift in the open reading frame, resulting in 

premature stop codons and truncated non-functional, instable proteins, associated with 
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the severe DMD phenoptype. In BMD patients the deletions do not disrupt the open 

reading frame and internally deleted, but semi-functional dystrophins can be produced, 

leading to a milder phenotype (See Figure 2 for a schematic depiction). Some studies 

detected mutations that contradicted this 'open reading frame rule', and suggested that 

the location of the mutation determined the outcome of the disease (Malhotra 1988; 

Medori 1989). However, the vast majority of these exceptions consisted of BMD 

patients carrying an out-of-frame deletion of exon 3-7 (discussed in more detail in 

Chapter 6). An extensive study revealed that for mutations detected on DNA level the 

reading frame rule holds true for over 90% of all BMD and DMD patients (Baumbach 

1989; Gillard 1989; Koenig 1989), and this rule is generally used as a differential 

diagnotic and prognostic tool for BMD versus DMD patients.  
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3. The DMD gene 

 

The DMD gene is the largest known gene and consists of no less than 2,2 Mb, making it 

80 times as big as the average human gene (estimated to be 30 kb (Nebert 2002)). The 

gene contributes to approximately 0.1 % of the human genome (Lander 2001). When 

compared to the average gene (spanning ~6 kb and containing ~10 exons (Lewin 

2000)), the DMD mRNA is larger (14 kb) and contains more exons (79) (Roberts 1993). 

However, there are genes that contain even more exons and have larger mRNAs than 

the DMD gene, but which are nevertheless shorter. This can be explained by the fact 

that the coding sequence of the DMD gene accounts for only 0.6% of the gene and the 

rest of the gene is occupied by huge non-coding introns (Ahn 1993) (Figure 3). The 

dystrophin gene is also unusually large in other organisms, such as the mouse (Mus 

musculus; 2.2 Mb where the average murine gene is 27 kb and the pufferfish (Fugu 

rubripes; 165kb vs. 4,8 kb for an average gene); and much larger than the average 

gene in the fruitfly (Drosophila melanogaster; 131 kb vs. 11,3 kb for an average gene). 

 

 

Figure 3. Exons and introns size in the DMD gene. Exons (blue bars) an introns (red bars) are 

indicated. 
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Since the extreme size of the gene makes it very vulnerable for pathological 

rearrangements, the question arises why this gene is so large. One hypothesis is, that it 

prevents the dystrophin protein from being present too early during myogenesis and 

brain formation. Full-length dystrophins are mainly transcribed in post-mitotic cells in 

muscle and brain. During mitosis, there is a decrease in transcription and it would be 

almost impossible to express a gene that takes an estimated 16 hours to transcribe 

(Tennyson 1995) in early embryonic cells that divide every 24 hours. Another 

hypothesis is that the introns contain regulatory elements for (alternative) splicing 

events. This theory is supported by the fact that in-frame exons, which can be skipped 

without serious consequences, are on average flanked by smaller introns than out-of-

frame exons, which will result in the generation of a truncated, non- functional 

dystrophin when abusively skipped (Pozzoli 2003). 

The huge size of the introns requires an enormous effort of the transcription and splicing 

machinery of the cell. Furthermore, the predicted splice sites of the DMD exons are not 

significantly stronger than those of other genes (Sironi 2001), yet the splicing machinery 

manages to correctly splice the 14 kb mRNA from the 2.4 Mb pre-mRNA for the majority 

of the transcripts. This is even more astonishing if you appreciate that for instance intron 

44 is almost 250 kb long, and that exon 2 is flanked by 360 kb of intron sequence (i.e. 

190 kb for intron 1 and 170 kb for intron 2), in which many other potential exons are 

located, with equally good or better splice sites than the exon itself. It may be that the 

genuine exons are recognized due to additional signals present in the introns, or due to 

the secondary structure of the pre-mRNA. 

The dystrophin pre-mRNA is subjected to alternative splicing throughout its coding 

sequence (Sironi 2002). In the C-terminal part the in-frame exon 71 and the out-of-

frame exon 78 are omitted in 50% of dystrophin transcripts (Feener 1989). The absence 

of exon 78 results in an alternative C-terminus, which may have a function in 

development (see Chapter 5). Exons 71-74 code for a syntrophin binding domain and 

the functional meaning of the loss of this site is not yet known. Several transcripts 

lacking up to 17 exons in the 5' part have been described (Surono 1997 and 1999). 

Since most of these skips result in an in-frame mRNA, they are thought to generate 

internally truncated dystrophins that lack the actin-binding domains. The function of 

these proteins is as yet unknown, and it may be that they are unstable and/or non 
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functional. Besides the exclusion of exons, one exon has been described that is 

alternatively inserted into the transcript. Exon 2a is situated in intron 2 and is inserted 

either between exon 2 and 8 or between exon 2 and 18. These transcripts have been 

detected in skeletal muscle, small intestine and colon tissue (Pramono 2000). Exon 2a 

creates a shift in the reading frame. Therefore, the insertion of these exons is more 

likely to be a naturally occurring artefact (i.e. mistake of the splicing machinery) or an 

experimental artefact (i.e. cold-shock effect on splicing) than the genuine insertion of an 

alternative exon. Alternative splicing allows expression of the dystrophins isoforms (see 

Chapter 5) driven by at least 7 promoters. Three are located before exon 2 (the cortical, 

muscle and purkinje promoters), whereas the other four are located in intron 29, 44, 55 

and 62 (Dp260, Dp 140, Dp116 and Dp71/40, respectively) (Byers 1993; Chelly 1990b; 

D'Souza 1995; Gorecki 1992; Lederfein 1992; Lidov 1995) (Figure 4 A).  
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Another mysterious aspect of the DMD gene is the final exon, which is 2307 bp long, 

but only codes for the last 3 amino acids of the dystrophin protein, and the last 31 amino 

acids for the alternatively spliced isoforms that lack exon 78. Several parts of this large 

3' UTR are unusually well-conserved in human, mouse and chicken dystrophin 

(Greener 2002; Lemaire 1988) and a deletion within the 3' UTR has been described in 

one BMD patient (Love 1990) and a DMD patient (Spitali 2009). This implies that the 

UTR may have a regulatory function, although one that as yet remains unknown.  

 

 

4. Dystrophin and the dystrophin associated Glycoprotein Complex (DGC) 

Dystrophin consists of 3685 amino acids and is a 427 kD protein (Koenig 1988). The 

protein is hydrophilic (31% of the amino acids are charged) and does not have stretches 

of hydrophobic amino acids, indicating that it is not a transmembrane protein. 

Dystrophin contains four distinct domains (Figure 4 B). The first 240 N-terminal amino 

acids define the actin-binding domain, which contains two actin-binding sites (Jarrett 

1995; Koenig 1990). This domain is followed by a central rod shaped domain, which 

consists of 24 spectrin-like repeat units interrupted by 4 proline-rich hinge regions 

(Koenig 1990). It has recently been shown that repeat units 11-17 contain an additional 

actin-binding domain (Rybakova 1996). The cysteine-rich domain encompasses amino 

acids 3080 to 3360 and includes 15 cysteines, two EF hand motifs and a ZZ domain 

(Koenig 1988). The C-terminal domain consists of the final 325 amino acids, and 

contains two stretches that are predicted to form α-helical coiled coil domains, which are 

involved in protein-protein interactions (Koenig 1988). Dystrophin is part of the 

dystrophin-associated glycoprotein complex (DGC) (Figure 5). The cysteine-rich and C-

terminal domains of dystrophin bind to several parts of the DGC (Figure 5 A), which can 

be divided into the dystroglycan complex, the sarcoglycan-sarcospan complex and the 

cytoplasmatic, dystrophin containing complex (Blake 2002; Yoshida 1994). In skeletal 

muscle the dystroglycan complex consists of α-dystroglycan and β-dystroglycan, which 

are both heavily glycosylated (Ibraghimov-Beskrovnaya 1992). Dystrophin binds to β-

dystroglycan, a transmembrane protein that binds to the extra-cellular α-dystroglycan. 

Alpha-dystroglycan on its part binds to the extracellular matrix component laminin-2 

(Hohenester 1999; Rentschler 1999; Suzuki 1994). In this way dystrophin provides a 

mechanical link between the actin cytoskeleton and the extra-cellular matrix of the 
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connective tissue. The sarcoglycan-sarcospan complex includes α-, β-, γ- and δ- 

sarcoglycan and sarcospan (Blake 2002). These transmembrane proteins are 

hypothesized to have a function in the stabilisation of the dystroglycan-dystrophin 

complex (Araishi 1999). The cytoplasmatic part of the DGC includes dystrophin itself, α-

dystrobrevin and α-syntrophin. Alpha-dystrobrevin binds to both dystrophin and α-

syntrophin (Ahn 1996). Alpha-syntrophin also binds to dystrophin and, additionally, it 

recruits the enzyme nNOS to the sarcolemma (Ahn 1995; Brenman 1996; Brenman 

1995; Yoshida 1995). 

 

 

 

 

In DMD patients the absence of dystrophin results in the complete loss or decrease of 

other DGC proteins, and in the loss of nNOS at the sarcolemma (Brenman 1995; 

Ervasti 1990; Ohlendieck 1991a). 

In BMD patients, on the other hand, the internally truncated dystrophins are able to bind 

to the dystrophin associated proteins, since the C-terminal part of the protein is intact. 

For most BMD patients the DGC proteins can be detected at the membrane, although in 

some cases at decreased levels (Matsumura 1994a; Matsumura 1993; Mirabella 1998). 
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The function of the DGC is still largely unknown. However, since the complex forms a 

mechanical link between the cytoskeleton and the extracellular matrix, it is assumed 

that the DGC has a function in maintaining sarcolemma stability during contraction 

(Matsumura 1994b). Recent studies suggest that the DGC may also have a function in 

signal transduction, because some DGC proteins can bind to proteins, which are 

involved in signalling transduction, such as calmodulin, Grb2 and nNOS (reviewed in 

(Blake 2002; Rando 2001)). Additionally the DGC seems to be required for the 

functionality of the blood brain barrier, as its permeability is increased and its integrity is  

lost in mdx mice (the mouse homologue of DMD, see Chapter 8) (Nico 2003; Nico 2004; 

Vajda 2002). The loss of blood brain barrier function may underlie the mental 

retardation observed in a portion of DMD patients. The loss of other DGC proteins can 

also result in muscular dystrophies. Mutations in the α-sarcoglycan gene found in Limb-

girdle muscular dystrophy type 2D (LGMD) and in severe childhood autosomal 

recessive muscular dystrophy (SCARMD) patients (Piccolo 1995; Roberds 1994).  

Mutations in the other sarcoglycan genes are found in patients suffering from other 

types of LGMD (Bonnemann 1995; Lim 1995; Nigro 1996; Noguchi 1995). As yet no 

mutations in the sarcospan or syntrophin genes have been found in patients suffering 

from muscular dystrophy or other diseases. Moreover, transgenic sarcospan and 

syntrophin knockout mice do not develop a muscular dystrophy phenotype (Kameya 

1999; Lebakken 2000). Dystroglycan knockout mice, on the other hand, are embryonic 

lethal (Williamson 1997). Recently, mutations in genes coding for fukutin and fukutin 

related protein have been identified in congenital muscular dystrophy (CMD) and 

LMGD-2I patients (Brockington 2001b; Kobayashi 1998). These proteins are thought to 

be glycosyl-transferases, and are likely to be involved in the glycosylation of α-

dystroglycan. Indeed, the expression of α-dystroglycan is decreased in CMD and 

LMGC-2I patients (Brockington 2001a; Hayashi 2001). The exact pathophysiology of 

DMD is not yet known, but a hypothetical flowchart describes the most important 

mechanisms thought to give rise to the muscle wasting that is found in DMD patients. 

Due to the lack of dystrophin and the DGC complex in DMD patients, the muscle 

membrane is leaky and more vulnerable for mechanical damage (Blake 2002). This 

results in an influx of calcium into the muscle fiber, leading to a calcium overload of the 

mitochondrial matrix and the down-regulation of the transcription of mitochondrial 

genes, resulting in a metabolic crisis and eventually necrosis (Chen 2000). The calcium 
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influx also over stimulates calcium dependent signal transduction pathways, which 

eventually causes a downregulation of calcium regulating signal molecules through a 

negative feedback, enhancing the metabolic crisis (Chen 2000). Finally, the calcium 

influx activates calcium dependent proteases in general, and the calpaines in particular 

(Alderton 2000; Spencer 1995). The proteases break down the muscle membrane and 

modify calcium leak channels, thus augmenting the influx of calcium into the cell 

(Alderton 2000). Due to the muscle damage the fiber becomes "leaky" and muscle 

enzymes such as creatin kinase will leak into the bloodstream. Additionally, since nNOS 

synthesizes the molecule NO that induces vaso-dilatation, the absence of nNOS can 

cause ischemia after severe mechanical stress. This can lead to necrosis (Sander 2000, 

Thomas, 1998), which attracts inflammatory cells, such as dendritical cells, mast cells 

and T-cells, which eventually trigger fibrosis (McDouall 1990; Nahirney 1997). 

 

 

5. Dystrophin isoforms and homologs 

Besides the dystrophin initially detected in skeletal muscle and cardiomyocytes, at least 

seven promoters drive the expression of other dystrophin isoforms from the DMD gene 

(Figure 4 B, Table 1). In addition to the muscle dystrophin – named Dp427m, because 

of its molecular weight (427 kD) and its main site of expression (muscle) – two other full-

length dystrophins are produced, i.e. Dp427c and Dp427p (Boyce 1991; Chelly 1990b; 

Gorecki 1992; Holder 1996). Both isoforms have their own unique first exon, which is 

spliced to exon two of the Dp427m transcript (Boyce 1991; Gorecki 1992). Dp427c is 

mainly expressed in the cortical neurons – hence the postfix 'c' – and the hippocampus 

in the brain (Barnea 1990; Gorecki 1992), whereas Dp427p is expressed in the 

cerebellar Purkinje cells and at lower levels in skeletal muscle (Gorecki 1992; Holder 

1996). There are also four internal promoters from which shorter isoforms are produced; 

(Byers 1993; D'Souza 1995; Hugnot 1992; Lidov 1995) named after their respective 

molecular weights. Dp260 is expressed in the retina and is derived from a unique first 

exon, located in intron 29, which is spliced to exon 30 of Dp427m (D'Souza 1995). Two 

Dp260 isoforms (Dp260-1 and Dp260-2) are formed by alternative splicing of the first 

exon and a different translation initiation site. Dp260 lacks the N-terminal domain, two 

hinge regions and nine repeats, when compared to the fulllength dystrophins. The 

promoter of Dp140 is located in intron 44 (Lidov 1995). The methionine translation 
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initiation codon, however, is located in exon 51, and as a consequence this protein does 

contain a large 5' untranslated region (UTR), but no isoform specific amino acids. 

Dp140 has retained only the last two hinge regions, five of the spectrin-like repeats, the 

cysteine-rich and C-terminal domain. The protein is found throughout the central 

nervous system (Lidov 1995). Dp116 has a unique N-terminal part, which is coded by 

an exon located in intron 55. This exon is spliced to exon 56 of Dp427m, which codes 

for the distal part of the 21st repeat unit (Byers 1993). This isoform is expressed in 

Schwann cells. Dp71 and Dp40 derive from a unique first exon in intron 62 that is 

spliced to exon 63 (Blake 1992; Feener 1989; Hugnot 1992; Lederfein 1992; Tinsley 

1993). Both proteins have an alternative C-terminal domain when compared to the other 

dystrophin isoforms. In Dp71 exon 78 is often omitted, resulting in a shifted reading 

frame and the insertion of 31 new amino acids instead of the original final 13 amino 

acids (Lederfein 1992). These amino acids are mainly hydrophobic, whereas the 

original C-terminal part is hydrophilic. Dp40 uses an alternative poly adenylation site 

located in intron 70, which results in a shortened C-terminal domain (Feener 1989; 

Tinsley 1993). Both isoforms are ubiquitously expressed in non-muscle cells (Hugnot 

1992; Tinsley 1993). The diversity of dystrophin isoforms is further increased by 

alternative splicing of the 3' part of the gene (Feener 1989) (see Chapter 3). As yet the 

functional significance of the different dystrophins is unknown. It is assumed that the 

full-length isoforms will have a comparable function to Dp427m, i.e. providing a 

mechanical link between the cytoskeleton and the extracellular compartments. Since 

the shorter isoforms do not contain an actin-binding domain, these dystrophins can only 

bind to the DGC proteins and are thought to be involved in the stabilisation and function 

of non-muscle DGC-like protein complexes (Blake 2002). Dp260 is thought to be 

required for normal retina function, since this isoform is expressed mainly in the retina 

and some DMD patients have abnormal electro-retinograms (D'Souza 1995; Pillers 

1993). The hydrophobic Dp71 has been detected in embryonic tissues and in 

developing muscles (Howard 1999; Sarig 1999). It is replaced by the hydrophilic Dp427 

when the muscle cells mature, indicating that it may have a function in development 

(Howard 1999). The dystrophin isoforms may also have a function in signal 

transduction, either by binding to signalling molecules themselves or by recruiting 

proteins that have a function in signalling transduction (reviewed in (Rando 2000)). 

Dp427c, Dp427p, Dp140 and Dp116 are expressed in brain and the central nervous 
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system. As a result of the mutation one or more isoforms may be absent in addition to 

the Dp427m isoform, and cause the mental impairment sometimes found in DMD and 

BMD patients (Byers 1993; Comi 1995; Gorecki 1992; Lidov 1995). In some studies a 

correlation has been found between the absence of Dp140 (due to mutations spanning 

the Dp140 promoter) and the presence of mental abnormalities in DMD and BMD 

patients (Bardoni 2000; Bushby 1995; Felisari 2000). A very recent study shows the 

correlation between the Full Scale Intelligence Quotients (FSIQ) results with the location 

of the dystrophin gene mutation suggesting that the risk of cognitive deficit is a result of 

the cumulative loss of central nervous system (CNS) expressed dystrophin isoforms, 

and that correct classification of isoform involvement results in improved estimates of 

risk (Taylor 2010). 

 

 

 

In addition to the isoforms derived from the DMD gene, there are also three known 

dystrophin homologues, which are derived from other genes: utrophin, dystrophin 

related protein 2 (DRP2) and dystrobrevin. Utrophin (also called dystrophin related 

protein 1 (DRP1)) shares considerable homology with dystrophin along the entire length 

on both DNA and protein level (Tinsley 1992). 

The utrophin gene is located on chromosome 6 and consists of 74 exons dispersed 

over 0.9 Mb (compared to 2.4 Mb for dystrophin) (Pozzoli 2002). The 13 kb mRNA gives 

rise to a 395 kDa protein (Tinsley 1992), which contains an N-terminal actin binding 
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domain, a central rod domain, a cysteine-rich and C-terminal domain (Tinsley 1992). 

When compared to dystrophin, utrophin lacks repeat units 15 and 19 and hinge regions 

1 and 3 (Winder 1995a), and the N-terminal domain of utrophin has a higher affinity for 

actin (Winder 1995b). Utrophin is ubiquitously expressed (hence the name: ubiquitously 

expressed dystrophin-like protein (Blake 1992)). In muscle fibers utrophin is expressed 

in the neuromuscular synapses and the myotendinous junctions, where it participates in 

post-synaptic membrane maintenance and acetylecholine receptor clustering (Nguyen 

1991). In vitro and in vivo studies have shown that utrophin can bind to β-dystroglycan, 

α-dystrobrevin, syntrophin and the sarcoglycans and it is assumed that utrophin forms a 

DGC-like complex (Matsumura 1992; Peters 1998). In developing and regenerating 

muscle, utrophin is upregulated and present along the entire sarcolemma (Pons 1993). 

This is also observed in DMD patients (Galvagni 2002; Karpati 1993; Mizuno 1993; 

Mizuno 1994), suggesting that there is some functional redundancy between dystrophin 

and utrophin (Blake 2002). However, the utrophin overexpression found in DMD 

patients is apparently too low to fully prevent muscle degeneration (upregulation of the 

utrophin gene as a therapeutic strategy for DMD is discussed in Chapter 10). 

The dystrophin related protein 2 (DRP2) shows similarity to Dp116. It has a unique 

proline-rich N-terminal part, followed by two spectrin-like repeats, a cysteine rich domain 

and a C-terminal domain, which are homologous to those of dystrophin (Roberts 1996). 

DRP2 is not expressed in muscle, but is expressed in brain where it is associated with 

the postsynaptic densities and cholinergic neurons (Roberts 2000). The α- and β-

dystrobrevin proteins are derived from two different genes and both show homology to 

the C-terminal part of dystrophin (Blake 1998; Sadoulet-Puccio 1996; Wagner 1993). At 

least five different α-dystrobrevin isoforms are generated through the use of alternative 

promoters and alternative splicing (Blake 1996; Sadoulet-Puccio 1996). These isoforms 

can bind to dystrophin and are located at the neuromuscular junction (Nawrotzki 1998; 

Peters 1998). Beta-dystrobrevin is expressed in non-muscle cells, and is complexed 

with utrophin and Dp71 (Blake 1999; Loh 2000). Dystrobrevins contain a domain that 

can be phosphorylated by tyrosine kinases, and can associate with several proteins 

involved in signalling transduction (Blake 2002).  
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6. Mutations 

The mutation rate for the DMD coding sequence is estimated at 1 x 10-4 genes per 

generation (Blake 2002). This is high compared to an estimated average mutation rate 

of 1 x 10-5 – 10-6 for human genes (Lewin 2000). As a consequence of this relatively 

high mutation rate, one third of all mutations are de novo (Laing 1993), and there is a 

broad variation of different mutations. Intragenic deletions of one or more exons are 

found in ~65% of all patients (Koenig 1989; White 2002), while duplications are found in 

6-8% of all patients (Galvagni 1994; White 2002). Nonsense or frame-shifting mutations 

in the DMD gene lead to Duchenne muscular dystrophy (DMD) (MIM# 310200), by 

contrast, Becker muscular dystrophy (BMD)(MIM# 310376) is caused by in-frame 

mutations that give rise to a smaller but functional protein (Hoffman 1987; Monaco 

1988). The interruption or maintenance of the dystrophin reading frame by the gene 

mutations explains the phenotypic differences observed in approximately 92% of the 

BMD/DMD cases (Aartsma-Rus 2006a; Koenig 1989). The majority of the deletions and 

duplications cluster into two hotspot regions: the minor hotspot spans exons 2-20 and 

the major hotspot region exons 45-53 (Beggs 1990; Liechti-Gallati 1989). The highest 

numbers of breakpoints are found in the extremely large introns 1, 2 and 7 (major 

duplication and minor deletion hotspots) and 44 (major deletion hotspot) (Tuffery-Giraud 

2009; Fokkema 2005). However, if you correct for the length of the introns (i.e. calculate 

the number of breakpoints per kb intron), relatively high numbers of breakpoints are 

located in introns 45 trough 53. There is as yet no explanation for the preferential 

occurrence of breakpoints in these introns. Extensive analysis of 22 breakpoints in 

intron 49 revealed that the breakpoints were evenly spread throughout the intron, and a 

sequence motive near or at the breakpoints could not be identified (Nobile 2002). 

Further research of breakpoints in introns 47 and 48 showed that most breakpoints 

cluster around intronic motifs that could predispose for double-stranded DNA breaks 

(Sironi 2003; Toffolatti 2002). However, these motives are present throughout the gene 

and not only in intron 47 and 48, so there must be another underlying mechanism for 

the predisposition of breakpoints in the two hotspots (Sironi 2003). Another explanation 

is that the breakpoints are in fact evenly spread throughout the gene, but that we 

observe the hot spots due to the fact that only breakpoints occurring in the hot spots 

result in a phenotype. This may hold true for breakpoints in introns 22 through 40. A 

deletion of this region (that contains only in-frame exons) is usually associated with a 
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very mild phenotype. However, even in-frame deletions in the proximal introns can 

result in a DMD phenotype (Flanigan 2009). 

In some cases a mutation detected in affected siblings, cannot be found in the somatic 

cells of their mother, suggesting that the mutation is only present in part of the germ-line 

cells of the mother (Bakker 1987). The estimated frequency of this so-called germ-line 

mosaicism within a family varies between 12 and 20% (Emery 1995). Unexpectedly, it 

has been shown that deletions found in children from germline mosaic carriers involve 

the proximal part of the gene in 79% of all cases, while mutations in the distal part were 

found in only 21% (Passos-Bueno 1992). The reason for this phenomenon is as yet 

unknown. 

For diagnostic purposes the high frequency of deletions clustering in the hotspots is an  

advantage; 98% of all DMD/BMD deletions can be detected using multiplex PCR of only 

8 exons (Beggs 1990; Chamberlain 1988). Southern blot analysis, multiplex amplifiable 

probe hybridisation (MAPH), Multiplex ligation-dependent probe amplification (MLPA), 

high resolution melting curve analysis (MCA) and comparative genomic hybridization 

array (CGH) can be used to detect the precise range of both deletions and duplications 

(Hodgson 1992; White 2002; Janssen 2005; Almomani 2009; Hegde 2008; Saillour 

2008; del Gaudio 2008; Bovolenta 2008). In about one third of the patients small 

deletions and insertions or point mutations are found (Deburgrave 2007). These 

mutations are evenly spread throughout the gene and are therefore harder to find  

(Flanigan 2009). They can be detected by denaturant gradient gel electrophoresis 

(DGGE), single strand conformation polymorphism analysis (SSCA), direct sequencing 

or chemical cleavage of each individual exon, the protein trunction test (PTT), or by 

single-condition amplification/internal primer (SCAIP) (Dolinsky 2002; Flanigan 2003; 

Hofstra 2004; Roest 1993, Kilimann, 1992; Tuffery 1993; Tuffery-Giraud 1999; Spitali 

2009; Flanigan 2009). The majority of the detected mutations results in-frameshifts, 

non-sense codons, the abolishment of splice sites, or the introduction of cryptic splice 

sites (Kilimann 1992; Tuffery-Giraud 1999; Flanigan 2009). DMD causing missense 

mutations account only for 0,18% of all mutations (Flanigan 2009) and were located in 

an actin-binding domain or in the part of the cysteine rich region that binds to β-

dystroglycan (Goldberg 1998; Lenk 1996; Prior 1995; Flanigan 2009). 
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The reading frame rule holds true for over 93% of all BMD and DMD patients (Aartsma-

Rus 2006a), however exception to the rules are found expecially for 5‟ gene deletions 

occurring in BMD patients, a region known to be hotspot for exceptions (Kesari 2008). 

For in-frame mutations the phenotype is also to some extent determined by the location  

and the size of the deletion (Arikawa-Hirasawa 1995; Beggs 1991; Fanin 1996). Huge 

in-frame deletions removing up to 35 exons in the central rod domain have been 

described for relatively mild Becker patients (England 1990; Fanin 1996; Mirabella 

1998). However, larger deletions are always associated with a DMD phenotype, 

suggesting that at least a small part of the rod domain is required for proper dystrophin 

function (Fanin 1996). Deletions removing only the first part of the central rod domain 

have been found in a-symptomatic individuals, in persons with elevated CK levels and 

in patients suffering from muscle cramps upon exercise (Angelini 1994a; Gospe 1989; 

Ishigaki 1996). In-frame deletions in the major hotspot generally cause typical BMD, 

while deletions in the actin-binding domain cause severe BMD (Beggs 1991). Deletions 

removing both the actin-binding domain and part of the central rod domain usually 

cause DMD (Arikawa-Hirasawa 1995; Fanin 1996; Vainzof 1993). This may be 

explained by the fact that a third actin-binding site is present in the central rod domain 

(Rybakova 1996). The removal of the first two actin-binding domains (located in the 

actin-binding domain) may partially be compensated for by this central rod actin-binding 

domain and therefore cause severe BMD, whereas the deletion of all three domains 

results in DMD. Deletions in the C-terminal domain are usually associated with DMD 

(Bies 1992). In addition to the location of the deletion, the amount of dystrophin 

produced in the patients also correlates with the phenotype: the more dystrophin a 

patient produces, the milder the phenotype (Angelini 1994a; Hoffman 1988). No 

dystrophin or up to 3% of normal levels are usually found in DMD patients, whereas 

levels of over 30% of dystrophin (of an abnormal weight) are found in BMD patients 

(Neri 2007). 

Certain in-frame mutations are always associated with a DMD phenotype, whereas a 

number of out-of-frame mutations lead to a BMD phenotype (Fokkema 2005). In-frame 

mutations may be too large to result in a functional dystrophin or they may be located in 

areas of the protein, which are indispensable (see above). However, for a significant 

part of in-frame DMD patients no dystrophin protein can be detected. This may be 

because additional exons are be spliced out as a consequence of the deletion, resulting 
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in out-of-frame transcripts. Alternatively, the in-frame deletion could lead to an unstable 

dystrophin. Out-of-frame mutations on DNA level associated with a BMD phenotype do 

not necessarily have to be inconsistent with the reading frame rule on RNA level. For 

instance, two nonsense mutations in the in-frame exon 29 disrupt a sequence that is 

required for the proper inclusion of this exon (Ginjaar 2000; Franz 2000). As a result, 

exon 29 (and thus the truncating mutation) is not always included in the transcript by the 

splicing machinery. Dystrophin lacking the amino acids coded by exon 29 can be 

detected in these patients, explaining why they have a BMD and not a DMD phenotype. 

Unfortunately, for the majority of all patients mutations are determined on DNA level 

only, and not confirmed on RNA level. Therefore, it is not known whether apparent 

inconsistencies with the reading frame rule are also present on RNA level. There are 

also a number of deletions (detected on DNA level), which are found in both DMD and 

BMD patients. The majority of these mutations start either in intron 3 or in intron 44. 

Exon 44 skipping in patients with a deletion of exon 45 (Prior 1997; Roberts 1991), or a 

duplication of exon 44 (Aartsma-Rus personal communication) has been described, and 

this might explain the discrepancy: high levels of alternative splicing of exon 44 will 

generate in-frame transcripts and internally deleted dystrophins. These will therefore be 

associated with a BMD phenotype, while no or low levels of exon 44 skipping will result 

a DMD phenotype. The levels of alternative splicing are influenced by the different 

splicing regulation patterns of each individual and will additionally be influenced by the 

extent of the deletions and the location of the breakpoints in intron 44. Even though the 

deletions may seem identical on DNA levels, in reality the exact location of the 

breakpoints differs between individuals of different families. However, as yet no intronic 

regulating sequences that influence the inclusion or exclusion of exon 44 have been 

identified. The deletion of exon 3-7 is the most commonly found and most extensively 

investigated deletion that is associated with both phenotypes. Alternative splicing of 

exon 2 would restore the reading frame for these patients and has been described for 

two BMD patients albeit at levels of 1-2% (Chelly 1990a). Despite extensive research 

exon 2 skipping has not been described elsewhere for patients with this deletion 

(Gangopadhyay 1992; Winnard 1993; Winnard 1995). An explanation for this 

phenomenon may be the use of an alternative translation initiation codon (Winnard 

1995). This hypothesis is supported by the fact that there are three in-frame ATG 

codons present in exon 8. Furthermore, the dystrophins detected in these BMD patients 
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where shown to lack the exon 1 and 2 encoded sequence, but did contain the exon 8 

encoded sequence (Winnard 1995). In addition to BMD and DMD, mutations in the 

DMD gene have also been found in X-linked dilated cardiomyopathy (XLDC) patients 

(Muntoni 1993). These patients have no signs of skeletal myopathy but suffer from 

rapidly progressive congestive heart failure (Milasin 1996). Without heart transplantation 

premature death usually occurs within 2 years after diagnosis (often in their twenties).  

Most mutations are present in the first exon of the muscle specific dystrophin isoform 

and completely abolish dystrophin expression in the heart (Ferlini 1999, Neri 2007). In 

skeletal muscle, on the other hand, upregulation of the purkinje and brain isoforms 

rescues the phenotype (Bastianutto 2001). This upregulation is controlled by the 

dystrophin muscle enhancer 1 that is located downstream of the muscle specific first 

exon, and which increases the expression of the Dp427c and Dp427p isoforms 

exclusively in skeletal muscle cells. In-frame deletions involving exon 48 and exon 49-

51 have been detected in less severely affected XLCD patients, and in BMD patients 

(with or without XLDC) (Ferlini 1999 and Ferlini personal communication).  

 

 

7. Revertant Fibres 

Individual dystrophin-positive fibers have been found in DMD patients and in otherwise 

dystrophin-negative mdx mice (see Chapter 8) (Thanh 1995; van Deutekom 2007; 

Rimessi 2009) (Figure 6). These 'revertant fibers' grow in clusters and comprise 1% to 

10% of all fibers. The frequency of these fibers increases with age in both DMD patients 

(Fanin 1995) and mdx mice (Lu 2000), and after mutagene doses of X-rays in mdx mice 

(Hoffman 1990). The revertant dystrophins are located at the membrane and may be 

functional. The correlation between the amount of revertant fibers and the severity of 

the DMD phenotype is still controversial (Fanin 1995; Nicholson 1993; Thanh 1995). 

Revertant dystrophins were shown to lack domains coded by the exons adjacent to 

exons deleted in the DMD patients (Fanin 1995; Thanh 1995). By omitting these exons 

the reading frame was restored, explaining why BMD-like, probably semi-functional 

dystrophins could be produced. Revertant fibers have been studied more extensively in 

mdx mice (Lu 2000). A few isolated dystrophin positive fibers were detected in newborn 

mice and the amount of revertant fibers, the number of fibers per cluster and the length 

of the fibers increased with age (2 weeks to 18 months). Not only was the dystrophin 
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synthesis restored in revertant fibers, dystrophin and the DGC-complex were also 

correctly located at the membrane, providing more evidence that the revertant 

dystrophin is at least partly functional. Different inframe transcripts lacking multiple 

exons were identified in different clusters. In most dystrophins only domains 

immediately surrounding the mutated exon 23 were missing.  

 

 

 

However, dystrophins lacking up to 35 exons were also detected. Potential mechanisms 

responsible for the occurrence of revertant fibers are somatic reversion and alternative 

splicing (Klein 1992; Lu 2000). There are arguments in favour of, and against, both 

mechanisms. Somatic reversion, i.e. the occurrence of secondary, frame-restoring 

mutations in muscle or muscle precursor cells, fits with the clonal nature of the revertant 

fibers, their increase with age and their appearance after exposure to mutagenic doses 

of X-rays. Conversely, mutations are generally proliferation-related events and would be 
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more likely to occur during the many cell divisions in the embryogenesis than in 

differentiated muscles. However, only very low levels of revertant fibers are found in 

newborn mice. Furthermore, in situ hybridisation experiments were not sensitive enough 

to detect deletions on DNA level with a probe for intron 22 in mdx revertants (the probe 

detected 80% positive nuclei in both dystrophin positive and dystrophin negative fibers). 

This means that there is either no deletion present or that the deletion is present in too 

low a number of nuclei to detect a significant difference. This finding, however, does not 

exclude the possibility of a point mutation in a splice site. In fact, it was recently shown 

that the substitution of one base pair in the acceptor splice site of exon 23 induces 

several different alternative splicing patterns that involve 12 or more exons (Bertoni 

2003). The other potential mechanism, alternative splicing, has been described for the 

DMD gene throughout the coding sequence in both patients and unaffected individuals 

(Sironi 2002). Furthermore, in a substantial part of revertant fibers investigated in mdx 

mice, two non-consecutive domains were absent in the revertant dystrophins, located 

around exon 23 and around exon 40-46 (Lu 2000). Intuitively one would think this to be 

more likely the result of two independent alternative splicing events than of two different 

new mutations. It should be noted, however, that deletions of two non-consecutive parts 

of the DMD gene have been reported for DMD patients (Zatz 1998). Finally, one should 

also not overlook the possibility of a combination of the two mechanisms. Mutations 

frequently occur in the mutation hotspot located between exon 45-55 and alternative 

splicing around exon 23 has been observed both in normal and mdx mice (personal 

observation). 

Alternative splicing seems to be at odds with the clonal nature of the fibers. Lu and 

colleagues proposed that the splicing pattern is changed during degeneration and 

regeneration and that a pattern of frame-restoring splicing is preserved by functional 

selection (Lu 2000). The revertant dystrophin would protect the fiber from degeneration 

and the "splicing imprinting" would expand to adjacent fibers, thus explaining the clonal 

nature of revertant clusters. However, this hypothetical mechanism has never been  

demonstrated. 
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8. Animal models 

 

Several animal models carrying mutations in the DMD gene were reported, among 

these the mdx mouse, the double knockout mdx/utrn-/- mice and the golden retriever 

muscular dystrophy (GRMD) dog are used most. 

The mdx mouse is a naturally occurring dystrophin-deficient mutant, which was first 

described in 1984 in a colony of C57BL/10 mice (C57BL/10ScSnJ) (Bulfield 1984) and it 

is now called C57BL/10ScSn-Dmdmdx/J; it is readily available from commercial breeders 

and thus widely used in basic and translational research. It carries a point mutation in 

exon 23 of the mouse dystrophin gene introducing a premature stop codon, which leads 

to the absence of full-length dystrophin. Mdx mice have a slightly shorter life span as 

compared to wildtype controls (Chamberlain 2007). The muscle degeneration in mdx 

mice differs from DMD patients in that it appears in waves and is not a continuum. At 

first, a marked degeneration and regeneration of muscle fibers is observed at a young 

age (2–4 weeks (McGeachie 1993)), which results in an increase in the number of 

newly differentiating myofibers characterized by centralized nuclei and an increased 

heterogeneity in myofiber size. In parallel, necrosis is observed in muscles at this early 

stage (Grounds 2004; Messina 2006) while it decreases again after 60 days (Spencer 

1996). Subsequently, loss of muscle tissue is slow and general muscle weakness in 

cage-reared animals is not evident until later in life (Lefaucheur 1995). Fibrosis in most 

mdx mouse muscles is less pronounced than in DMD patients with the exception of the 

diaphragm muscle (Stedman 1991; Connolly 2001; Rolland 2006). Although absolute 

muscle force of limb muscles remains comparable to unaffected mice, the relative force 

normalized to body weight decreases by approximately 20% and 50% at the age of 8–

10 weeks and 4 months, respectively (Messina 2006; Connolly 2001; Raymackers 

2003). However, others could not confirm this finding (Burdi 2006; Frysse 2004), which 

is probably based on variations in the mice strains (e.g. body weight, cooperation of the 

animals in force measurement assays) and on different experimental procedures. 

Similarly, a reduced force of contraction has also been reported in isolated muscle 

preparations although the lack of standardized conditions makes it again difficult to 

compare the results obtained by different groups (Deconinck 1998; Lynch 2001; Louis 

2004; Laws 2004). These discrepancies clearly show that the availability of 

standardized experimental protocols would be of advantage both to elucidate basic 
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aspects of the pathology and to test emerging therapeutic strategies. Respiratory 

pathology is evident in 16-month-old mice but not in 4-month-old mice, showing a 

worsening of respiratory capacity with age, in line with the increased histological 

damage of respiratory muscles (Gayraud 2007). Abnormal cardiac function is also seen 

in the mdx mouse sharing several characteristics of DMD-associated cardiomyopathy 

(Quinlan 2004). For example, changes in the electrocardiogram (ECG) and 

echocardiogram have been reported in mice that are older than 6 months (Bia 1999; 

Wehling-Henricks 2005; Spurney 2008). This change in cardiac function is paralleled by 

an increase in myocardial fibrosis and the occurrence of foci of myocardial necrosis and 

inflammation (Quinlan 2004; Van Erp 2006; Cohn 2007; Buyse 2009). Mdx mice have 

served as a model for several studies on calcium homeostasis and alterations thereof. 

Basal cytosolic calcium levels were reported to be identical in mdx and wild-type mice 

(De Backer 2002) showing a very robust calcium homeostasis, possibly due to elevated 

expression of the calcium-buffer parvalbumin (Gailly 1993; Sano 1990). Nevertheless, 

[Ca2+] in the subsarcolemmal compartment (Mallouk 2000) and in the sarcoplasmic 

reticulum (Robert 2001) was increased and levels of inositol 1,4,5-triphosphate (IP3) 

and of the IP3 receptor were higher in mouse and human dystrophic cell lines (Liberona 

1998). Muscle pathology in the mdx mouse can be aggravated by forced exercise, a 

method introduced to allow a better evaluation of the efficacy of experimental therapies. 

Several exercise paradigms have been described (Granchelli 2000; Vilquin 1998; 

Hodgetts 2006). Muscle damage of exercised mdx animals is increased as reflected by 

an increased number of muscle fibers with centralized nuclei and increased fibrosis 

(Burdi 2006; De Luca 2005). Plasma creatine kinase levels are further elevated, calcium 

homeostasis is more severely impaired and fore-limb strength is generally reduced 

(Rolland 2006; Burdi 2006; Fraysse 2004; De Luca 2005) while body weight remains 

unchanged. Cardiomyopathy has been described for the exercised mdx mouse 

(Nakamura 2002), however, a systematic analysis of the impact of exercise on cardiac 

pathology is still lacking.  

In an attempt to aggravate the pathology of the mdx model and to study utrophin-based 

gene therapy strategies, utrophin mutant mice (on C57B5/129J background) were 

crossed with C57BL/10 mdx mice to obtain double knock-out mice (Deconinck 1997; 

Grady 1997). Mice lacking both dystrophin and utrophin share many phenotypical 

hallmarks with DMD. The mice have a markedly reduced life span of 4–20 weeks, 
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severe muscle weakness with joint contractures, kyphosis and a pronounced growth 

retardation that starts around weaning. Necrotic fibers and connective tissue are visible 

in the diaphragm already 6 days after birth and centrally nucleated fibers are evident at 

2 weeks. Interestingly, the diaphragm is not more affected than that of the mdx mice, 

suggesting that utrophin does not compensate for the lack of dystrophin in this muscle 

(Deconinck 1997; Grady 1997). The skeletal muscles appear normal at birth but show 

first signs of degeneration/regeneration already after 2 weeks. Although the dystrophic 

pathology is similar to mdx mice at 4–5 weeks of age, it then remains severe in contrast 

to the improvements seen in mdx mice. By 10 weeks of age, fibrosis is evident in tibialis 

anterior muscle. Occasionally, larger necrotic areas are observed in the heart (Grady 

1997). The neuromuscular and the myotendinous junctions in mdx/utr-/- mice show a 

marked reduction in membrane folds, presumably as a result of the lack of utrophin 

(Deconinck 1997; Grady 1997). Therefore, both the disease progression and the 

phenotype of these double mutant mice resemble the progression of muscle dystrophy 

in DMD patients and the interstitial fibrosis of skeletal muscle lends itself to assess the 

efficacy of anti-fibrotic treatments. 

In the golden retriever, the best characterized dog model, the disease results from a 

single base pair change in the 30 consensus splice site of intron 6, leading to skipping 

of exon 7 and alteration of the reading frame in exon 8, which creates a premature stop 

codon (Sharp 1992). Unlike the dystrophin-deficient mdx mouse, GRMD dogs suffer 

from a rapidly progressing, fatal disease similar to DMD. There is, however, a large 

variation in disease severity as some pups survive only for a few days, while others are 

ambulant for months or even years (Ambrosio 2008). To account for this variation, it is 

possible to distinguish between the severe and the less severe pathology (Ruegg 

2009). Incomplete muscle repair in GRMD results in progressive weakness and gait 

abnormalities at the age of 6–9 weeks leading to muscle atrophy, fibrosis and 

contractures by 6 months (Ruegg 2009). The growth of affected pups is delayed and 

their walking ability is impaired. The dogs become less active than non-affected 

littermates at about 9 months of age. At this time, their gait is still uncoordinated and 

their limbs are abducted (Valentine 1988). Severely affected dogs have difficulties to 

rise and can walk only a few steps. At the age of 12 months, pharyngeal and 

esophageal dysfunctions start to develop and respiratory capacity is decreased. 

Kyphosis develops by the 6th month of age. Moreover, as seen in DMD patients, GRMD 
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dogs display selective muscle involvement although the most affected muscles in dogs 

(i.e. tongue, masticatory and trunk muscles) are different to those of humans (Kornegay 

2003). Myocardial involvement is much more evident in the golden retriever than in 

other animal models, matching very closely the cardiac complications encountered in 

DMD patients. Atrophy already appears during the neonatal period (Valentine 1988), 

although histological changes are generally not present up to 3 months of age (Moise 

1991). Systolic dysfunction and left ventricular dilation becomes apparent after several 

months or years (Moise 1991), although Tissue Doppler Imaging has allowed the 

detection of severely impaired systolic and diastolic indices in young dogs (25 ± 11 

weeks) (Chetboul 2004). Recently, NMR techniques have been applied to assess 

differences between dystrophic and healthy muscles in the dog, a method that may be 

useful to monitor a potential therapeutic response (Thibaud 2007). 

Other animal models are the HFMD cat (Gaschen 1999), the mdx 2CV-5CV mice 

(Chapman 1989), the mdx52, mdx/myoD-/-, mdx/adbn-/-, mdx/a7 integrin-/-, mdx/PV-/-, the 

Beagle (CXMDJ) (Ruegg 2009) and the Cavalier King Charles Spaniels dogs (Walmsley 

2010). 

Finally a mouse carrying the entire human DMD gene on a yeast artificial chromosome 

(YAC) was generated (hDMD mouse) („t Hoen 2008). RT-PCR, Western blot and 

immuno-histochemical analyses confirmed the expression of the human dystrophin in 

muscle, heart, kidney and testis. In the mdx mouse, the human dystrophin was able to 

rescue the dystrophic phenotype („t Hoen 2008). This system allows for the testing of 

genetic therapies affecting the human gene in a mouse background. 

 

 

9. Current therapies 

 

Pharmacological Treatment with Corticosteroids 

Glucocorticoid administration is currently the only drug treatment known to offer real 

clinical benefit to patients suffering from Duchenne muscular dystrophy (DMD). 

Glucocorticoids used to treat DMD include prednisone (Manzur 2004) and its oxazoline 

derivative, deflazacort (de Groot 2006). DMD patients treated with glucocorticoids 

exhibit delayed progression of muscle weakness (Mendell 1989) and remain ambulatory 

for a greater period of their lives (Griggs 1991). Different doses as well as different 
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intermittent schemes of administration have been tried in clinical trials with the aim of 

reducing side effects (Angelini 1994b; Merlini 2003; Biggar 2004; Connolly 2002; 

Beenakker 2005). However, there is as yet no internationally accepted consensus on 

which corticosteroid treatment scheme is the best for patients with DMD. In addition, 

there has yet to be a randomized study involving a head-to-head comparison. The 

mechanism by which patients benefit from glucocorticoid treatment is not fully 

understood, although it is thought that the clinical benefits arise in part from the anti-

inflammatory and immunosuppressive effects of these drugs (Tidball 2004). St Pierre 

and colleagues have shown that deflazacort treatment of the mdx mouse can alleviate 

symptoms of the dystrophic pathology and results in the stimulation of utrophin A 

expression in skeletal muscle fibers (St Pierre 2004) via an IRES element located at the 

utorphin 5‟UTR (Miura 2008). 

 

 

10. Potential Treatments 

 

Pharmacological Treatments 

 

Utrophin Upregulation 

The utrophin gene spans 1 Mb, giving rise to a 13 kb cDNA and a 400 kD protein 

(Pozzoli 2002). Dystrophin and utrophin show over 80% similarity in the actin-binding, 

cysteine-rich and C-terminal domains, and 35% similarity in the central rod domain 

(Pearce 1993; Tinsley 1992). Utrophin is ubiquitoussly expressed, but in adult muscle 

utrophin expression is restricted to intramuscular nerves, blood vessels and myofibers, 

where it is mainly located in acetylcholine receptor rich crests at the neuromuscular 

junctions, and at the myotendinious junctions (Khurana 1991; Nguyen 1991; Ohlendieck 

1991b). Here it recruits DGC proteins into a DGC-like complex and is probably involved 

in maintaining the structural integrity of the postsynaptic cytoskeleton (Love 1993; 

Matsumura 1992). In developing and regenerating skeletal muscle utrophin is located 

along the sarcolemma, where it is later replaced by dystrophin (Helliwell 1992; Lin 2000; 

Pons 1993). 

In DMD patients and mdx mice utrophin expression is upregulated and the protein is 

located along the entire sarcolemma, where it probably compensates to some extent for 
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the lack of dystrophin (Galvagni 2002; Karpati 1993; Khurana 1991; Mizuno 1993; 

Mizuno 1994). This theory is supported by the finding that dystrophin-utrophin double 

knockout mice have a very severe phenotype (Deconinck 1997). It is obvious that the 

upregulated levels of utrophin in mdx mice and DMD patients cannot fully compensate 

for the loss of dystrophin. However, transgenic studies with mice carrying utrophin 

overexpressing cDNA constructs have shown that a 2-3 fold increase of utrophin 

expression in the muscle could improve the phenotype of mdx mice significantly, and 

that a 10-fold increase could prevent the dystrophic phenotype entirely (Tinsley 1998). 

Thus the upregulation of utrophin gene expression is a promising approach that may be 

therapeutically applicable to DMD patients. Drugs to enhance utrophin expression in 

cultured cells and animal models have been identified by Summit PLC (John Tinsley 

and Kay Davies, UK), BioMarin Pharmaceutical Inc. and PTC Therapeutics. Clinical 

trials are under preparation. 

 

 

Myostatin inhibition 

Myostatin inhibits muscle growth. Knock-out animals for myostatin leads to increased 

muscle formation in animals (Belgium blue cattle, Texel sheep, greyhounds, mice) and 

humans. This could compensate for the loss of muscle tissue in Duchenne patients and 

can be achieved by antibodies for myostatin. Myostatin antibodies have been tested in 

healthy volunteers and were deemed safe  

(http://www.clinicaltrials.gov/ct2/show/NCT00563810?term=myo-029&rank=1). They 

were consecutively tested in adult patients with muscle diseases 

(http://www.clinicaltrials.gov/ct2/show/NCT00104078?term=myo-029&rank=2). While 

treatment was safe, it did not result in an increase in muscle mass in the patients. 

However, patients were only treated for 28 days, which might not have been long 

enough. 

 

 

Deacetylase Inhibitors 

Pharmacological interventions that increase myofiber size counter the functional decline 

of dystrophic muscles as for myostatin inhibitors (Zammit 2002). Minetti and coworkers 

showed that deacetylase inhibitors increase the size of myofibers in dystrophin-deficient 

http://www.clinicaltrials.gov/ct2/show/NCT00563810?term=myo-029&rank=1
http://www.clinicaltrials.gov/ct2/show/NCT00104078?term=myo-029&rank=2
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(mdx) and a-sarcoglycan (a-SG)–deficient mice by inducing the expression of the 

myostatin antagonist follistatin3 in satellite cells. Deacetylase inhibitor treatment 

conferred on dystrophic muscles resistance to contraction-coupled degeneration and 

alleviated both morphological and functional consequences of the primary genetic 

defect (Minetti 2006).  Colussi and colleagues elucidated the role of HDAC2 in the 

pathogenesis of Duchenne muscular dystrophy and indicate that HDAC2 inhibition by 

NO-dependent S-nitrosylation is important for the therapeutic response to NO donors in 

mdx mice for using deacetylase inhibitors in the pharmacological therapy of muscular 

dystrophies (Colussi 2008). 

 

 

Idebenone 

Buyse and coworkers tested SNT-MC17/idebenone in the mdx mouse, based on the 

drug‟s potential to improve mitochondrial respiratory chain function and reduce oxidative 

stress which is themajor cause of heart failure and death inDMD patients (Buyse 2009). 

In this study, 200 mg/kg bodyweight of either SNT-MC17/idebenone or placebo was 

given from age 4 weeks until 10 months in mdx and wild-type mice. Idebenone 

treatment significantly corrected cardiac diastolic dysfunction and prevented mortality 

from cardiac pump failure induced by dobutamine stress testing in vivo, significantly 

reduced cardiac inflammation and fibrosis, and significantly improved voluntary running 

performance in mdx mice. A Phase II extension trial where the effect of longer treatment 

was tested is now fully recruited and ongoing whilst a Phase III study has also been 

initiated and is currently recruiting patients. 

 

 

PTC-124 

PTC124 {3-[5-(2-fluorophenyl)-1,2,4-oxadiazol-3-yl]benzoic acid} is a chemical entity 

that selectively induces ribosomal readthrough of premature but not normal termination 

codons. Only patients with nonsense mutations would benefit from PTC124. However, 

40% of the small mutations cause a frameshift (e.g., through a one or two nucleotide 

deletion or insertion, or by interfering with normal splicing), and here PTC would not be 

applicable (Aartsma-Rus 2009a). PTC124 activity, optimized using nonsense-containing 

reporters, promoted dystrophin production in primary muscle cells from humans and 
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mdx mice expressing dystrophin nonsense alleles, and rescued striated muscle function 

in mdx mice within 2–8 weeks of drug exposure. PTC124 was well tolerated in animals 

at plasma exposures substantially in excess of those required for nonsense 

suppression. The selectivity of PTC124 for premature termination codons, its well 

characterized activity profile, oral bioavailability and pharmacological properties indicate 

that this drug may have broad clinical potential for the treatment of a large group of 

genetic disorders with limited or no therapeutic options (Welch 2007). PTC124 was safe 

in healthy volunteers. A phase II trial in Duchenne patients has been performed. 

Patients received different doses of PTC124 daily for 4 weeks. Treatment was tolerated 

well by patients and restored dystrophin clearly at highest doses. Trials to test whether 

this also results in functional improvement a longer clinical trail are currently ongoing in 

multiple centers in the USA and Europe. 

 

 

Cell Therapy 

In the last years, stem cells received much attention for their potential use in cell-based 

therapies for various human diseases. More than one clinical trial has been carried out 

with muscle stem cells in DMD patients (Mendell 1995; Torrente 2007). For several 

years after they were discovered, the satellite cell were considered as the only cells 

responsible for the growth and maintenance of skeletal muscle. With the improvements 

of cell-isolation technology, a number of markers were described to identify a lot of 

muscular and non-muscular subpopulations able to actively participate in myogenesis. 

Recent works described the partial identification and characterization of multi-lineage 

stem cells derived in culture from numerous adult tissues. Stem cell populations suitable 

for clinical experiments were found to derive from multiple region of the body at various 

stage of development such as satellite cells (Buckingham, 2006), muscle-derived stem 

cells (Qu-Petersen, 2002), side population (Asakura, 2002), bone marrow-derived stem 

cells (Dezawa et al., 2005), mesoangioblasts (Cossu, 2003), blood- (Gavina, 2006) and 

muscle-derived CD133  stem cells (Benchaouir, 2007) and pericytes (Doherty, 1998). 

Montarras and colleagues (2005) were able to directly isolate a pure population of 

satellite cells from diaphragm muscle, unfortunately it appeared clearly that the growth 

of freshly isolated satellite cells in vitro significantly reduced their in vivo myogenic 

potential and that it would be very difficult to obtain a sufficient quantity of this kind of 
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cells. This is particularly important from a clinical standpoint since cell transplantation of 

autologous genetically corrected satellite cells to DMD patients is theoretically the ideal 

approach to minimize host immune rejection of donor cells (Price, 2007). The results 

obtained in the mouse model led to test the myoblast injection in DMD patients in phase 

I clinical trials. In these trials, donor satellite cells/myoblasts were isolated from muscle 

biopsies from first-degree relatives of the affected children and were grown in culture 

(Daston, 1996; Seale, 2004). These trials demonstrated that myoblast transplantation is 

an inefficient technique; the efficiency of the dystrophin production in muscle fibres of  

DMD patients was very low ( 1%) and there was no functional or clinical improvement 

in the children (Péault, 2007). Recent studies suggested the existence of a population of 

a multipotent muscle-derived stem cell (MDSC) that resides within skeletal muscle 

sharing the ability to self renew and to differentiate into other mesodermal cell types 

(Sarig, 2006; Tamaki, 2007). Although MDSCs were amenable to therapeutic 

applications because they are easy to proliferate in vitro and able to migrate through the 

vasculature, and also multipotent (Deasy 2001 and 2005), further studies to elucidate 

the physiological location of MDSCs are required prior to the clinical use of these cells.  

In the last decade, various groups isolated and characterised the contribution of various 

nonmyogenic cells in the regeneration of skeletal muscle, such as bone marrow-derived 

cells (BMDC) and the circulating haematopoietic cells (Lennon, 2006). Adult bone 

marrow of many species contains a rare population able to extrude the vital dye 

Hoechst 33342 called Side Population (SP) (Goodell, 1997). Asakura et al., 

demonstrated that when injected into regenerating mouse mSP can differentiate into 

functional satellite cells expressing Myf5, Pax7 and desmin (Asakura, 2002). In contrast 

to satellite cells or myoblasts, mSP cells are able to migrate from the blood stream into 

muscle, a desirable feature for widespread distribution of a therapeutic cell type. 

Mesoangioblasts are multipotent progenitors of mesodermal tissues, physically 

associated with the embryonic dorsal aorta in avian and mammalian species. Early 

studies of Cossu and Bianco (2003) concerning the capacity of mesoangioblasts to 

differentiate in various mesodermal phenotypes qualified these progenitors as a novel 

class of stem cells. Cossu and coworkers transduced mesoangioblasts with a lentiviral 

vector expressing human microdystrophin and injected scid/mdx mice and dystrophic 

GRMD dogs, treated with a combination of immunosuppressive drugs and steroids 

(Sampaolesi 2006; Cossu 2007). They showed that modified mesoangioblasts 
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produced dystrophin positive myofibres in these animal models (Sampaolesi 2006; 

Cossu 2007). Nevertheless there was not a close relationship between the number of 

dystrophin-positive myofibres and the amelioration observed (Davies, 2006) and it was 

also observed that the improved muscle health determined by reduced serum kinase 

levels could be an effect of the immunosuppressive drugs and also that isolation from 

muscle blood did not exclude the presence of other muscle stem cells (Davies, 2006; 

Radley, 2006).  

Pericytes wrap around the vascular tube and interdigitate with the endothelial cells in 

the basement membrane of the vessels, playing a fundamental role in the maintenance 

of microcirculation functionality. Pericytes can be mobilized from adult bone marrow 

under ischemic conditions and utilized for their contractile capabilities and their multiple 

cytoplasmic processes. Dellavalle and coworkers demonstrated that pericytes had an 

high capacity of myogenic differentiation because they gave rise to a high number of 

muscular fibres when injected into scid/mdx mice (Dellavalle, 2007). These stem cells 

could represent a good candidate for muscle therapy because they could be isolated 

from a muscle biopsy and so easily accessible, they can be cultured in vitro without loss 

of stem-cell properties and are able to regenerate skeletal muscle after muscular and 

arterial injection (Morgan, 2007). Nevertheless, it would be important to determine,  

firstly, whether transplanted pericytes can fully reconstitute the satellite cell niche as a 

real functional stem cell (Morgan, 2007).  

CD133+ cells are considered to be haematopoietic and endothelial stem cells of bone 

marrow origin that could give rise to both endothelial cells and myoblasts (Péault, 2007). 

It has been demonstrated the stemness of circulating human CD133+ cells and their 

ability to restore dystrophin expression and eventually regenerate the satellite cells pool 

in dystrophic scid/mdx mouse after intra-muscular and intra-arterial delivery (Gavina, 

2006). Two different CD133+ subpopulations were studied: blood and muscle derived 

CD133+ cells; muscle CD133+ cells showed a better muscle regeneration in term of 

spreading and number of positive fibres in comparison with the results obtain with 

blood-derived stem cells (Benchaouir, 2007). Several things need to be ameliorated 

such as the potential to enhance proliferation of CD133+ cells in culture and storage for 

repeated treatments, the relative efficiency of blood-compared with muscle-derived cells 

to contribute muscle nuclei, a strategy to deliver myogenic cells chronically to the 

various sites of sporadic regeneration that occur in muscular dystrophies. 
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Gene Replacement 

rAAV vectors are derived from non-pathogenic and non-replicative parvoviruses 

(Athanasopoulos 2004) with a single-stranded DNA genome of approximately 4.7 kb 

(Laughlin 1983; Samulski 1982; Hermonat 1984; Srivastava 1983; Tratschin 1984) and 

a 20 nm regular icosahedral viral particle (Xie 2002). As a vector for gene transfer, all 

AAV genes (Rep and Cap) have been eliminated, with the exception of the 145 bp 

inverted Gene Therapy terminal repeats (ITRs) flanking the foreign gene(s) such as 

therapeutic or reporter genes. rAAV vector genome, lacking the Rep 78 sequence, 

primarily persists in an extrachromosomal form (Song 2004) – known as episomal 

chromatin – in the nucleus of non-dividing cells such as muscle (Penaud-Budloo 2008). 

This unique viral vector has the distinct advantage of being capable of infecting a wide 

range of host cell types including dividing and non-dividing cells (Xiao 1996; Kessler 

1996). This property makes rAAV a particularly good vector for treating diseased tissues 

such as dystrophic muscle since muscle cells do not undergo rapid cellular proliferation 

and division. The potential benefits of utilizing rAAV for the treatment of muscle 

disorders include superior long-term gene transfer efficiency, less immune response to 

the virus and a lack of toxicity in muscle, liver and heart (Manno 2003; Jung 2001; Gray 

2008), all of which are often associated with the use of other viral vectors. Two major 

disadvantages of rAAV vectors include the lack of muscle-specific gene transfer and the 

limited packaging capacity of the transgenes (< 5 kb), which affects the selective gene 

transfer capability of rAAV vector and also limits the choice of the genes of interest. 

Certain AAV serotypes demonstrate natural tropisms for muscle, making them potential 

candidates for muscle-directed gene transfer for the treatment of muscle disorders 

(Athanasopoulos 2004; Wang 2000; Gregorevic 2006; Wang 2009; Inagaki 2006). 

rAAV1 and rAAV2 are commonly applied for direct delivery and local treatment, while 

rAAV6, rAAV8 and rAAV9 are usually utilized for systemic delivery as they are the most 

efficient serotypes for crossing the blood vessel barrier to attain systemic gene transfer 

for whole-body muscle delivery, including both skeletal and cardiac muscles. rAAV 

capsid is an essential component of this vector, as it is involved in cell binding, 

internalization and trafficking within the targeted cells. To perform high-efficiency 

transduction at lower doses, rAAV capsid mutants have been developed to improve 

receptor binding and virus uptake by altering capsid plasticity (Schaffer 2004) and by 

the inclusion of a muscle-targeting peptide displayed on AAV2, which has been found to 
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improve muscle tropism during systemic delivery (Yu 2009). Of the currently used rAAV 

vectors, rAAV2 has been commonly used in human clinical trials (Rodino-Klapac 2007) 

because it has been studied extensively and is not associated with any known diseases. 

The low efficiency of rAAV2 transduction, however, limits its application to muscle gene 

delivery when compared with other serotypes. In addition, since AAV2 virus arises from 

humans, there are a considerable number of people with preexisting neutralizing 

antibodies (Chirmule 2000; Sun 2003; Wu 2006) which could affect the outcome of 

gene therapy clinical trials for the treatment of muscle diseases. More recently, there 

has been an effort to generate low-immunogenic, cell- and tissue type-specific rAAV 

vectors in an attempt to minimize human host immune response. An example of this is 

rAAV2.5, which has been used for the first gene therapy clinical trial for the treatment of 

Duchenne muscular dystrophy (DMD) (http://www. 

clinicaltrials.gov/ct2/show/NCT00428935?term=NCT00428935&rank=1). This chimeric 

viral vector was created by Dr Samulski‟s group (The University of North Carolina at  

Chapel Hill, US) through the alignment of both AAV1 and AAV2 capsid sequenze and 

resulted in 40-fold increase transduction efficiency. rAAV-based gene therapy 

represents one of the most promising approaches to aid in the treatment of DMD which 

has been demonstrated in various animal models of DMD including dystrophin deficient 

(mdx) mice (Wang 2000; Watchko 2002), dystrophin/utrophin double-knockout (dys-/-

:utro-/-) (dKO) mice (Gregorevic 2006; Wang 2009) and canine models (Wang 2007). 

However, the local treatment of skeletal and cardiac muscles for the treatment of 

muscular dystrophies is limited (Watchko 2002; Monahan 1998; Li 1999; Xiao 2000; 

Melo 2002; Yue 2003; Chu 2004; Kaspar 2005) because the muscular dystrophies 

afflict most all of the muscles of the body and the delivery of the transgene needs to be 

systemic. Intraperitoneal (i.p.) (Wang 2009) and intravenous (i.v.) (Wang 2005; Zhu 

2005) injections are often used for the treatment of experimental animal models of DMD 

and limb-girdle muscular dystrophies (LGMD); however, some serotypes of rAAV, like 

most other viral and non-viral vectors, are inefficient at penetrating the blood vessel–

tissue barrier when administered via the blood circulation. To achieve rAAV vector 

systemic delivery, both physical and pharmaceutical methods are being developed to 

surmount this barrier (Grrelish 1999; Gregorevic 2004), but all the methods currently 

under investigation are associated with severely invasive procedures and/or 

pharmaceutical side effects. Hence, for systemic gene delivery, it is important to identify 
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an appropriate rAAV serotype for skeletal and cardiac muscle transduction in order to 

efficiently deliver transgenes systemically to treat genetic diseases of muscle. Although 

AAV serotypes 6 and 8 have been commonly used for systemic delivery to skeletal and 

cardiac muscles (Gregorevic 2006; Wang 2005; Zhu 2005), a newly discovered AAV 

vector, serotype 9, has shown superior skeletal and cardiac gene transfer capacity 

(Inagaki 2006; Pacak 2006) when it is delivered via a single i.v. injection to neonatal 

normal dogs (Yue 2008) and young adult GRMD dogs (Kornegay 2009; Li 2009). The 5 

kb packaging limitation of rAAV vector limits its utility for delivery of the dystrophin gene 

(11 kb cDNA) (Wang 2000), therefore we have created a series of novel minidystrophin 

genes (< 4.2 kb) that are readily packaged into AAV vectors (Wang 2000; Wang 2009; 

Watchko 2002; Wang ET 2008). In others studies (Wang 2000; Gregorevic 2006; 

Sakamoto 2002), the rod structure and length of the mini-dystrophin protein is crucial for 

dystrophin‟s proper function, evidenced by the fact that at least one mini-dystrophin 

construct needs four rods and two hinges to have the capability to protect skeletal 

muscle fibers from the dystrophic processes. In addition to the achievements being 

made in minidystrophin replacement therapy in small and large animal models, 

important progress has been made in other areas such as exon-skipping strategies 

which is currently generating very exciting results (Aartsma-Rus 2009a; Arnett 2009; 

Goyenvalle 2004; Lu 2005; Nakamura 2009; Ruszczak 2009; Trollet 2009; van Ommen 

2008). To overcome the limitation of low potency and inefficiency of antisense 

oligonucleotide (AONs)- mediated exon skipping in systemic delivery, rAAV vectors 

have been developed to express an antisense sequence linked to a modified U7 

(Goyenvalle 2004) or U1 (Denti 2006) small nuclear RNA. As a result, exon skipping 

could remove the exons containing nonsense mutations and restore the normal reading 

frame of the dystrophin gene (Goyenvalle 2004; Denti 2008). Importantly, systemic 

delivery of AONs–AAV constructs through tail vein injections in mdx mice has resulted 

in the restoration of functional dystrophin throughout the musculature of the body and 

the improvement of muscle strength. A first clinical trial where patients received local 

AAV-microdystrophin injections in the arm muscle was performed in the USA (Mendell, 

Xiao Xiao and Samulski). Results of this trial are pending. 
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Splicing Modulation 

 

Splicing mechanism 

In most eukaryotic genes the coding sequence is dispersed over several small exons 

that are interrupted by non-coding introns. The average intron size is 3 kb, but much 

longer introns have been reported, for instance most of the introns of the DMD gene 

(Ahn 1993; Goldstrohm 2001). Introns are removed from the pre-mRNA and the exons 

joined to each other in a process called pre-mRNA splicing (see Figure 7). 

 

 

 

This process is coordinated by a catalytical complex called the spliceosome, which 

consists of 5 small nuclear ribonucleoproteins (U1, U2, U4, U5 and U6 snRNP), and 

further involves over 60 general splicing factors (Will 2001). Each snRNP contains an 

RNA part, complementary to its target sequence in the premRNA, and a protein part, to 

bind to other snRNPs or splicing factors. The initial step in the process of splicing is the 

binding of U1 snRNP to the 5' splice site. Then, the U2 snRNP is recruited to the 

branchpoint sequence by the 65 k subunit of the U2 auxiliary factor (U2AF), that binds 
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to the region of the 3' splice site. The U4-U5-U6 tri snRNP complex then replaces U1 

snRNP at the 5' splice site. When U4 snRNP detaches from the complex, U6 snRNP is 

free to bind to U2 snRNP, leading to a mature catalytically active spliceosome. The 

lariat, containing the intron and snRNPs, is then excised and the exons are joined 

together to form a mature mRNA transcript (Stojdl 1999). Correct splicing requires the 

accurate identification of the branchpoint, the 3' (acceptor) and the 5' (donor) splice 

sites of exons by the spliceosome. However, in higher organisms the consensus 

sequences for these sites is weakly defined (Zhang 1998). The only nucleotides that are 

invariably found in every intron are the GT at the start, the AG at the end and the A at 

the branchpoint (except for a small subclass of AT-AC introns (Tarn 1996) and GC-AG 

introns (Senapathy 1990)). In general 5' splice sites are determined by the sequence 

AG GTRAGt (where bold letters are invariably found, capitalized letters occur in over 

50% of analyzed splice sites and non-capitalized letters were found in over 33%, R is a 

purine (G or A) and  indicates the exon-intron boundary) (Zhang 1998). 3' Splice sites 

contain an intronic polypyrimidine stretch (pyrimidine is C or T – indicated by the symbol 

Y), which can vary in length between 2 and 32 nucleotides. The 3' splice site consensus 

sequence is (Y)2-32NCAG GN (where  is the intron-exon boundary) (Zhang 1998). The 

branchpoint is even more ambiguous: NNCTV(A)Y (where V is A, C or G and (A) is the 

branchpoint) (Zhang 1998). Online programs containing information of numerous 

human splice sites can be used to predict the likelihood that a given sequence contains 

5' or 3' splice sites (e.g. Pertea 2001: www.tigr.org/tdb/GeneSplicer/gene_spl.html ; 

Reese 1997: www.cse.ucsc.edu/~dkulp/cgi-bin/genie). Potential splice sites have a 

value between 0 and 1, where 1 is a site that matches the consensus perfectly (a strong 

splice site) and 0 denotes the absence of an identifiable potential splice site. However, 

cryptic (i.e. non genuine) splice sites with higher predicted values are present 

throughout the introns, sometimes located near weaker genuine splice sites that are 

nevertheless recognized by the spliceosome. Thus, the splicing machinery can 

distinguish between real and cryptic splice sites. This is mediated by the binding of 

spliceosomal components to genuine 3' and 5' splice sites. Many (if not all) exons 

contain exonic splicing enhancer (ESE) sequences (reviewed in (Cartegni 2002)). A 

subgroup of splicing factors, called the SR proteins, can bind to these ESEs. SR 

proteins (reviewed in (Stojdl 1999)) are localized in the nuclear speckles. They contain 

one or two RNA recognition motive sequences (RRM) and a C-terminal serine-arginine 

http://www.tigr.org/tdb/GeneSplicer/gene_spl.html
http://www.cse.ucsc.edu/~dkulp/cgi-bin/genie
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stretch (RS domain), involved in protein-protein interactions with other splicing factors, 

such as the RS domain present in U1 and U2AF. Upon binding of an SR protein to an 

ESE, the SR protein recruits U1 snRNP and U2AF to their respective sites to aid 

splicing of an (weakly defined) exon. Different SR proteins have been described 

(SF2/ASF, SC35, 9G8, SRp75, SRp55, SRp40, SRp20, SRp30c, p54 and Tra2β), 

which have redundant functions. Initially discovered ESEs were invariably purine rich. 

This is probably due to the fact that these sequences can be bound by SF2/ASF and 

SC35, the most abundant SR proteins (Tacke 1995). However, recently AC-rich ESEs 

have also been described, and it appears that SR proteins are able to recognize a 

variety of sequences (Cartegni 2002; Coulter 1997). Since exons contain the coding 

sequence, which does not allow for much flexibility, the lack of a well-defined consensus 

is not surprising. It does imply, however, that it is difficult to predict which regions in an 

exon contain ESE sequences. The binding sites of SF2/ASF, SC35, SRp40 and SRp55 

have been analyzed in detail and these results are implemented in ESEfinder, which is 

a websource that predicts ESE sites (Cartegni 2003) (see below). The observation that 

a mutation in a 5' splice site often also inactivates the upstream 3' splice site and thus 

results in the skipping of the exon, led to the exon definition model (Robberson 1990): 

the exon is the first unit to be recognized during early spliceosome formation, and is 

defined by the binding of splicing factors first to the 5' and then to the 3' splice sites. 

Subsequently the intervening intron is excised. It has been shown that SR proteins can 

form a bridge across the exon to help exon definition (Achsel 1996). In addition to 

constitutive splicing, 92-94% of human genes undergo alternatively splicing (Wang ET 

2008), meaning that different splice sites or even exons are used in different transcripts 

of the same gene (see Figure 8). Exons that are alternatively spliced are characterized 

by weak splice sites and often require binding of (tissue specific) splicing factors for 

proper recognition by the spliceosome. In addition to ESEs, alternatively used spliced 

exons usually contain intronic or exonic splicing silencers. These can be bound by 

members of the heterogeneous nuclear ribonucleoprotein family (hnRNPs), which are 

the inhibitory counterparts of the SR proteins (Chen 1999). Both hnRNPs and SR 

proteins are differentially expressed during different developmental stages and in 

different tissues. The competitive binding of inhibitory and enhancer factors ultimately 

determines whether a certain splice site is used or not (Cartegni 2002). 
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Antisense-mediated restoration of normal splicing – Rational for exon skipping 

The group of Kole was first to apply AONs to modulate the splicing (Dominski 1993). 

They targeted AONs to cryptic 3' and 5' splice sites in the β-globin gene, which are 

associated with β-thalassemia. AON treatment restored normal splicing for several 

different mutations in an in vitro splicing assay. 

The observation that out-of-frame mutations in the DMD gene generally result in a 

severe phenotype, whereas in-frame mutations result in a milder phenotype prompted 

investigators to try and restore the reading frame  (Monaco 1988)(Figure 9). For 

instance, a deletion of exons 48-50 creates a frame-shift and a premature stop codon in 

exon 51, resulting in a truncated protein and DMD. A deletion of exon from 48 to 51, on 

the other hand, is in-frame, can generate an internally deleted dystrophin and is found in 
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mildly affected BMD patients (Aartsma-Rus 2009a). Thus inducing the skipping of exon 

51 in the pre-mRNA of DMD patients with an exons 48-50 deletion, would restore the 

reading frame, allow the generation of an internally truncated dystrophin and convert a 

severe DMD into a milder BMD phenotype.  

 

 

 

For most DMD patients one or more exons need to be skipped in order to restore the 

open reading frame (Tuffery-Giraud 2009; Aartsma-Rus 2009a; Flanigan 2009). Exon 

skipping can be induced by AONs targeting the splice sites, the branchpoint or exon-

internal sequences (Aartsma-Rus 2007). In each case, AON binding will hide the exon 

from the splicing machinery and consequently the targeted exon is skipped from the 

mRNA. This allows the production of internally deleted, partially functional dystrophin 

proteins, as found in BMD patients and thus has the potential to convert the severe 

DMD into a milder BMD phenotype. 
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However some exceptions to the rule do exist for example in BMD patients (out-of-

frame BMD). This is partly explained by the high incidence of 5' gene deletions in BMD 

patients (a region known to be a hotspot for exceptions), and due to complex splicing 

patterns in which a subset of transcripts show deletions larger than gDNA (exon-

skipping)(Kesari 2008). Another point to consider is that not all the in-frame dystrophin 

proteins are functional; although the dystrophin protein primarily consists of (partially) 

redundant domains, it needs its actin- and β-dystroglycan-binding domains to link the 

cytoskeleton to the extracellular matrix. Mutations affecting the domain that binds to β-

dystroglycan (exon 64-70) render the protein non functional regardless of whether 

mutations disrupt the reading frame or not (Aartsma-Rus 2006a). The link to actin is 

achieved through 3 actin-binding domains encoded by exon 2-8 (2 domains) and 35-44. 

Dystrophins lacking all three domains are non functional, while mutations where at least 

one binding is maintained generally lead to BMD, although patients lacking the first 2 

actin-binding domains often have a more severe phenotype than “typical” BMD patients 

carrying an in-frame deletion in the hotspot region (Aartsma-Rus 2006a). 

 

 

Antisense Oligonucleotides (AONs) design 

More than one study has tried to point out rules to use when designing AONs to induce 

effective exons kipping throughout the dystrophin gene (Errington 2003; Aartsma-Rus 

2005; Wilton 2007; Mitrpant 2009a; Popplewell 2009). In the first report by Errington and 

colleagues the efficiencies of exon 19 specific AONs, targeting either the 5' splice site or 

the ESE site deleted in DMD Kobe, were compared in human and mouse myotube 

cultures (Errington 2003). RT-PCR analysis revealed that both types of AONs could 

induce exon 19 skipping, but the exon internal AONs were somewhat more efficient.  

This rule could not be extended to all the exons as we learnedfrom the work by Wilton 

and co-workers (Wilton 2007). In 2005 Aartsma-Rus and colleagues retrospectively 

analyzed 114 exon-internal AONs (2‟-O-Methyl phosphorothioate modified AONs  - 

2OMePS) used to skip 36 out of 78 skippable exons identifying 4 parameters which 

were significantly different between effective and non effective AONs: effective AONs 

showed higher values of SR proteins SF2/ASF, SC35, SRp40 and a smaller absolute 

distance from 3‟ splice site (Aartsma-Rus 2005). Wilton and colleagues were able to 

skip almost all 78 exons with different efficiencies allowing a differentiation of the exons 
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in 4 groups: Types 1, 2, and 3 exons refer to exons that can be removed with high 

(greater than 30% relative to the intact transcript), medium (between 10 and 30%), and 

low (less than 10%) levels of exon-skipping efficiency, respectively. Type 4 exons 

include those from which additional flanking exons are also removed and/or more than 

one AON was required for efficient exon skipping. The only rule the authors could infer 

from this huge amount of experiments was that AONs targeting the first half of the exon 

were more effective that AONs targeting the second half of the exons (Wilton 2007). 

The same group in 2009 in an article entitled “Rational Design of Antisense Oligomers 

to Induce Dystrophin Exon Skipping” concluded: “we report substantially different levels 

of exon skipping induced in normal and dystrophic human myogenic cell lines and 

propose that animal models or artificial assay systems useful in initial studies may be of 

limited relevance in designing the most efficient compounds to induce targeted skipping 

of human dystrophin exons for therapeutic outcomes” (Mitrpant 2009a). This led to 

further studies by Popplewell and colleagues who analyzed 66 AONs (morpholinos – 

PMOs) targeting 5 exons: exons 44, 45, 46, 52 and 53. The authors concluded that 

active PMOs were longer, bind better to their target site (lower free energy compared to 

non effective AONs), target sites close to the acceptor splice site, overlapped with open 

conformations areas (as defined by hybridization or RNA secondary structure prediction 

software) and interfere with SR protein binding (Popplewell 2009). Bioinformatic tools 

helped in understanding which parameters should be considered when analyzing AONs 

(Wee 2007) although real rules are still missing. 

 

 

AON modifications 

As AON-mediated inhibition of gene expression and modulation of splicing gained more 

attention, modifications of the phosphate backbone and the sugar moiety to improve the 

biological, biochemical and biophysical characteristics of AONs were developed and 

evaluated. As a result a wide variation of different AON analogues is now available 

(reviewed in (Kurreck 2003)). The earliest modification involved the change of one of 

the non-bridged oxygen atoms in the phosphate group into a sulphate atom (De Clercq 

1969). This resulted in phosphorothioate DNA (PS), which had an increased half-time 

when compared to normal DNA. However, PS oligos induce RNase H degradation 

when bound to their RNA target, which is pivotal in sequence specific knockdown of 
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genes, but detrimental in AONmediated modulation of pre-mRNA splicing. Modifications 

at the 2'-O position of the ribose of resulted in RNA oligos that had an increased affinity 

for RNA and did not induce RNase H (Dominski 1993; Sproat 1989). The most 

frequently used 2'-O modifications are 2'-O methyl (2OMe) and 2'-O-methoxyethyl 

(2OMOE), where the 2'-O of the ribose are substituted by a methyl (CH3) group and a 

methoxyethyl (C2H4OCH3) group, respectively (Kurreck 2003). However, PS 

modifications are still required as AONs with 2'-O modifications are not very resistant to 

nucleases. Using these analogues efficient exon skipping or redirection of aberrant 

splicing can be achieved at 100 nM in human cells and at even lower concentration in 

murine cells (Aartsma-Rus 2003; Bremmer-Bout 2004; Errington 2003; Mann 2002).  

Peptide nucleic acids (PNA) are only remotely related to DNA oligos (reviewed in 

(Larsen 1999)). In PNAs the phosphate backbone is replaced by an achiral, uncharged, 

relatively flexible backbone consisting of 2-aminoethyl glycine units. The nucleobases 

are attached to these units by methylenecarbonyl linkers. PNAs are resistant to 

biological degradation by nucleases, proteinases and peptidases, and can bind to DNA 

and RNA with high affinity and specificity. The main problems with PNAs arise from their 

hydrophobic nature, which makes them insoluble and difficult to transfect (Braasch 

2002a). However, the peptide backbone is ideally suited for the attachment of carrier 

groups, to increase the cellular uptake. In addition, it has been shown feasible to 

increase the solubility and free cellular uptake to a great extent by adding 4 basic lysine 

residues to the PNA (Sazani 2001 and 2002). Yin and colleagues achieved exon 

skipping using peptide conjugated PNA AONs (Yin 2008a and 2010) although it has 

been reported that PNAs are rapidly cleared in vivo, making them less attractive as 

therapeutic compounds (Mardirossian 1997). 

Morpholinos contain a morpholino moiety instead of the ribose sugar and 

phosphoroamidate intersubunit linkages instead of phosphodiester bonds (Kurreck 

2003). They have an affinity that is comparable to DNA oligos, and are completely 

nuclease resistant and non-toxic (Summerton 1999). Due to the neutral nature of the 

morpholino backbone, undesired binding of proteins is unlikely (Summerton 1999). 

However, an unbeneficial consequence is that the cellular uptake is limited and nuclear 

uptake is even more problematic (Summerton 1999). The limited nuclear uptake is 

advantageous for translation inhibition studies, since translation takes place in the 

cytoplasm, and may explain why morpholinos have been found to be potent inhibitors of 
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protein expression in embryonic zebra fish (Nasevicius 2000). Modulation of pre-mRNA 

splicing, on the other hand, occurs in the nucleus. Low levels of exon 46 skipping were 

achieved relatively using 1000 μM of a morpholino annealed to a sense DNA leash, with 

ethoxylated PEI (EPEI) as a transfection reagent (Aartsma-Rus 2004b). Since the 

authors observed both nuclear and cytoplasmic staining of the fluorescent morpholino, 

they concluded that the low efficiency of morpholinos might be partly due to limited 

nuclear uptake. The group of Wilton has recently showed improved nuclear uptake by 

annealing the morpholino to a partially overlapping sense DNA leash, delivered as a 

cationic lipoplex (Gebski 2003). Upon entering the nucleus the leash is removed by 

nuclease degradation (starting at the non-annealed non-overlapping base pairs), freeing 

the morpholino to bind to the target sequence. Using an optimised leash, high levels of 

exon 23 could be induced in mdx myotube cultures at 300 nM, and significant levels 

were still detectable at 5 nM concentrations. 

Locked nucleic acids (LNA) are locked in the 3' endo-conformation by a methylene 

bridge that connects the 2'-O to the 4'-C of the ribose (Obika 1998). As a consequence 

LNAs are inflexible and have a very high affinity for RNA and DNA. In addition LNAs are 

non-toxic and nuclease resistant (Wahlestedt 2000). Unfortunately, the extreme high 

affinity of the LNAs may be a disadvantage rather than an advantage. LNAs longer than 

15 nucleotides will efficiently self-anneal and LNAs are not very sequence specific 

(Braasch 2002b; Fluiter 2003, Aartsma-Rus 2004b).  

Alternatively, chimeras containing a limited amount of LNA or ENA (Ethylene bridged 

nucleic acids) nucleotides have been used (Arzumanov 2001; Takeshima 2003; Yagi 

2004). For these chimeras the affinity for the target RNA is increased when compared to 

2OMePS AONs, but not so high as full-length LNAs and ENAs, meaning that they are 

more sequence specific. An RNAENA chimera targeting exon 41 of the dystrophin gene 

has successfully been used to induce exon 41 skipping in patient derived myotubes and 

dystrophin expression was observed in 80% of treated myotubes (Takeshima 2003). 

This chimera is currently being tested in a phase I/II clinical trial in Japan (Matsuo 

2004). 
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Multi exon skipping 

 

Multiexon skipping (simultaneously skipping a stretch of exons) has been proposed as a 

method to address larger groups of mutations with a similar treatment combination 

(Aartsma-Rus 2004a; Tuffery-Giraud 2009). There are a number of large deletions that 

would be suitable, since they would apply to a large group of patients and/or have been 

found in very mild BMD patients, suggesting that the resulting dystrophin is largely 

functional (Beroud 2007). Unfortunately, while multiexon skipping of a small number of 

exons is feasible (Aartsma-Rus 2004a; Fall 2006; McClorey 2006a; Yokota 2009), 

multiexon skipping of larger stretches has so far not been successful (Aartsma-Rus 

2006b; van Vliet 2008). 

 

 

Single exon skipping 

 

In vitro experiments 

Single Exon skipping could restore the open reading frame, avoiding premature 

termination codons, in 64% of all DMD causing mutations (Aartsma-Rus 2009a). AON-

mediated exon skipping feasibility in the DMD gene has been tested and achieved using 

several AON chemistries: the first attempts were performed phosphorotioate backcone 

AONs (PS AON) which can however activate RNase H. To optimize the AONs 

chemistry and sequences most of the experiments wew perdormed on mdx mouse cells 

using 2'-O-methyl modified AONs (2OMe-RNA)(Dunckley 1998; Wilton 1999; Mann 

2001), 2'-O-methyl phosphorothioate modified AONs (2OMePS) (Mann 2002; Errington 

2003; Fall 2006; Adams 2007; Mitrpant 2009a), morpholinos (PMOs) (Gebski 2003; Fall 

2006), peptide conjugated morpholinos (Moulton 2007 on mdx cardiomyocytes), PNAs 

and peptide conjugated PNAs (Yin 2008a). Several experiments were also performed 

on human myoblasts using 2OMe-RNA (Kinali 2009), 2OMePS AONs (van Deutekom 

2001; Aartsma-Rus 2002; Aartsma-Rus 2003; Errington 2003; Aartsma-Rus 2004b; van 

Deutekom 2007; Wilton 2007; Adams 2007; Mitrpant 2009a; Spitali 2009), PMOs 

(Adams 2007; Popplewell 2010; Aartsma-Rus 2004a), U7 constructs (Goyenvalle 

2007), PNAs and LNAs (Aartsma-Rus 2004b). Exon skipping has also been assessed 
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on human muscle explants (McClorey 2006b),  4cv mice derived cells (Mitrpant 2009b) 

and CKCS-MD dog derived myogenic cells (Walmsley 2010). 

 

 

 

In paper 1 we achieved single exon skipping for small mutations. Single exon skipping 

can be applied for small mutations lying within in-frame exons only, 11% of all DMD 

patients are eligible for such a treatment (Aartsma-Rus 2009a). Therefore, the general 

aim of this study was to confirm the applicability of single exon skipping to small 

mutations. We also intended to evaluate whether „„universal‟‟ or „„private,‟‟ mutation-

specific AONs were more effective in inducing the exon skipping of mutated dystrophin 

exons, effectively impacting the design of future therapies for these patients. It is, in 

fact, known that small mutations can disrupt exon splicing enhancers (ESEs) and 

silencers (ESSs), splicing regulatory sequences devoted to the exon recognition 

process (Cartegni 2003). Mutations located in ESE and ESS elements may affect 

splicing. Consequently, a significant proportion of exonic point mutations could exert an 

effect completely different as would be predicted from the genetic code. Positive and 

negative regulatory elements play opposite and fundamental roles in a finely tuned exon 

recognition process (Nielsen 2007), which need to be taken into account when 

interfering with the splicing process. Because mutations lying within ESEs may strongly 

affect the splicing process (Solis 2008), we used this double approach to point out this 

relevant topic. We have identified 54 unrelated DMD patients carrying small mutations 

in the DMD gene, of which 32 are novel. Among 24 patients carrying a mutation in an 

in-frame exon, we selected 5 mutations in 5 different exons to be modulated (exons 10, 

16, 26, 33 and 34). For the five selected dystrophin exons, the splicing specific exon 

skipping was effectively reproduced in four cell free splicing assays and in all five 

myogenic cells out of five selected mutated exons. When comparing the two different 

assays it was demonstrated that, in the absence of patient-derived cells availability, the 

cell-free assay could provide some information, but in vitro analysis in patient-derived 

cells is preferred. Furthermore, the results we obtained strongly suggest that some 

small mutations may unpredictably change the exon skipping propensity, implying that 

the exon skipping approach for in frame exons with small mutations deserves careful 

investigation. Furthermore, antisense targeting of small mutations might unravel splicing 



48 

 

regulatory motifs, because flanking introns and exons are not involved in any 

rearrangement such as deletions/duplications and every cis-regulatory motif like intronic 

splicing enhancers (ISEs) or silencers (ISSs) can play a role in the exon defining 

process. Paper 1 represents the first attempt to modulate small dystrophin mutations by 

using both wild-type and „„mutation-specific‟‟ AONs, and highlight both the peculiar  

splicing characteristics of mutated exons and the complexity of designing optimal AONs 

for exon skipping therapy toward personalized therapy. 

 

 

Restoration of the reading frame in vivo 

The first attempt in vivo was performed by Mann and colleagues (Mann 2001). Mdx 

mouse muscles (quadriceps) were injected with 1 μg of the 2‟-OMe AON together with 2 

μg of Lipofectin, once per week, either for 2 or 4 weeks. One week after the last 

injection, dystrophin was detected. Obtained dystrophin levels were rather low, 

therefore, to improve dystrophin levels, higher concentrations of AONs, new chemical 

modifications to AONs backbone (Mann 2002; Lu 2003a and 2005; Alter 2006; Vitiello 

2008; Heemskerk 2009; Yokota 2009; Wu 2010) , pepide-conjugates (Yin 2008a, 

2008b, 2009, 2010; Ivanova 2008; Jearawiriyapaisarn 2008, 2010; Wu 2008), octa-

guanidine AONs (Wu 2009), guanine analogs (Hu 2010), nano and co-polymers (Sirsi 

2005, 2008 and 2009; Williams 2006, 2008) nanoparticles (Rimessi 2009; Ferlini 2009), 

miscrobubbles (Alter 2009) and viral vectors using u1or u7 recombinant proteins 

(Goyenvalle 2004; Denti 2006; Denti 2008; Lorain 2008) have been used. 

 

 

In vivo studies 

 

AON delivery using delivery compounds 

AONs have to be present in the nucleus in order to induce antisense mediated pre-

mRNA splicing. While sufficient intra-nuclear delivery can generally be achieved in vitro 

using cationic polymers (Errington 2003), efficient AON delivery in vivo is much more 

complicated (Herweijer 2003). There are several barriers AONs have to cross in order 

to reach the nucleus, i.e. the cell membrane, the endosomal or lysosomal membrane 

and the nuclear membrane. Small DNA molecules diffuse through the nuclear pores into 
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the nucleus once they are freely present in the cytosol (Lukacs 2000). In most cases, 

however, AONs remain entrapped in endosomes and lysosomes (Loke 1989). Poly-

ethylenimine (PEI, reviewed in (Kichler 2004)), one of the most extensively investigated 

cationic polymer condenses DNA and forms DNA-PEI complexes (or AON-PEI 

complexes). By virtue of the positive charge of the PEI-DNA (or AON) complexes, they 

can efficiently bind to the anionic proteoglycans on the cell surface. This results in 

endocytosis of the complex, whereupon the pH of the endosome drops, which leads to 

the protonation of PEI and osmotic swelling of the endosome, which eventually bursts, 

releasing the DNA (or AON) in the cytosol. As mentioned before, small 

macromolecules, such as AONs can efficiently diffuse to the nucleus. There are many 

different PEIs, with different molecular weights, either linear or branched, which all have 

different characteristics (Kichler 2004). The most commonly used PEI is the linear 22 

kDa form. Transfection efficiencies of up to 100% can often be achieved in vitro using 

this PEI (Errington 2003). Unfortunately, PEI and cationic lipids are less efficient in vivo 

upon systemic delivery, probably because they interact with serum proteins, such as 

albumin, causing the dissembling of the PEI-AON complexes, resulting in exposure of 

the AON to degradation and rapid clearance (Dash 1999). Furthermore, cationic lipids 

may induce toxic effects both after systemic delivery and local injection (Kichler 2004). 

Aartsma-Rus and colleagues observed significant cytotoxicity in vitro after using high 

doses of the 22 kDA linear PEI (Aartsma-Rus 2003) and in vivo after intramuscular 

injection of AON-PEI complexes in mice, influx of monocytes and muscle degeneration 

occurred (Bremmer-Bout 2004). In the past years cationic lipids and other delivery 

systems have been modified for in vivo delivery of DNA and AONs. The most promising 

ones for delivery into muscle will be discussed here. 

The most straightforward way to deliver AONs is plainly local or systemic injection of 

pure AONs. Unfortunately, local injection is less attractive since 30% of the body 

consists of muscle. After systemic injection of PS AONs, the majority is taken up by the 

liver within 8 hours and is rapidly cleared from the body, both in rat and mice (Graham 

1998; Zhao 1998). Nevertheless, a small part of the AONs is taken up by other organs, 

including muscle (~5% of the total amount) (Akhtar 1997; Fluiter 2003). To obtain 

sufficient intramuscular concentrations, extremely high and thus toxic doses of PS 

AONs have to be injected. Increased uptake of pure DNA can be achieved by high-

pressure injection (Liang 2004; Liu 2001; Zhang 2001). DNA is injected into an artery, 
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while the draining veins are temporarily occluded (e.g. by using a tourniquet), which is 

hypothesized to temporarily disrupt the extra cellular matrix, allowing the AON to enter 

the myofibers. This appears to be efficient in mice, rats and non-human primates for 

large muscles, such as the diaphragm and the lower limb muscles (Budker 1998; Liu 

2001; Zhang 2001). However, it is unfeasible to target every muscle in the body using 

this method. Especially when one takes into account that repeated delivery is required, 

due to AON turnover. Biodistribution studies with LNA in mice revealed that the majority 

was cleared via the kidneys, and lower levels were detected in the muscle when 

compared to PS AONs (Fluiter 2003). 

A potent way to increase AONs (or DNA) delivery after intramuscular injection is  

electroporation, which induces temporary damage to the plasma membranes, allowing 

influx of macromolecules (Lu 2003b), or pretreating muscle with hyaluronidase, an 

enzyme that hydrolyses hyaluronic acid, which is the major constituent of the 

extracellular matrix surrounding the muscle fibers (Favre 2000). Wells and colleagues 

applied electroporation and hyaluronidase treatment to transfect AONs into mdx mouse 

muscle (Wells 2003). This resulted in restored dystrophin expression in 28% of treated 

myotubes as detected by immunohistochemical analysis. Dystrophin could be detected 

for at least 8 weeks. Unfortunately, electroporation is accompanied by irreversible 

muscle damage and whole body treatment is unfeasible (Aihara 1998; Bhatt 1990). 

AONs transfection efficiencies can be further improved by the application of 

microbubbles, such as Sono Vue, Sonazoid and Optison (Alter 2009). 

As mentioned before, cationic lipid-AON complexes, such as PEI are not preferred for 

systemic delivery, due to their toxicity and low efficiencies. To prevent PEI from binding 

to serum proteins or being taken up by the liver after systemic injection, PEI can be 

modified by polyethylene glycol (PEG), which shields the cationic charge (PEG-PEI 

copolymers)(Williams 2006). This reduces PEI toxicity and increases the circulation half 

time, but unfortunately also decreases PEI efficiency (Kichler 2002; Papahadjopoulos 

1991). In fact the amount of dystrophin that has been recovered by Williams and 

colleague was not enough to use the PEG-PEI copolymers for systemic delivery 

(Williams 2006). Lutz and colleagues have further investigated the possible use of PEG-

PEI copolymers by mixing 2 KDa PEI with either 550 Da or 5 KDa PEG bound to 

2OMePS resulting in a promising local delivery system (Williams 2008). 
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Alternatively, macromolar delivery systems can be applied, of which the pluronic gels 

and the nanoparticles are the most promising compounds (Hughes 2001). 

Pluronic gels consist of one or a mixture of several nonionic block copolymers. The gels 

are liquid at room temperature, but become solid at body temperature. Therefore, the 

pluronic gel acts as a depot and allows prolonged, local delivery of AONs that is over 

10-fold more efficient that pure AON injection (Lemieux 2000). The pluronic copolymer 

F127 has successfully been applied for local delivery of AONs in mdx mice (Lu 2003a). 

This resulted in the restoration of the dystrophin protein in over 20% of treated muscle 

fibers, and which could be detected for at least three months after injection. F127 is 

described as an inactive excipient and is already used for the delivery of numerous 

other drugs (von Moltke 2001). The fact that F127 becomes a solid gel at body 

temperature makes it a less suitable compound for systemic delivery. Biodegradable 

nanoparticles are small structures that either entrap AONs or bind AONs to their 

cationic surface (Hughes 2001). They protect the AONs to degradation and enhance 

transfection (Chavany 1994). However, upon degradation of the particles the extremely 

toxic formaldehyde is produced (Hughes 2001). Therefore, these nanoparcticles are not 

suitable for in vivo delivery of AONs.  

 

Two groups tested the feasibility of exon skipping in the mdx mouse using using new 

nanospheres chemistries ir order to avoid side effects: the group of Lutz (Sirsi 2009) 

and our group (Rimessi 2009; Ferlini 2010). Sirsi and co-workers have induced specific 

exon 23 skipping in the mdx mouse using biodegradable poly(lactic-co-glycolic acid) 

(PLGA) nanospheres which are made by biocompatible compounds FDA approved and 

utilized in a wide variety of drug delivery applications including the encapsulation of  

nucleic acids. Dystrophin was rescued and the number of dystrophin positive fibers was 

3.4 higher compared to naked AON injection, however these results have been 

achieved after intramuscular injestion (Sirsi 2009). 

 

 

In paper 2 we describe the first application of cationic core–shell nanoparticles made up 

of a core of polymethylmethacrylate (PMMA), surrounded by a shell bearing cationic 

groups. PMMA T1 nanoparticles have cationic groups, ideal for AONs ‟ binding, 

covalently bound to the particles thus avoiding desorption and instability problems. 
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PMMA-based nanoparticles were already described as in vivo drug-delivery systems for 

the delivery of both DNA oligonucleotides and peptides. We demonstrated that the T1 

nanoparticles can efficiently bind 2′OMePS AONs and that T1 nanoparticles are widely 

distributed in various tissues/organs including heart and skeletal muscle. We also 

showed that IP administration of the M23D AON adsorbed onto T1 nanoparticles 

induced the restoration of dystrophin protein expression in skeletal muscles and, 

although at lower levels, in the heart of mdx mice. The dystrophin rescue is associated 

with increased dystrophin transcript and expression of high molecular weight dystrophin 

protein, as shown by western blot analysis. The novel dystrophin correctly localized at 

the sarcolemma, as detected by immunohistochemical analysis. These results 

demonstrate the effectiveness of this approach both in terms of body-wide distribution 

and protein synthesis restoration. Moreover, dystrophin rescue was obtained using a 

very low dose of AON, corresponding to 1/50th to 1/80th of the routine dosage 

described in the literature for systemic treatments of mdx mice. Dystrophin synthesis is 

clearly induced by the T1/M23D complexes because the injection of the same dose of 

naked M23D did not produce any effect. The combination of slow release and depot 

effects, together with the protection from degradation/sequestration, afforded by this 

delivery system could be responsible of the very low amount of AON required for 

producing a functional effect. However a possible disadvantage in using PMMA 

nanoparticles is related to their slow biodegradability, possibly causing adverse effects 

due to accumulation in chronic treatments. 

 

 

AON delivery without delivery compounds 

Several groups have reported attempts to induce speficic exon without using any 

transfection reagent in mdx mice (Hu 2010; Wu 2010; Wu 2009; Heemskerk 2009; Yin 

2009; Hu 2010; Ivanova 2008; Vitiello 2008; Fletcher 2006 and 2007), in the mdx/utrn-/- 

mice (Goyenvalle 2010) and in the GRMD dog (Yokota 2009). 

Repeated injections of 2OMePS, PMO and PNA AONs have resulted in body wide 

dystrophin restoration, significantly improved serum creatine kinase values (a measure 

for muscle integrity) and improved muscle function in the mdx mouse model (Alter 2006; 

Fletcher 2007; Lu 2005; Yin 2010), even using repeated injections at very low doses 

(Malerba 2009). PMO treatment has also been tested in a dog model, where antisense-
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induced exon 6 and 8 skipping resulted in dystrophin restoration and improved muscle 

function (Yokota 2009). Unfortunately, for each chemistry exon skipping and dystrophin 

levels were (much) lower or non existent in heart. A breakthrough has been achieved 

with peptide conjugated PMOs (pPMOs). The addition of these arginine-rich cell 

penetrating peptides improved exon skipping levels in all muscles, and resulted in 

significant exon skipping and dystrophin restoration in heart (Jearawiriyapaisarn 2008; 

Yin 2008). A recent report showed that repeated pPMO treatment in 4 month old mice 

could ameliorate the severity of the cardiomyopathy 7 months later (Jearawiriyapaisarn 

2010). The pPMOs were also able to improve the phenotype and lifespan of the very 

severely affected double knockout mdx/utrn-/- mouse model (Goyenvalle 2010). 

However, this could only be achieved when treatment started very early (2 week old 

pups) and using relatively high doses of pPMO. Alternatively, non peptide dendrimeric 

octaguanidine moiety tags have been used to improve delivery of PMOs to skeletal 

muscle and heart (Vivo-Morpholino)(Wu 2009). Further improvement was achieved in 

mdx mice using a PMO containing both an arginine-rich peptide and a muscle-targeting 

peptide, which resulted in significant dystrophin levels in muscle and heart at very low 

doses (Yin 2009). Many different cell penetrating peptides are now under investigation 

(Ivanova 2008), and generally dystrophin restoration can be achieved with much lower 

doses than for unconjugated AONs (Yin 2009). However, these peptides have not yet 

been tested in humans. Thus, the translation into clinical trials will take more time than 

for 2OMePS and PMOs, which have already been tested in human subjects extensively.  

A disadvantage of the AON approach is that due to AON and muscle turnover, repeated 

injections are required. This could be circumvented by building the antisense sequence 

into a gene, which would allow continuous expression of the antisense sequence. The 

small nuclear ribonucleoproteins (snRNPs) provide very suitable tools for this, as they 

already consist of a RNA antisense sequence within a protein complex and are located 

primarily in the nucleus. Modification of U1 and U7 snRNPs that were delivered to 

cultured cells or to mdx mice indeed resulted in long term exon skipping and dystrophin 

restoration (over 1 year) (Denti 2006 and 2008; Goyenvalle 2004). This system also 

allows for the generation of bifunctional snRNPs that contain an antisense sequence 

and a binding motive for the hnRNP A protein, that can suppress exon inclusion 

(Goyenvalle 2009). The adenoassociated viral vector (AAV) system appears the method 

of choice to deliver these antisense genes to muscle, as it allows efficient, long term 
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transduction of muscle (Denti 2008; Goyenvalle 2004). However, some major hurdles 

need to be overcome before this approach can be tested in the clinic, e.g. the upscaling 

of medical grade AAV production, the immunogenicity problems (which precludes 

repeated injections) and the identification of ways to achieve body wide (or whole limb) 

delivery (van Ommen 2008). 

 

 

Clinical Trials 

Since exon skipping that restored the open reading frame in patients, disrupts the open 

reading frame in unaffected individuals, the exon skipping approach cannot be tested in 

healthy volunteers. Thus initial clinical trials were performed in patients using either a 

very low dose or local injections. The first trial was performed in Japan and used 4 

weekly intravenous injections of 0.5 mg/kg PS AONs (without a 2‟-O-methyl 

modification) targeting exon 19 in a single patient with a deletion of exon 20 (Takeshima 

2006). Exon 19 skipping could be detected in the patient‟s lymphocytes and at very low 

levels in patient‟s muscle. A small number of dystrophin positive muscle fibers could be 

detected in a muscle biopsy. Since exon 51 skipping applies to the largest group of 

patients, AONs targeting this exon are developed for clinical application by two 

companies. Prosensa Therapeutics (the Netherlands) and AVI Biopharma (USA). 

The hDMD mouse model has been useful for pre-clinical in vivo optimization of human 

AONs targeting exon 51 and 53 (Arechavala-Gomeza 2007; Popplewell 2010). Due to 

sequence differences between the murine and human DMD genes, human specific 

AONs generally will not result in exon skipping in mice (Bremme-Bout 2004; Heemskerk 

2009). This mouse model has been also used to confirm the efficacy of AAV delivered 

U7 snRNPs targeting human exon 51 (Goyenvalle 2010).  

Prosensa Therapeutics uses PRO051, a 2OMePS AON. Intramuscular injection of 0.8 

mg PRO051 in the tibialis anterior muscle was tested in 4 Dutch DMD patients in 2006 

(van Deutekom 2007). This was well tolerated and resulted in exon 51 skipping and 

dystrophin restoration in all patients. Similar results were obtained in 5 patients in the 

UK in a trial sponsored by AVI Biopharma (USA). These patients received an injection 

of 0.9 mg AVI-4658, a PMO, in their extensor digitorum brevis muscle, which also 

resulted in exon 51 skipping and dystrophin restoration in the absence of side ef fects 

(Kinali 2009). A lower dose (0.09 mg) of this AON was ineffective. Remarkably, the 
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number of dystrophin positive muscle fibers 64-97% vs 44-79%) and protein levels (17-

35% vs 22-32% for PRO051 and AVI-4658, respectively) were very similar for both 

trials, although differences between the two trials and methods of analysis preclude 

direct comparison (Aartsma-Rus 2009b). 

After this initial proof-of-concept in humans, current trials test systemic delivery of 

AONs. A phase I/II clinical trial sponsored by Prosensa involving 12 patients from 

Belgium and Sweden who received 5 weekly doses of 0.5 – 6 mg/kg PRO051 (3 

patients per dose) has been completed. The treatment was well tolerated for all doses. 

Preliminary results are very encouraging. Dystrophin restoration was observed for each 

patient in a dose dependent manner 

(http://prosensa.eu/news/Press%20release%20WMS.pdf). An extension study were all 

patients are treated for 6 months with the highest dose is currently ongoing in 

preparation for a phase III pivotal trial where patients will be treated for a longer time to 

allow assessment of a functional effect.  

An AVI-Biopharma-sponsored trial testing 12 weekly intravenous treatments of 0.5 – 20 

mg/kg AVI-4658 is currently ongoing in the UK. Thus far treatment is also well tolerated, 

and while no dystrophin was observed in patients treated with the lowest doses, exon 

51 skipping was observed in patients treated with 2 and 4 mg/kg and for one of the 

patients treated with 2 mg/kg dystrophin was detected as well 

(http://www.avibio.com/news_detail.php?newsId=0068). Results for the highest doses 

(10 and 20 mg/kg) are pending.  

 

 

RNA quantification studies 

The most commonly used parameter when comparing AONs is the exon skipping 

percentage. This is defined as the percentage of transcripts in which the targeted exon 

is skipped relative to the total number of dystrophin transcripts (skipped and non 

skipped). As anticipated, there appears to be a correlation between exon skipping 

percentages and dystrophin restoration in that AONs that induce high levels of exon 

skipping also lead to higher dystrophin levels than AONs that are less efficient 

(Heemskerk 2009). Thus, when optimizing AONs, assessment of exon skipping 

percentages is a relatively straightforward way to compare the efficiencies of different 

AONs. However, different ways to quantify exon skipping levels are used by different  
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groups, making it difficult to compare results between labs (Heemskerk 2009; 

Arechavala-Gomeza 2007; Yin 2008; Ivanova 2008; Lu 2005; Doran 2009; Denti 2008). 

Since dystrophin expression is rather low, cDNA synthesis followed by two rounds of  

PCR amplification (primary and nested PCRs) is the method used most, though again 

protocols greatly differ and the total number of amplification cycles can vary from ~50-

55 (Heemskerk 2009; Yin 2008; Ivanova 2008; Lu 2005) to 65-70 (Doran 2009; Denti 

2008). Only one group has recently used a single round amplification (Wu 2009 and Hu 

2010 – Qi Long Lu group) to assess exon 23 skipping in the mdx mouse. In paper 3 we 

reviewed the most used methods and compared them using AON treated mouse 

muscle derived RNA as input material in order to assess the optimal method to 

determine exon skipping percentages. We introduced as new methods to measure exon 

23 skipping in the mdx mouse model a melting curve analysis (MCA) and a digital array 

by FluidigmTM. MCA was discarded because of low sensitivity. Digital array allowed us 

to quantify the absolute exon skipping percentages and was used to compare the other 

five methods. 

Using the digital array we determined that ~1100 dystrophin transcripts are present in 1 

ng of mRNA and that 665 transcripts are sufficient to correctly determine the exon 

skipping percentage using only 30 cycles of amplification. These data match with the 

data published by Mortazavi and colleagues (Mortazavi 2008), in which an RNA-Seq 

experiment was performed in (amongst others) skeletal muscle tissue of a wild type 

mouse. When we compared different molecular approaches of several reports that 

assessed exon skipping in mdx mice we observed a huge difference in the number of 

dystrophin RNA molecules used as template ranging from 1100 to 17700 transcripts. 

We also show that all groups make use of too many amplification cycles and that the 

excessive number can lead to non reliable measurements and overestimation of  

skipping levels. We believe standardization is needed in order to better undestrand the 

outcome of different treatments inducing exon skipping. 

It has been suggested that exon skipping levels assessed by RT-PCR are 

overestimated, since the smaller skipped products are amplified more efficiently than 

the bigger nonskipped fragments. However, we show in paper 3 that for 30 

amplification cycles using a single round amplification, this is not the case. When 

comparing skipping values obtained with absolute and relative quantification via 

densitometry and bioanalyzer analysis for a single round PCR, we found that skipping 
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values were very similar. Thus, apparently stochastic effects do not interfere with the 

measurements. Most of the values that fall in a 25% error margin relative to the 

absolute quantification results, were obtained using either bioanalyzer or densitometer. 

Non-overestimation is also underlined by the finding that a one round amplification 

(20/25/30 cycles) of isolated skipped and unskipped molecules in known skipping 

percentages led to a slight underestimation of real skipping percentages rather than an 

overestimation. However, when two rounds of amplification were used, skipping levels 

were generally overestimated. Nevertheless, since dystrophin is a lowly expressed 

gene, one round of amplification might not be sufficient when analyzing exon skipping in 

cultured cells or in muscles from severely affected patients. This will require further 

investigation. We concluded that exon skipping can be quantified using different 

techniques. However, quantification using a bioanalyzer or a densitometer after primary 

amplification seems the preferred method for mdx muscle tissue derived samples, since 

the values obtained are close to the real values for both low and high exon skipping 

levels. These methods are more straightforward and significantly less expensive than 

digital array analysis, which serves as a golden standard. It is however possible that the 

optimal method(s) will differ for other exons and therefore methods to quantify the 

skipping of other (human) exons should assessed individually, although as a more 

general rule exon skipping levels should not be quantified using nested PCR. 

 

 

11. References 

 

 Aartsma-Rus A, Bremmer-Bout M, Janson A, den Dunnen J, van Ommen G, van 

Deutekom J (2002) Targeted exon skipping as a potential gene correction therapy for 

Duchenne muscular dystrophy. Neuromuscul Disord 12:S71. 

 Aartsma-Rus A, Janson AA, Kaman WE, Bremmer-Bout M, Den Dunnen JT, Baas 

F, Van Ommen GJ, et al (2003) Therapeutic antisense-induced exon skipping in 

cultured muscle cells from six different DMD patients. Hum Mol Genet 12:907-14. 

 Aartsma-Rus A, Janson AA, Kaman WE, Bremmer-Bout M, Van Ommen GJ, Den 

Dunnen JT, Van Deutekom JC (2004a) Antisense-induced multiexon skipping for 

duchenne muscular dystrophy makes more sense. Am J Hum Genet 74:83-92. 



58 

 

 Aartsma-Rus AK, W. E.; Bremmer-Bout, M.; Janson, A.; Den Dunnen, J.T.; van 

Ommen, G-J.B.; van Deutekom, J.C.T. (2004b) Comparative analysis of antisense 

oligonucleotide analogs for tageted DMD exon 46 skipping in muscle cells. Gene Ther. 

11:1391-8. 

 Aartsma-Rus A, De Winter CL, Janson AA, Kaman WE, Van Ommen GJ, Den 

Dunnen JT, Van Deutekom JC. Functional analysis of 114 exon-internal AONs for 

targeted DMD exon skipping: indication for steric hindrance of SR protein binding sites. 

Oligonucleotides. 2005 Dec;15(4):284-97. 

 Aartsma-Rus A, Van Deutekom JC, Fokkema IF, Van Ommen GJ, Den Dunnen JT. 

Entries in the Leiden Duchenne muscular dystrophy mutation database: an overview of 

mutation types and paradoxical cases that confirm the reading-frame rule. Muscle 

Nerve. 2006a  34:135-44. Review. 

 Aartsma-Rus A, Kaman WE, Weij R, den Dunnen JT, van Ommen GJ, van 

Deutekom JC. Exploring the frontiers of therapeutic exon skipping for Duchenne 

muscular dystrophy by double targeting within one or multiple exons. Mol Ther. 2006b 

Sep;14(3):401-7.  

 Aartsma-Rus A, van Ommen GJ. Antisense-mediated exon skipping: a versatile tool 

with therapeutic and research applications. RNA. 2007 Oct;13(10):1609-24. 

 Aartsma-Rus A, Fokkema I, Verschuuren J, Ginjaar I, van Deutekom J, van Ommen 

GJ, den Dunnen JT. Theoretic applicability of antisense-mediated exon skipping for 

Duchenne muscular dystrophy mutations. Hum Mutat. 2009a    30:293-9. 

 Aartsma-Rus A, van Ommen GJ. Less is more: therapeutic exon skipping for 

Duchenne muscular dystrophy. Lancet Neurol. 2009b Oct;8(10):873-5. 

 Achsel T, Shimura Y (1996) Factors involved in the activation of pre-mRNA splicing 

from downstream splicing enhancers. J Biochem (Tokyo) 120:53-60. 

 Adams AM, Harding PL, Iversen PL, Coleman C, Fletcher S, Wilton SD. Antisense 

oligonucleotide induced exon skipping and the dystrophin gene transcript: cocktails and 

chemistries. BMC Mol Biol. 2007 Jul 2;8:57. 

 Ahn AH, Freener CA, Gussoni E, Yoshida M, Ozawa E, Kunkel LM (1996) The 

three human syntrophin genes are expressed in diverse tissues, have distinct 

chromosomal locations, and each bind to dystrophin and its relatives. J Biol Chem 

271:2724-30. 



59 

 

 Ahn AH, Kunkel LM (1993) The structural and functional diversity of dystrophin. Nat 

Genet 3:283-91 

 Ahn AH, Kunkel LM (1995) Syntrophin binds to an alternatively spliced exon of 

dystrophin. J Cell Biol 128:363-71. 

 Aihara H, Miyazaki J (1998) Gene transfer into muscle by electroporation in vivo. 

Nat Biotechnol 16:867-70. 

 Akhtar S, Agrawal S (1997) In vivo studies with antisense oligonucleotides. Trends 

Pharmacol Sci 18:12-8 

 Alderton JM, Steinhardt RA (2000) Calcium influx through calcium leak channels is 

responsible for the elevated levels of calcium-dependent proteolysis in dystrophic 

myotubes. J Biol Chem 275:9452-60. 

 Almomani R, van der Stoep N, Bakker E, den Dunnen JT, Breuning MH, Ginjaar IB. 

Rapid and cost effective detection of small mutations in the DMD gene by high 

resolution melting curve analysis. Neuromuscul Disord. 2009 19:383-90.  

 Alter J, Lou F, Rabinowitz A, Yin H, Rosenfeld J, Wilton SD, Partridge TA, Lu QL. 

Systemic delivery of morpholino oligonucleotide restores dystrophin expression 

bodywide and improves dystrophic pathology. Nat Med. 2006 Feb;12(2):175-7. 

 Alter J, Sennoga CA, Lopes DM, Eckersley RJ, Wells DJ. Microbubble stability is a 

major determinant of the efficiency of ultrasound and microbubble mediated in vivo 

gene transfer. Ultrasound Med Biol. 2009 Jun;35(6):976-84. 

 Ambrosio CE, Valadares MC, Zucconi E, et al. Ringo, a golden retriever muscular 

dystrophy (grmd) dog with absent dystrophin but normal strength. Neuromuscul Disord. 

2008    18:892-3 

 Angelini C, Fanin M, Pegoraro E, Freda MP, Cadaldini M, Martinello F (1994) 

Clinical-molecular correlation in 104 mild X-linked muscular dystrophy patients: 

characterization of sub-clinical phenotypes. Neuromuscul Disord 4:349-58. 

 Angelini C, Pegoraro E, Turella E, Intino MT, Pini A, Costa C (1994) Deflazacort in 

Duchenne dystrophy: study of long-term effect. Muscle Nerve 17:386–391 

 Arahata K, Ishiura S, Ishiguro T, Tsukahara T, Suhara Y, Eguchi C, Ishihara T, et al 

(1988) Immunostaining of skeletal and cardiac muscle surface membrane with antibody 

against Duchenne muscular dystrophy peptide. Nature 333:861-3. 



60 

 

 Araishi K, Sasaoka T, Imamura M, Noguchi S, Hama H, Wakabayashi E, Yoshida 

M, et al (1999) Loss of the sarcoglycan complex and sarcospan leads to muscular 

dystrophy in beta-sarcoglycan-deficient mice. Hum Mol Genet 8:1589-98. 

 Arechavala-Gomeza V, Graham IR, Popplewell LJ, Adams AM, Aartsma-Rus A, 

Kinali M, Morgan JE, van Deutekom JC, Wilton SD, Dickson G, Muntoni F. Comparative 

analysis of antisense oligonucleotide sequences for targeted skipping of exon 51 during 

dystrophin pre-mRNA splicing in human muscle. Hum Gene Ther. 2007 Sep;18(9):798-

810. 

 Arikawa-Hirasawa E, Koga R, Tsukahara T, Nonaka I, Mitsudome A, Goto K, Beggs 

AH, et al (1995) A severe muscular dystrophy patient with an internally deleted very 

short (110 kD) dystrophin: presence of the binding site for dystrophin-associated 

glycoprotein (DAG) may not be enough for physiological function of dystrophin. 

Neuromuscul Disord 5:429-38. 

 Arnett AL, Chamberlain JR, Chamberlain JS. Therapy for neuromuscular disorders. 

Curr Opin Genet Dev 2009;19:290-7 

 Asakura A, Rudnicki MA. 2002. Side population cells from diverse adult tissues are 

capable of in vitro hematopoietic differentiation. Exp Hematol 30:1339–1345. 

 Athanasopoulos T, Graham IR, Foster H, Dickson G. Recombinant 

adenoassociated viral (rAAV) vectors as therapeutic tools for Duchenne muscular 

dystrophy (DMD). Gene Ther 2004;11(Suppl 1):S109-21 

 Bakker E, Hofker MH, Goor N, Mandel JL, Wrogemann K, Davies KE, Kunkel LM, et 

al (1985) Prenatal diagnosis and carrier detection of Duchenne muscular dystrophy with 

closely linked RFLPs. Lancet 1:655-8. 

 Bakker E, Van Broeckhoven C, Bonten EJ, van de Vooren MJ, Veenema H, Van 

Hul W, Van Ommen GJ, et al (1987) Germline mosaicism and Duchenne muscular 

dystrophy mutations. Nature 329:554-6. 

 Bardoni A, Felisari G, Sironi M, Comi G, Lai M, Robotti M, Bresolin N (2000) Loss of 

Dp140 regulatory sequences is associated with cognitive impairment in 

dystrophinopathies. Neuromuscul Disord 10:194-9. 

 Barnea E, Zuk D, Simantov R, Nudel U, Yaffe D (1990) Specificity of expression of 

the muscle and brain dystrophin gene promoters in muscle and brain cells. Neuron 

5:881-8. 



61 

 

 Baumbach LL, Chamberlain JS, Ward PA, Farwell NJ, Caskey CT (1989) Molecular 

and clinical correlations of deletions leading to Duchenne and Becker muscular 

dystrophies. Neurology 39:465-74. 

 Beenakker EAC, Fock JM, Van Tol MJ et al (2005) Intermittent prednisone therapy 

in Duchenne muscular dystrophy. Arch Neurol 62:128–132 

 Beggs AH, Hoffman EP, Snyder JR, Arahata K, Specht L, Shapiro F, Angelini C, et 

al (1991) Exploring the molecular basis for variability among patients with Becker 

muscular dystrophy: dystrophin gene and protein studies. Am J Hum Genet 49:54-67. 

 Beggs AH, Koenig M, Boyce FM, Kunkel LM (1990) Detection of 98% of DMD/BMD 

gene deletions by polymerase chain reaction. Hum Genet 86:45-8. 

 Benchaouir R, Meregalli M, Farini A, D‟Antona G, Belicchi M, Goyenvalle A, 

Battistelli M, Bresolin N, Bottinelli R, Garcia L, Torrente Y. 2007. Restoration of human 

dystrophin following transplantation of exon-skipping-engineered DMD patient stem 

cells into dystrophic mice. Cell Stem Cell 13:646–657. 

 Béroud C, Tuffery-Giraud S, Matsuo M, Hamroun D, Humbertclaude V, Monnier N, 

Moizard MP, Voelckel MA, Calemard LM, Boisseau P, Blayau M, Philippe C, Cossée M, 

Pagès M, Rivier F, Danos O, Garcia L, Claustres M. Multiexon skipping leading to an 

artificial DMD protein lacking amino acids from exons 45 through 55 could rescue up to 

63% of patients with Duchenne muscular dystrophy. Hum Mutat. 2007 Feb;28(2):196-

202. 

 Bertoni C, Lau C, Rando TA (2003) Restoration of dystrophin expression in mdx 

muscle cells by chimeraplast-mediated exon skipping. Hum Mol Genet 12:1087-99. 

 Bhatt DL, Gaylor DC, Lee RC (1990) Rhabdomyolysis due to pulsed electric fields. 

Plast Reconstr Surg 86:1-11. 

 Bia BL, Cassidy PJ, Young ME, et al. Decreased myocardial nnos, increased inos 

and abnormal ecgs in mouse models of Duchenne muscular dystrophy. J Mol Cell 

Cardiol 1999   31:1857–62. 

 Bies RD, Caskey CT, Fenwick R (1992) An intact cysteine-rich domain is required 

for dystrophin function. J Clin Invest 90:666-72. 

 Biggar WD, Politano L, Harris VA et al (2004) Deflazacort in Duchenne muscular 

dystrophy: a comparison of two different protocols. Neuromuscul Disord 14:476–482 

 Blake DJ, Hawkes R, Benson MA, Beesley PW (1999) Different dystrophin-like 

complexes are expressed in neurons and glia. J Cell Biol 147:645-58. 94 



62 

 

 Blake DJ, Love DR, Tinsley J, Morris GE, Turley H, Gatter K, Dickson G, et al 

(1992) Characterization of a 4.8kb transcript from the Duchenne muscular dystrophy 

locus expressed in Schwannoma cells. Hum Mol Genet 1:103-9. 

 Blake DJ, Nawrotzki R, Loh NY, Gorecki DC, Davies KE (1998) beta-dystrobrevin, a 

member of the dystrophin-related protein family. Proc Natl Acad Sci U S A 95:241-6. 

 Blake DJ, Nawrotzki R, Peters MF, Froehner SC, Davies KE (1996) Isoform 

diversity of dystrobrevin, the murine 87-kDa postsynaptic protein. J Biol Chem 

271:7802-10. 

 Blake DJ, Weir A, Newey SE, Davies KE (2002) Function and genetics of 

dystrophin and dystrophin-related proteins in muscle. Physiol Rev 82:291-329. 

 Bonilla E, Samitt CE, Miranda AF, Hays AP, Salviati G, DiMauro S, Kunkel LM, et al 

(1988) Duchenne muscular dystrophy: deficiency of dystrophin at the muscle cell 

surface. Cell 54:447-52. 

 Bonnemann CG, Modi R, Noguchi S, Mizuno Y, Yoshida M, Gussoni E, McNally 

EM, et al (1995) Beta-sarcoglycan (A3b) mutations cause autosomal recessive 

muscular dystrophy with loss of the sarcoglycan complex. Nat Genet 11:266-73. 

 Bovolenta M, Neri M, Fini S, Fabris M, Trabanelli C, Venturoli A, Martoni E, Bassi E, 

Spitali P, Brioschi S, Falzarano MS, Rimessi P, Ciccone R, Ashton E, McCauley J, Yau 

S, Abbs S, Muntoni F, Merlini L, Gualandi F, Ferlini A. A novel custom high density-

comparative genomic hybridization array detects common rearrangements as well as 

deep intronic mutations in dystrophinopathies. BMC Genomics. 2008 9:572. 

 Boyce FM, Beggs AH, Feener C, Kunkel LM (1991) Dystrophin is transcribed in 

brain from a distant upstream promoter. Proc Natl Acad Sci U S A 88:1276-80. 

 Braasch DA, Corey DR (2002a) Novel antisense and peptide nucleic acid strategies 

for controlling gene expression. Biochemistry 41:4503-10. 

 Braasch DA, Liu Y, Corey DR (2002b) Antisense inhibition of gene expression in 

cells by oligonucleotides incorporating locked nucleic acids: effect of mRNA target 

sequence and chimera design. Nucleic Acids Res 30:5160-7. 

 Bremmer-Bout MA-R, A.; de Meijer, E.J.; Kaman, W. E.; Janson, A.A.M.; Vossen, 

R.; van Ommen, G.; den Dunnen, J.; van Deutekom, J. (2004) Targeted Exon Skipping 

in Transgenic hDMD Mice: a Model for Direct Pre-clinical Screening of Human-specific 

Antisense Oligonucleotides. Molecular Therapy:  



63 

 

 Brenman JE, Chao DS, Gee SH, McGee AW, Craven SE, Santillano DR, Wu Z, et 

al (1996) Interaction of nitric oxide synthase with the postsynaptic density protein PSD-

95 and alpha1-syntrophin mediated by PDZ domains. Cell 84:757-67. 

 Brenman JE, Chao DS, Xia H, Aldape K, Bredt DS (1995) Nitric oxide synthase 

complexed with dystrophin and absent from skeletal muscle sarcolemma in Duchenne 

muscular dystrophy. Cell 82:743-52. 

 Brockington M, Blake DJ, Prandini P, Brown SC, Torelli S, Benson MA, Ponting CP, 

et al (2001a) Mutations in the fukutin-related protein gene (FKRP) cause a form of 

congenital muscular dystrophy with secondary laminin alpha2 deficiency and abnormal 

glycosylation of alpha-dystroglycan. Am J Hum Genet 69:1198-209. 

 Brockington M, Yuva Y, Prandini P, Brown SC, Torelli S, Benson MA, Herrmann R, 

et al (2001b) Mutations in the fukutin-related protein gene (FKRP) identify limb girdle 

muscular dystrophy 2I as a milder allelic variant of congenital muscular dystrophy 

MDC1C. Hum Mol Genet 10:2851-9. 

 Buckingham M. 2006. Myogenic progenitor cells and skeletal myogenesis in 

vertebrates. Curr Opin Genet Dev 16:525–532. 

 Budker V, Zhang G, Danko I, Williams P, Wolff J (1998) The efficient expression of 

intravascularly delivered DNA in rat muscle. Gene Ther 5:272-6. 

 Bulfield G, Siller WG, Wight PA, Moore KJ. (1984) X chromosome-linked muscular 

dystrophy (mdx) in the mouse. Proc Natl Acad Sci USA 8:1189–92. 

 Burdi R, Didonna MP, Pignol B, et al. First evaluation of the potential effectiveness 

in muscular dystrophy of a novel chimeric compound, bn 82270, acting as calpain-

inhibitor and anti-oxidant. Neuromuscul Disord 2006    16:237–48. 

 Bushby KM, Appleton R, Anderson LV, Welch JL, Kelly P, Gardner-Medwin D 

(1995) Deletion status and intellectual impairment in Duchenne muscular dystrophy. 

Dev Med Child Neurol 37:260-9. 

 Buyse GM, Van der Mieren G, Erb M, et al. Long-term blinded placebo controlled 

study of snt-mc17/idebenone in the dystrophin deficient mdx mouse: cardiac protection 

and improved exercise performance. Eur Heart J. 2009    30:116-24. 

 Byers TJ, Lidov HG, Kunkel LM (1993) An alternative dystrophin transcript specific 

to peripheral nerve. Nat Genet 4:77- 81. 

 Cartegni L, Chew SL, Krainer AR (2002) Listening to silence and understanding 

nonsense: exonic mutations that affect splicing. Nat Rev Genet 3:285-98. 



64 

 

 Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR (2003) ESEfinder: A web 

resource to identify exonic splicing enhancers. Nucleic Acids Res 31:3568-71. 

 Chamberlain JS, Gibbs RA, Ranier JE, Nguyen PN, Caskey CT (1988) Deletion 

screening of the Duchenne muscular dystrophy locus via multiplex DNA amplification. 

Nucleic Acids Res 16:11141-56. 

 Chamberlain JS, Metzger J, Reyes M, Townsend D, Faulkner JA. 

Dystrophindeficient mdx mice display a reduced life span and are susceptible to 

spontaneous rhabdomyosarcoma. FASEB J. 2007   21:2195-204 

 Chapman VM, Miller DR, Armstrong D, Caskey CT (1989) Recovery of induced 

mutations for X chromosome-linked muscular dystrophy in mice. Proc Natl Acad Sci U S 

A 86:1292-6. 

 Chavany C, Saison-Behmoaras T, Le Doan T, Puisieux F, Couvreur P, Helene C 

(1994) Adsorption of oligonucleotides onto polyisohexylcyanoacrylate nanoparticles 

protects them against nucleases and increases their cellular uptake. Pharm Res 

11:1370-8. 

 Chelly J, Gilgenkrantz H, Lambert M, Hamard G, Chafey P, Recan D, Katz P, et al 

(1990a) Effect of dystrophin gene deletions on mRNA levels and processing in 

Duchenne and Becker muscular dystrophies. Cell 63:1239-48. 

 Chelly J, Hamard G, Koulakoff A, Kaplan JC, Kahn A, Berwald-Netter Y (1990b) 

Dystrophin gene transcribed from different promoters in neuronal and glial cells. Nature 

344:64-5. 

 Chen CD, Kobayashi R, Helfman DM (1999) Binding of hnRNP H to an exonic 

splicing silencer is involved in the regulation of alternative splicing of the rat beta-

tropomyosin gene. Genes Dev 13:593-606. 

 Chen YW, Zhao P, Borup R, Hoffman EP (2000) Expression profiling in the 

muscular dystrophies: identification of novel aspects of molecular pathophysiology. J 

Cell Biol 151:1321-36. 

 Chetboul V, Escriou C, Tessier D, et al. Tissue Doppler imaging detects early 

asymptomatic myocardial abnormalities in a dog model of Duchenne‟s cardiomyopathy. 

Eur Heart J 2004    25:1934–9. 

 Chirmule N, Xiao W, Truneh A, et al. Humoral immunity to adeno-associated virus 

type 2 vectors following administration to murine and nonhuman primate muscle. J Virol 

2000;74:2420-5 



65 

 

 Chu D, Thistlethwaite PA, Sullivan CC, et al. Gene delivery to the mammalian heart 

using AAV vectors. Methods Mol Biol 2004;246:213-24 

 Colussi C, Mozzetta C, Gurtner A, Illi B, Rosati J, Straino S, Ragone G, Pescatori 

M, Zaccagnini G, Antonini A, Minetti G, Martelli F, Piaggio G, Gallinari P, Steinkuhler C, 

Clementi E, Dell'Aversana C, Altucci L, Mai A, Capogrossi MC, Puri PL, Gaetano C. 

HDAC2 blockade by nitric oxide and histone deacetylase inhibitors reveals a common 

target in Duchenne muscular dystrophy treatment. Proc Natl Acad Sci U S A. 2008 Dec 

9;105(49):19183-7. Epub 2008 Dec 1. Erratum in: Proc Natl Acad Sci U S A. 2009 Feb 

3;106(5):1679. Steinkulher, Christian [corrected to Steinkuhler, Christian]. 

 Comi GP, Ciafaloni E, de Silva HA, Prelle A, Bardoni A, Rigoletto C, Robotti M, et al 

(1995) A G+1-->A transversion at the 5' splice site of intron 69 of the dystrophin gene 

causing the absence of peripheral nerve Dp116 and severe clinical involvement in a 

DMD patient. Hum Mol Genet 4:2171-4. 

 Connolly AM, Keeling RM, Mehta S, Pestronk A, Sanes JR. Three mouse models of 

muscular dystrophy: the natural history of strength and fatigue in dystrophin, 

dystrophin/utrophin-, and laminin alpha2-deficient mice. Neuromuscul Disord 2001   

11:703–12. 

 Connolly AM, Schierbecker J, Renna R, Florence J (2002) High dose weekly oral 

prednisone improves strength in boys with Duchenne muscular dystrophy. Neuromuscul 

Disord 12:917–925 

 Cossu G, Bianco P. 2003. Mesoangioblasts-vascular progenitors for extravascular 

mesodermal tissues. Curr Opin Genet Dev 13:537–542. 

 Cossu G, SampaolesiM. 2007.New therapies for Duchenne muscular dystrophy: 

Challenges, prospects and clinical trials. Trends Mol Med 13:520–526. 

 Coulter LR, Landree MA, Cooper TA (1997) Identification of a new class of exonic 

splicing enhancers by in vivo selection. Mol Cell Biol 17:2143-50. 

 Dash PR, Read ML, Barrett LB, Wolfert MA, Seymour LW (1999) Factors affecting 

blood clearance and in vivo distribution of polyelectrolyte complexes for gene delivery. 

Gene Ther 6:643-50. 

 Daston G, Lamar E, Olivier M, Goulding M. 1996. Pax-3 is necessary for migration 

but not differentiation of limb muscle precursors in the mouse. Development 122:1017–

1027. 



66 

 

 Davies KE, Pearson PL, Harper PS, Murray JM, O'Brien T, Sarfarazi M, Williamson 

R (1983) Linkage analysis of two cloned DNA sequences flanking the Duchenne 

muscular dystrophy locus on the short arm of the human X chromosome. Nucleic Acids 

Res 11:2303-12. 

 Davies KE, Smith TJ, Bundey S, Read AP, Flint T, Bell M, Speer A (1988) Mild and 

severe muscular dystrophy associated with deletions in Xp21 of the human X 

chromosome. J Med Genet 25:9-13. 

 Davies KE, Grounds MD. 2006. Treating muscular dystrophy with stem cells? Cell 

127:1304–1306. 

 De Backer F, Vandebrouck C, Gailly P, Gillis JM. Long-term study of Ca(2+) 

homeostasis and of survival in collagenase-isolated muscle fibres from normal and mdx 

mice. J Physiol 2002    542:855–65. 

 De Clercq E, Eckstein F, Sternbach H, Merigan TC (1969) Interferon induction by 

and ribonuclease sensitivity of thiophosphate-substituted polyribonucleotides. 

Antimicrobial Agents Chemother 9:187-91. 

 de Groot IJ. Guideline on the use of corticosteroids in Duchenne muscular 

dystrophy from paediatric neurologists, neurologists and rehabilitation physicians. Ned 

Tijdschr Geneeskd. 2006    150:684-5. 

 De Luca A, Nico B, Liantonio A, et al. A multidisciplinary evaluation of the 

effectiveness of cyclosporine a in dystrophic mdx mice. Am J Pathol 2005     166:477–

89. 

 de Visser M, Bakker E, Defesche JC, Bolhuis PA, van Ommen GJ (1990) An 

unusual variant of Becker muscular dystrophy. Ann Neurol 27:578-81. 

 Deasy BM, Jankowski RJ, Huard J. 2001. Muscle-derived stem cells: 

Characterization and potential for cell-mediated therapy. Blood Cells Mol Dis 27:924–

933. 

 Deasy BM, Gharaibeh BM, Pollett JB, Jones MM, Lucas MA, Kanda Y, Huard J. 

2005. Long-term self-renewal of postnatal muscle-derived stem cells. Mol Biol Cell 

16:3323–3333. 

 Deburgrave N, Daoud F, Llense S, Barbot JC, Récan D, Peccate C, Burghes AH, 

Béroud C, Garcia L, Kaplan JC, Chelly J, Leturcq F. Protein- and mRNA-based 

phenotype-genotype correlations in DMD/BMD with point mutations and molecular basis 



67 

 

for BMD with nonsense and frameshift mutations in the DMD gene. Hum Mutat. 2007  

28:183-95. 

 Deconinck AE, Rafael JA, Skinner JA, Brown SC, Potter AC, Metzinger L, Watt DJ, 

et al (1997) Utrophin-dystrophindeficient mice as a model for Duchenne muscular 

dystrophy. Cell 90:717-27. 

 Deconinck N, Rafael JA, Beckers-Bleukx G, et al. Consequences of the combined 

deficiency in dystrophin and utrophin on the mechanical properties and myosin 

composition of some limb and respiratory muscles of the mouse. Neuromuscul Disord 

1998   8:362–70. 

 Del Gaudio D, Yang Y, Boggs BA, Schmitt ES, Lee JA, Sahoo T, Pham HT, 

Wiszniewska J, Chinault AC, Beaudet AL, Eng CM. Molecular diagnosis of 

Duchenne/Becker muscular dystrophy: enhanced detection of dystrophin gene 

rearrangements by oligonucleotide array-comparative genomic hybridization. Hum 

Mutat. 2008 29:1100-7. 

 Dellavalle A, Sampaolesi M, Tonlorenzi R, Tagliafico E, Sacchetti B, Perani L, 

Innocenzi A, Galvez BG, MessinaG, Morosetti R, Li S, BelicchiM, Peretti G, 

Chamberlain JS, Wright WE, Torrente Y, Ferrari S, Bianco P, Cossu G. 2007. Pericytes 

of human skeletal muscle are myogenic precursors distinct from satellite cells. Nat Cell 

Biol 9:255–267. 

 Den Dunnen JT (1996) The Leiden Muscular Dystrophy pages den Dunnen JT, 

Bakker E, Breteler EG, Pearson PL, van Ommen GJ (1987) Direct detection of more 

than 50% of the Duchenne muscular dystrophy mutations by field inversion gels. Nature 

329:640-2. 

 Den Dunnen JT, Grootscholten PM, Bakker E, Blonden LA, Ginjaar HB, Wapenaar 

MC, van Paassen HM, et al (1989) Topography of the Duchenne muscular dystrophy 

(DMD) gene: FIGE and cDNA analysis of 194 cases reveals 115 deletions and 13 

duplications. Am J Hum Genet 45:835-47 

 Denti MA, Rosa A, D‟antona G, et al. Body-wide gene therapy of Duchenne 

muscular dystrophy in the mdx mouse model. Proc Natl Acad Sci USA 2006;103:3758-

63 

 Denti MA, Incitti T, Sthandier O, Nicoletti C, De Angelis FG, Rizzuto E, Auricchio A, 

Musarò A, Bozzoni I. Long-term benefit of adeno-associated virus/antisense-mediated 

exon skipping in dystrophic mice. Hum Gene Ther. 2008 Jun;19(6):601-8. 



68 

 

 Doherty MJ, Ashton BA, Walsh S, Beresford JN, Grant ME, Canfield AE. 1998. 

Vascular pericytes express osteogenic potential in vitro and in vivo. J Bone Miner Res 

13:28–38. 

 Dolinsky LC, de Moura-Neto RS, Falcao-Conceicao DN (2002) DGGE analysis as a 

tool to identify point mutations, de novo mutations and carriers of the dystrophin gene. 

Neuromuscul Disord 12:845-8. 

 Dominski Z, Kole R (1993) Restoration of correct splicing in thalassemic pre-mRNA 

by antisense oligonucleotides. Proc Natl Acad Sci U S A 90:8673-7 

 D'Souza VN, Nguyen TM, Morris GE, Karges W, Pillers DA, Ray PN (1995) A novel 

dystrophin isoform is required for normal retinal electrophysiology. Hum Mol Genet 

4:837-42. 

 Dubowitz V (2000) Muscular Dystrophies. In: Sanders WB (ed) Muscle disorders in 

Childhood, London, pp 34-79 

 Dunckley MG, Manoharan M, Villiet P, Eperon IC, Dickson G (1998) Modification of 

splicing in the dystrophin gene in cultured Mdx muscle cells by antisense 

oligoribonucleotides. Hum Mol Genet 7:1083-90  

 Emery AE (2002) The muscular dystrophies. Lancet 359:687-95. 

 Emery AEE, M.L.H. (1995) The history of a genetic disease. Duchenne Muscular 

dystrophy or Meryon's disease. Royal Society of Medicine Press Limited, London 

 Emery AEH (1993) Duchenne muscular dystrophy. Oxford University Press, Oxford 

 England SB, Nicholson LV, Johnson MA, Forrest SM, Love DR, Zubrzycka-Gaarn 

EE, Bulman DE, et al (1990) Very mild muscular dystrophy associated with the deletion 

of 46% of dystrophin. Nature 343:180-2. 

 Errington SJ, Mann CJ, Fletcher S, Wilton SD (2003) Target selection for antisense 

oligonucleotide induced exon skipping in the dystrophin gene. J Gene Med 5:518-27. 

 Ervasti JM, Ohlendieck K, Kahl SD, Gaver MG, Campbell KP (1990) Deficiency of a 

glycoprotein component of the dystrophin complex in dystrophic muscle. Nature 

345:315-9 

 Fall AM, Johnsen R, Honeyman K, Iversen P, Fletcher S, Wilton SD. Induction of 

revertant fibres in the mdx mouse using antisense oligonucleotides. Genet Vaccines 

Ther. 2006 May 24;4:3. 



69 

 

 Fanin M, Danieli GA, Cadaldini M, Miorin M, Vitiello L, Angelini C (1995) Dystrophin-

positive fibers in Duchenne dystrophy: origin and correlation to clinical course. Muscle 

Nerve 18:1115-20 

 Fanin M, Freda MP, Vitiello L, Danieli GA, Pegoraro E, Angelini C (1996) Duchenne 

phenotype with in-frame deletion removing major portion of dystrophin rod: threshold 

effect for deletion size? Muscle Nerve 19:1154-60. 

 Favre D, Cherel Y, Provost N, Blouin V, Ferry N, Moullier P, Salvetti A (2000) 

Hyaluronidase enhances recombinant adeno-associated virus (rAAV)-mediated gene 

transfer in the rat skeletal muscle. Gene Ther 7:1417-20. 

 Feener CA, Koenig M, Kunkel LM (1989) Alternative splicing of human dystrophin 

mRNA generates isoforms at the carboxy terminus. Nature 338:509-11. 

 Felisari G, Martinelli Boneschi F, Bardoni A, Sironi M, Comi GP, Robotti M, Turconi 

AC, et al (2000) Loss of Dp140 dystrophin isoform and intellectual impairment in 

Duchenne dystrophy. Neurology 55:559-64. 

 Ferlini A, Sewry C, Melis MA, Mateddu A, Muntoni F (1999) X-linked dilated 

cardiomyopathy and the dystrophin gene. Neuromuscul Disord 9:339-46. 

 Ferlini A, Sabatelli P, Fabris M, Bassi E, Falzarano S, Vattemi G, Perrone D, 

Gualandi F, Maraldi NM, Merlini L, Sparnacci K, Laus M, Caputo A, Bonaldo P, 

Braghetta P, Rimessi P. Dystrophin restoration in skeletal, heart and skin arrector pili 

smooth muscle of mdx mice by ZM2 NP-AON complexes. Gene Ther. 2009 Nov 12. 

 Flanigan KM, von Niederhausern A, Dunn DM, Alder J, Mendell JR, Weiss RB 

(2003) Rapid direct sequence analysis of the dystrophin gene. Am J Hum Genet 

72:931-9. 

 Flanigan KM, Dunn DM, von Niederhausern A, Soltanzadeh P, Gappmaier E, 

Howard MT, Sampson JB, Mendell JR, Wall C, King WM, Pestronk A, Florence JM, 

Connolly AM, Mathews KD, Stephan CM, Laubenthal KS, Wong BL, Morehart PJ, 

Meyer A, Finkel RS, Bonnemann CG, Medne L, Day JW, Dalton JC, Margolis MK, 

Hinton VJ; United Dystrophinopathy Project Consortium, Weiss RB. Mutational 

spectrum of DMD mutations in dystrophinopathy patients: application of modern 

diagnostic techniques to a large cohort. Hum Mutat. 2009 30:1657-66. 

 Fletcher S, Honeyman K, Fall AM, Harding PL, Johnsen RD, Wilton SD. Dystrophin 

expression in the mdx mouse after localised and systemic administration of a 

morpholino antisense oligonucleotide. J Gene Med. 2006 Feb;8(2):207-16. 



70 

 

 Fletcher S, Honeyman K, Fall AM, Harding PL, Johnsen RD, Steinhaus JP, Moulton 

HM, Iversen PL, Wilton SD. Morpholino oligomer-mediated exon skipping averts the 

onset of dystrophic pathology in the mdx mouse. Mol Ther. 2007 Sep;15(9):1587-92. 

 Fluiter K, ten Asbroek AL, de Wissel MB, Jakobs ME, Wissenbach M, Olsson H, 

Olsen O, et al (2003) In vivo tumor growth inhibition and biodistribution studies of locked 

nucleic acid (LNA) antisense oligonucleotides. Nucleic Acids Res 31:953-62. 

 Fokkema IF, den Dunnen JT, Taschner PE. LOVD: easy creation of a locus-specific 

sequence variation database using an "LSDB-in-a-box" approach. Hum Mutat. 2005 

26:63-8. 

 Forrest SM, Cross GS, Flint T, Speer A, Robson KJ, Davies KE (1988) Further 

studies of gene deletions that cause Duchenne and Becker muscular dystrophies. 

Genomics 2:109-14. 

 Franz WM, Muller M, Muller OJ, Herrmann R, Rothmann T, Cremer M, Cohn RD, et 

al (2000) Association of nonsense mutation of dystrophin gene with disruption of 

sarcoglycan complex in X-linked dilated cardiomyopathy. Lancet 355:1781-5. 

 Fraysse B, Liantonio A, Cetrone M, et al. The alteration of calcium homeostasis in 

adult dystrophic mdx muscle fibers is worsened by a chronic exercise in vivo. Neurobiol 

Dis 2004      17:144–54. 

 Gailly P, Hermans E, Octave JN, Gillis JM. Specific increase of genetic expression 

of parvalbumin in fast skeletal muscles of mdx mice. FEBS Lett 1993    326:272–4. 

 Galvagni F, Cantini M, Oliviero S (2002) The utrophin gene is transcriptionally up-

regulated in regenerating muscle. J Biol Chem 277:19106-13. 

 Galvagni F, Saad FA, Danieli GA, Miorin M, Vitiello L, Mostacciuolo ML, Angelini C 

(1994) A study on duplications of the dystrophin gene: evidence of a geographical 

difference in the distribution of breakpoints by intron. Hum Genet 94:83-7. 

 Gangopadhyay SB, Sherratt TG, Heckmatt JZ, Dubowitz V, Miller G, Shokeir M, 

Ray PN, et al (1992) Dystrophin in frameshift deletion patients with Becker muscular 

dystrophy. Am J Hum Genet 51:562-70. 

 Gaschen L, Lang J, Lin S, Ade-Damilano M, Busato A, Lombard CW, Gaschen FP 

(1999) Cardiomyopathy in dystrophin-deficient hypertrophic feline muscular dystrophy. J 

Vet Intern Med 13:346-56. 

 Gavina M, Belicchi M, Rossi B, Ottoboni L, Colombo F, Meregalli M, Battistelli M, 

Forzenigo L, Biondetti P, Pisati F, Parolini D, Farini A, Issekutz AC, Bresolin N, 



71 

 

Rustichelli F, Constantin G, TorrenteY. 2006. VCAM-1expression on dystrophic muscle 

vessels has a critical role in the recruitment of human blood-derived CD133þ stem cells 

after intra-arterial transplantation. Blood 108:2857–2866. 

 Gayraud J, Matecki S, Hnia K, et al. Ventilation during air breathing and in response 

to hypercapnia in 5- and 16-month-old mdx and c57 mice. J Muscle Res Cell Motil 2007    

28:29–37. 

 Gebski BL, Mann CJ, Fletcher S, Wilton SD (2003) Morpholino antisense 

oligonucleotide induced dystrophin exon 23 skipping in mdx mouse muscle. Hum Mol 

Genet 12:1801-11. 

 Gillard EF, Chamberlain JS, Murphy EG, Duff CL, Smith B, Burghes AH, Thompson 

MW, et al (1989) Molecular and phenotypic analysis of patients with deletions within the 

deletion-rich region of the Duchenne muscular dystrophy (DMD) gene. Am J Hum 

Genet 45:507-20. 

 Ginjaar IB, Kneppers AL, v d Meulen JD, Anderson LV, Bremmer-Bout M, van 

Deutekom JC, Weegenaar J, et al (2000) Dystrophin nonsense mutation induces 

different levels of exon 29 skipping and leads to variable phenotypes within one BMD 

family [In Process Citation]. Eur J Hum Genet 8:793-6 

 Goldberg LR, Hausmanowa-Petrusewicz I, Fidzianska A, Duggan DJ, Steinberg LS, 

Hoffman EP (1998) A dystrophin missense mutation showing persistence of dystrophin 

and dystrophin-associated proteins yet a severe phenotype. Ann Neurol 44:971-6. 

 Goldstrohm AC, Greenleaf AL, Garcia-Blanco MA (2001) Co-transcriptional splicing 

of pre-messenger RNAs: considerations for the mechanism of alternative splicing. Gene 

277:31-47. 

 Goodell MA, Rosenzweig M, Kim H, Marks DF, DeMaria M, Paradis G, Grupp SA, 

Sieff CA, Mulligan RC, Johnson RP. 1997. Dye efflux studies suggest that 

hematopoietic stem cells expressing low or undetectable levels of CD34 antigen exist in 

multiple species. Nat Med 3:1337–1345. 

 Gorecki DC, Monaco AP, Derry JM, Walker AP, Barnard EA, Barnard PJ (1992) 

Expression of four alternative dystrophin transcripts in brain regions regulated by 

different promoters. Hum Mol Genet 1:505-10. 

 Gospe SM, Jr., Lazaro RP, Lava NS, Grootscholten PM, Scott MO, Fischbeck KH 

(1989) Familial X-linked myalgia and cramps: a nonprogressive myopathy associated 

with a deletion in the dystrophin gene. Neurology 39:1277-80. 



72 

 

 Goyenvalle A, Vulin A, Fougerousse F, et al. Rescue of dystrophic muscle through 

U7 snRNA-mediated exon skipping. Science 2004;306:1796-9 

 Goyenvalle A, Babbs A, van Ommen GJ, Garcia L, Davies KE. Enhanced exon-

skipping induced by U7 snRNA carrying a splicing silencer sequence: Promising tool for 

DMD therapy. Mol Ther. 2009 Jul;17(7):1234-40. 

 Goyenvalle A, Babbs A, Powell D, Kole R, Fletcher S, Wilton SD, Davies KE. 

Prevention of dystrophic pathology in severely affected dystrophin/utrophin-deficient 

mice by morpholino-oligomer-mediated exon-skipping. Mol Ther. 2010 Jan;18(1):198-

205. 

 Grady RM, Teng H, Nichol MC, Cunningham JC, Wilkinson RS, Sanes JR. Skeletal 

and cardiac myopathies in mice lacking utrophin and dystrophin: a model for Duchenne 

muscular dystrophy. Cell 1997    90:729–38. 

 Graham MJ, Crooke ST, Monteith DK, Cooper SR, Lemonidis KM, Stecker KK, 

Martin MJ, et al (1998) In vivo distribution and metabolism of a phosphorothioate 

oligonucleotide within rat liver after intravenous administration. J Pharmacol Exp Ther 

286:447-58. 

 Granchelli JA, Pollina C, Hudecki MS. Pre-clinical screening of drugs using the mdx 

mouse. Neuromuscul Disord 2000    10:235–9. 

 Gray SJ, Samulski RJ. Optimizing gene delivery vectors for the treatment of heart 

disease. Expert Opin Biol Ther 2008;8:911-22 

 Greener MJ, Sewry CA, Muntoni F, Roberts RG (2002) The 3'-untranslated region 

of the dystrophin gene – conservation and consequences of loss. Eur J Hum Genet 

10:413-20. 

 Greenstein R, Reardon M, TS C (1977) An X-autosomal translocation in a girl with 

Duchenne muscular dystrophy, evidence for DMD gen localisation. Pediatr Res 

11:475A 

 Gregorevic P, Blankinship MJ, Allen JM, et al. Systemic delivery of genes to striated 

muscles using adeno-associated viral vectors. Nat Med 2004;10:828-34 

 Gregorevic P, Allen JM, Minami E, et al. rAAV6-microdystrophin preserves muscle 

function and extends lifespan in severely dystrophic mice. Nat Med 2006;12:787-9 

 Griggs RC, Moxley RT III, Mendell JR et al (1991) Prednisone in Duchenne 

dystrophy. Arch Neurol 48:383–388 



73 

 

 Grounds MD, Torrisi J (2004) Anti-TNFalpha (Remicade) therapy protects 

dystrophic skeletal muscle from necrosis. Faseb J 18:676-82. 

 Hart KA, Hodgson S, Walker A, Cole CG, Johnson L, Dubowitz V, Bobrow M (1987) 

DNA deletions in mild and severe Becker muscular dystrophy. Hum Genet 75:281-5. 

 Hayashi YK, Ogawa M, Tagawa K, Noguchi S, Ishihara T, Nonaka I, Arahata K 

(2001) Selective deficiency of alphadystroglycan in Fukuyama-type congenital muscular 

dystrophy. Neurology 57:115-21. 

 Heemskerk HA, de Winter CL, de Kimpe SJ, van Kuik-Romeijn P, Heuvelmans N, 

Platenburg GJ, van Ommen GJ, van Deutekom JC, Aartsma-Rus A. In vivo comparison 

of 2'-O-methyl phosphorothioate and morpholino antisense oligonucleotides for 

Duchenne muscular dystrophy exon skipping. J Gene Med. 2009 Mar;11(3):257-66. 

 Hegde MR, Chin EL, Mulle JG, Okou DT, Warren ST, Zwick ME. Microarray-based 

mutation detection in the dystrophin gene. Hum Mutat. 2008 29:1091-9. 

 Helliwell TR, Man NT, Morris GE, Davies KE (1992) The dystrophin-related protein, 

utrophin, is expressed on the sarcolemma of regenerating human skeletal muscle fibres 

in dystrophies and inflammatory myopathies. Neuromuscul Disord 2:177-84. 

 Hermonat PL, Labow MA, Wright R, et al. Genetics of adeno-associated virus: 

isolation and preliminary characterization of adeno-associated virus type 2 mutants. J 

Virol 1984;51:329-39 

 Herweijer H, Wolff JA (2003) Progress and prospects: naked DNA gene transfer 

and therapy. Gene Ther 10:453-8.  

 Hodgetts S, Radley H, Davies M, Grounds MD. Reduced necrosis of dystrophic 

muscle by depletion of host neutrophils, or blocking TNFalpha function with etanercept 

in mdx mice. Neuromuscul Disord 2006     16:591–602. 

 Hodgson SV, Abbs S, Clark S, Manzur A, Heckmatt JZ, Dubowitz V, Bobrow M 

(1992) Correlation of clinical and deletion data in Duchenne and Becker muscular 

dystrophy, with special reference to mental ability. Neuromuscul Disord 2:269-76. 

 Hoffman EP, Brown RH, Jr., Kunkel LM (1987) Dystrophin: the protein product of 

the Duchenne muscular dystrophy locus. Cell 51:919-28 

 Hoffman EP, Fischbeck KH, Brown RH, Johnson M, Medori R, Loike JD, Harris JB, 

et al (1988) Characterization of dystrophin in muscle-biopsy specimens from patients 

with Duchenne's or Becker's muscular dystrophy. N Engl J Med 318:1363-8 



74 

 

 Hoffman EP, Morgan JE, Watkins SC, Partridge TA (1990) Somatic 

reversion/suppression of the mouse mdx phenotype in vivo. J Neurol Sci 99:9-25. 

 Hofstra RM, Mulder IM, Vossen R, de Koning-Gans PA, Kraak M, Ginjaar IB, van 

der Hout AH, et al (2004) DGGEbased whole-gene mutation scanning of the dystrophin 

gene in Duchenne and Becker muscular dystrophy patients. Hum Mutat 23:57-66. 

 Hohenester E, Tisi D, Talts JF, Timpl R (1999) The crystal structure of a laminin G-

like module reveals the molecular basis of alpha-dystroglycan binding to laminins, 

perlecan, and agrin. Mol Cell 4:783-92. 

 Holder E, Maeda M, Bies RD (1996) Expression and regulation of the dystrophin 

Purkinje promoter in human skeletal muscle, heart, and brain. Hum Genet 97:232-9. 

 Howard PL, Dally GY, Ditta SD, Austin RC, Worton RG, Klamut HJ, Ray PN (1999) 

Dystrophin isoforms DP71 and DP427 have distinct roles in myogenic cells. Muscle 

Nerve 22:16-27. 

 Hu Y, Wu B, Zillmer A, Lu P, Benrashid E, Wang M, Doran T, Shaban M, Wu X, 

Long Lu Q. Guanine Analogues Enhance Antisense Oligonucleotide-induced Exon 

Skipping in Dystrophin Gene In Vitro and In Vivo. Mol Ther. 2010 Jan 19 

 Hughes MD, Hussain M, Nawaz Q, Sayyed P, Akhtar S (2001) The cellular delivery 

of antisense oligonucleotides and ribozymes. Drug Discov Today 6:303-315. 

 Ibraghimov-Beskrovnaya O, Ervasti JM, Leveille CJ, Slaughter CA, Sernett SW, 

Campbell KP (1992) Primary structure of dystrophin-associated glycoproteins linking 

dystrophin to the extracellular matrix. Nature 355:696-702. 

 Inagaki K, Fuess S, Storm TA, et al. Robust systemic transduction with AAV9 

vectors in mice: efficient global cardiac gene transfer superior to that of AAV8. Mol Ther 

2006;14:45-53 

 Ishigaki C, Patria SY, Nishio H, Yabe M, Matsuo M (1996) A Japanese boy with 

myalgia and cramps has a novel inframe deletion of the dystrophin gene. Neurology 

46:1347-50. 

 Ivanova GD, Arzumanov A, Abes R, Yin H, Wood MJ, Lebleu B, Gait MJ. Improved 

cell-penetrating peptide-PNA conjugates for splicing redirection in HeLa cells and exon 

skipping in mdx mouse muscle. Nucleic Acids Res. 2008 Nov;36(20):6418-28. 

 Jacobs PA, Hunt PA, Mayer M, Bart RD (1981) Duchenne muscular dystrophy 

(DMD) in a female with an X/autosome translocation: further evidence that the DMD 

locus is at Xp21. Am J Hum Genet 33:513-8. 



75 

 

 Janssen B, Hartmann C, Scholz V, Jauch A, Zschocke J. MLPA analysis for the 

detection of deletions, duplications and complex rearrangements in the dystrophin gene: 

potential and pitfalls. Neurogenetics. 2005 6:29-35 

 Jarrett HW, Foster JL (1995) Alternate binding of actin and calmodulin to multiple 

sites on dystrophin. J Biol Chem 270:5578-86. 

 Jearawiriyapaisarn N, Moulton HM, Buckley B, Roberts J, Sazani P, Fucharoen S, 

Iversen PL, Kole R. Sustained dystrophin expression induced by peptide-conjugated 

morpholino oligomers in the muscles of mdx mice. Mol Ther. 2008 Sep;16(9):1624-9. 

 Jearawiriyapaisarn N, Moulton HM, Sazani P, Kole R, Willis MS. Long-term 

improvement in mdx cardiomyopathy after therapy with peptide-conjugated morpholino 

oligomers. Cardiovasc Res. 2010 Feb 1;85(3):444-53. 

 Jung SC, Han IP, Limaye A, et al. Adeno-associated viral vector-mediated gene 

transfer results in long-term enzymatic and functional correction in multiple organs of 

Fabry mice. Proc Natl Acad Sci USA 2001;98:2676-81 

 Kameya S, Miyagoe Y, Nonaka I, Ikemoto T, Endo M, Hanaoka K, Nabeshima Y, et 

al (1999) alpha1-syntrophin gene disruption results in the absence of neuronal-type 

nitric-oxide synthase at the sarcolemma but does not induce muscle degeneration. J 

Biol Chem 274:2193-200. 

 Karpati G, Carpenter S, Morris GE, Davies KE, Guerin C, Holland P (1993) 

Localization and quantitation of the chromosome 6-encoded dystrophin-related protein 

in normal and pathological human muscle. J Neuropathol Exp Neurol 52:119-28. 

 Kaspar BK, Roth DM, Lai NC, et al. Myocardial gene transfer and long-term 

expression following intracoronary delivery of adeno-associated virus. J Gene Med 

2005;7:316-24 

 Kesari A, Pirra LN, Bremadesam L, McIntyre O, Gordon E, Dubrovsky AL, 

Viswanathan V, Hoffman EP. Integrated DNA, cDNA, and protein studies in Becker 

muscular dystrophy show high exception to the reading frame rule. Hum Mutat. 2008 

29:728-37. 

 Kessler PD, Podsakoff GM, Chen X, et al. Gene delivery to skeletal muscle results 

in sustained expression and systemic delivery of a therapeutic protein. Proc Natl Acad 

Sci USA 1996;93:14082-7 

 Kichler A (2004) Gene transfer with modified polyethylenimines. J Gene Med 6:S3-

10. 



76 

 

 Kichler A, Chillon M, Leborgne C, Danos O, Frisch B (2002) Intranasal gene 

delivery with a polyethylenimine-PEG conjugate. J Control Release 81:379-88. 

 Kilimann MW, Pizzuti A, Grompe M, Caskey CT (1992) Point mutations and 

polymorphisms in the human dystrophin gene identified in genomic DNA sequences 

amplified by multiplex PCR. Hum Genet 89:253-8. 

 Kinali M, Arechavala-Gomeza V, Feng L, Cirak S, Hunt D, Adkin C, Guglieri M, 

Ashton E, Abbs S, Nihoyannopoulos P, Garralda ME, Rutherford M, McCulley C, 

Popplewell L, Graham IR, Dickson G, Wood MJ, Wells DJ, Wilton SD, Kole R, Straub V, 

Bushby K, Sewry C, Morgan JE, Muntoni F. Local restoration of dystrophin expression 

with the morpholino oligomer AVI-4658 in Duchenne muscular dystrophy: a single-blind, 

placebo-controlled, dose-escalation, proof-of-concept study. Lancet Neurol. 2009 

Oct;8(10):918-28. Epub 2009 Aug 25. Erratum in: Lancet Neurol. 2009 Dec;8(12):1083. 

 Kingston HM, Sarfarazi M, Thomas NS, Harper PS (1984) Localisation of the 

Becker muscular dystrophy gene on the short arm of the X chromosome by linkage to 

cloned DNA sequences. Hum Genet 67:6-17. 

 Klein CJ, Coovert DD, Bulman DE, Ray PN, Mendell JR, Burghes AH (1992) 

Somatic reversion/suppression in Duchenne muscular dystrophy (DMD): evidence 

supporting a frame-restoring mechanism in rare dystrophinpositive fibers. Am J Hum 

Genet 50:950-9 

 Kobayashi K, Nakahori Y, Miyake M, Matsumura K, Kondo-Iida E, Nomura Y, 

Segawa M, et al (1998) An ancient retrotransposal insertion causes Fukuyama-type 

congenital muscular dystrophy. Nature 394:388-92. 

 Koenig M, Beggs AH, Moyer M, Scherpf S, Heindrich K, Bettecken T, Meng G, et al 

(1989) The molecular basis for Duchenne versus Becker muscular dystrophy: 

correlation of severity with type of deletion. Am J Hum Genet 45:498-506 

 Koenig M, Hoffman EP, Bertelson CJ, Monaco AP, Feener C, Kunkel LM (1987) 

Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and preliminary 

genomic organization of the DMD gene in normal and affected individuals. Cell 50:509-

17. 

 Koenig M, Kunkel LM (1990) Detailed analysis of the repeat domain of dystrophin 

reveals four potential hinge segments that may confer flexibility. J Biol Chem 265:4560-

6. 



77 

 

 Koenig M, Monaco AP, Kunkel LM (1988) The complete sequence of dystrophin 

predicts a rod-shaped cytoskeletal protein. Cell 53:219-26 

 Kornegay JN, Cundiff DD, Bogan DJ, Bogan JR, Okamura CS. The cranial sartorius 

muscle undergoes true hypertrophy in dogs with golden retriever muscular dystrophy. 

Neuromuscul Disord 2003    13:493–500. 

 Kornegay J, Li J, Bogan J, et al. Widespread muscle expression of an AAV-9 

human mini-dystrophin construct after systemic intravenous injection in golden retriever 

muscular dystrophy (GRMD) neonatal dogs. Mol Ther 2009;17:S152 

 Kurreck J (2003) Antisense technologies. Improvement through novel chemical 

modifications. Eur J Biochem 270:1628-44. 

 Laing NG (1993) Molecular genetics and genetic couselling for Duchenne/Becker 

muscular dystrophy. In: Partridge TA (ed) Molecular and Cell Biology of Muscular 

Dystrophy. Chapman& Hall, London, pp 37-84 

 Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, Devon K, et al 

(2001) Initial sequencing and analysis of the human genome. Nature 409:860-921. 

 Larsen HJ, Bentin T, Nielsen PE (1999) Antisense properties of peptide nucleic 

acid. Biochim Biophys Acta 1489:159-66. 

 Laughlin CA, Tratschin JD, Coon H, Carter BJ. Cloning of infectious adeno-

associated virus genomes in bacterial plasmids. Gene 1983;23:65-73 

 Laws N, Hoey A. Progression of kyphosis in mdx mice. J Appl Physiol 2004   

97:1970–7. 

 Lebakken CS, Venzke DP, Hrstka RF, Consolino CM, Faulkner JA, Williamson RA, 

Campbell KP (2000) Sarcospandeficient mice maintain normal muscle function. Mol Cell 

Biol 20:1669-77. 

 Lederfein D, Levy Z, Augier N, Mornet D, Morris G, Fuchs O, Yaffe D, et al (1992) A 

71-kilodalton protein is a major product of the Duchenne muscular dystrophy gene in 

brain and other nonmuscle tissues. Proc Natl Acad Sci U S A 89:5346-50. 

 Lefaucheur JP, Pastoret C, Sebille A. Phenotype of dystrophinopathy in old mdx 

mice. Anat Rec 1995    242:70–6. 

 Lemaire C, Heilig R, Mandel JL (1988) The chicken dystrophin cDNA: striking 

conservation of the C-terminal coding and 3' untranslated regions between man and 

chicken. Embo J 7:4157-62. 



78 

 

 Lemieux P, Guerin N, Paradis G, Proulx R, Chistyakova L, Kabanov A, Alakhov V 

(2000) A combination of poloxamers increases gene expression of plasmid DNA in 

skeletal muscle. Gene Ther 7:986-91. 

 Lennon DP, Caplan AI. 2006. Isolation of human marrow-derived mesenchymal 

stem cells. Exp Hematol 34:1604–1605. 

 Lenk U, Oexle K, Voit T, Ancker U, Hellner KA, Speer A, Hubner C (1996) A 

cysteine 3340 substitution in the dystroglycan-binding domain of dystrophin associated 

with Duchenne muscular dystrophy, mental retardation and absence of the ERG b-

wave. Hum Mol Genet 5:973-5. 

 Lewin B (2000) Genes. Oxford University Press, New York 

 Li J, Dressman D, Tsao YP, et al. rAAV vector-mediated sarcogylcan gene transfer 

in a hamster model for limb girdle muscular dystrophy. Gene Ther 1999;6:74-82 

 Li J, Bogan J, Chen C, et al. Hydrodynamic limb vein injection of AAV9 results in 

regional and systemic long-term expression of minidystrophin in young adult GRMD 

dogs. Mol Ther 2009;17:S278 

 Liang KW, Nishikawa M, Liu F, Sun B, Ye Q, Huang L (2004) Restoration of 

dystrophin expression in mdx mice by intravascular injection of naked DNA containing 

full-length dystrophin cDNA. Gene Ther 26:26 

 Liberona JL, Powell JA, Shenoi S, Petherbridge L, Caviedes R, Jaimovich E. 

Differences in both inositol 1,4,5-trisphosphate mass and inositol 1,4,5-trisphosphate 

receptors between normal and dystrophic skeletal muscle cell lines. Muscle Nerve 1998    

21:902–9. 

 Lidov HG, Selig S, Kunkel LM (1995) Dp140: a novel 140 kDa CNS transcript from 

the dystrophin locus. Hum Mol Genet 4:329-35 

 Liechti-Gallati S, Koenig M, Kunkel LM, Frey D, Boltshauser E, Schneider V, Braga 

S, et al (1989) Molecular deletion patterns in Duchenne and Becker type muscular 

dystrophy. Hum Genet 81:343-8. 

 Lim LE, Duclos F, Broux O, Bourg N, Sunada Y, Allamand V, Meyer J, et al (1995) 

Beta-sarcoglycan: characterization and role in limb-girdle muscular dystrophy linked to 

4q12. Nat Genet 11:257-65. 

 Lin S, Burgunder JM (2000) Utrophin may be a precursor of dystrophin during 

skeletal muscle development. Brain Res Dev Brain Res 119:289-95. 



79 

 

 Liu F, Nishikawa M, Clemens PR, Huang L, Gollins H, McMahon J, Wells KE, et al  

(2001) Transfer of full-length Dmd to the diaphragm muscle of Dmd(mdx/mdx) mice 

through systemic administration of plasmid DNA. Mol Ther 4:45-51. 

 Loh NY, Newey SE, Davies KE, Blake DJ (2000) Assembly of multiple dystrobrevin-

containing complexes in the kidney. J Cell Sci 113:2715-24. 

 Loke SL, Stein CA, Zhang XH, Mori K, Nakanishi M, Subasinghe C, Cohen JS, et al 

(1989) Characterization of oligonucleotide transport into living cells. Proc Natl Acad Sci 

U S A 86:3474-8. 

 Lorain S, Gross DA, Goyenvalle A, Danos O, Davoust J, Garcia L. Transient 

immunomodulation allows repeated injections of AAV1 and correction of muscular 

dystrophy in multiple muscles. Mol Ther. 2008 Mar;16(3):541-7 

 Louis M, Raymackers JM, Debaix H, Lebacq J, Francaux M. Effect of creatine 

supplementation on skeletal muscle of mdx mice. Muscle Nerve 2004   29:687–92. 

 Love DR, Byth BC, Tinsley JM, Blake DJ, Davies KE (1993) Dystrophin and 

dystrophin-related proteins: a review of protein and RNA studies. Neuromuscul Disord 

3:5-21. 

 Love DR, Flint TJ, Marsden RF, Bloomfield JF, Daniels RJ, Forrest SM, Gabrielli O, 

et al (1990) Characterization of deletions in the dystrophin gene giving mild phenotypes. 

Am J Med Genet 37:136-42. 

 Lu QL, Morris GE, Wilton SD, Ly T, Artem'yeva OV, Strong P, Partridge TA (2000) 

Massive idiosyncratic exon skipping corrects the nonsense mutation in dystrophic 

mouse muscle and produces functional revertant fibers by clonal expansion. J Cell Biol 

148:985-96 

 Lu QL, Mann CJ, Lou F, Bou-Gharios G, Morris GE, Xue SA, Fletcher S, et al 

(2003a) Functional amounts of dystrophin produced by skipping the mutated exon in the 

mdx dystrophic mouse. Nat Med  9:1009-14.  

 Lu QL, Bou-Gharios G, Partridge TA. (2003b) Non-viral gene delivery in skeletal 

muscle: a protein factory. Gene Ther. 10:131-42. 

 Lu QL, Rabinowitz A, Chen YC, 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 muscles. Proc Natl Acad Sci U S A. 2005 Jan 

4;102(1):198-203. 



80 

 

 Lukacs GL, Haggie P, Seksek O, Lechardeur D, Freedman N, Verkman AS (2000) 

Size-dependent DNA mobility in cytoplasm and nucleus. J Biol Chem 275:1625-9. 

 Lynch GS, Cuffe SA, Plant DR, Gregorevic P. Igf-i treatment improves the functional 

properties of fast- and slow-twitch skeletal muscles from dystrophic mice. Neuromuscul 

Disord 2001   11:260–8. 

 Malerba A, Thorogood FC, Dickson G, Graham IR. Dosing regimen has a significant 

impact on the efficiency of morpholino oligomer-induced exon skipping in mdx mice. 

Hum Gene Ther. 2009 Sep;20(9):955-65. 

 Malhotra SB, Hart KA, Klamut HJ, Thomas NS, Bodrug SE, Burghes AH, Bobrow 

M, et al (1988) Frame-shift deletions in patients with Duchenne and Becker muscular 

dystrophy. Science 242:755-9. 

 Mallouk N, Jacquemond V, Allard B. Elevated subsarcolemmal Ca2+ in mdx mouse 

skeletal muscle fibers detected with Ca2+-activated K+ channels. Proc Natl Acad Sci 

USA 2000     97:4950–5. 

 Mann CJ, Honeyman K, Cheng AJ, Ly T, Lloyd F, Fletcher S, Morgan JE, et al 

(2001) Antisense-induced exon skipping and synthesis of dystrophin in the mdx mouse. 

Proc Natl Acad Sci U S A 98:42-7. 

 Mann CJ, Honeyman K, McClorey G, Fletcher S, Wilton SD (2002) Improved 

antisense oligonucleotide induced exon skipping in the mdx mouse model of muscular  

dystrophy. J Gene Med 4:644-54. 

 Manno CS, Chew AJ, Hutchison S, et al. AAV-mediated factor IX gene transfer to 

skeletal muscle in patients with severe hemophilia B. Blood 2003;101:2963-72 

 Manzur AY, Kuntzer T, Pike M, Swan A (2004) Glucocorticoid corticosteroids for 

Duchenne muscular dystrophy. Cochrane Database Syst Rev 2:CD003725 

 Mardirossian G, Lei K, Rusckowski M, Chang F, Qu T, Egholm M, Hnatowich DJ 

(1997) In vivo hybridization of technetium-99m-labeled peptide nucleic acid (PNA). J 

Nucl Med 38:907-13. 

 Matsumura K, Burghes AH, Mora M, Tome FM, Morandi L, Cornello F, Leturcq F, et 

al (1994a) Immunohistochemical analysis of dystrophin-associated proteins in 

Becker/Duchenne muscular dystrophy with huge in-frame deletions in the NH2-terminal 

and rod domains of dystrophin. J Clin Invest 93:99-105. 

 Matsumura K, Campbell KP (1994b) Dystrophin-glycoprotein complex: its role in the 

molecular pathogenesis of muscular dystrophies. Muscle Nerve 17:2-15. 



81 

 

 Matsumura K, Ervasti JM, Ohlendieck K, Kahl SD, Campbell KP (1992) Association 

of dystrophin-related protein with dystrophin-associated proteins in mdx mouse muscle. 

Nature 360:588-91. 

 Matsumura K, Nonaka I, Tome FM, Arahata K, Collin H, Leturcq F, Recan D, et al 

(1993) Mild deficiency of dystrophinassociated proteins in Becker muscular dystrophy 

patients having in-frame deletions in the rod domain of dystrophin. Am J Hum Genet 

53:409-16. 

 Matsuo M (2004) DMD clinical trail using antisense oligonucleotides Monoco round 

table conference, Monaco (France) 

 McClorey G, Moulton HM, Iversen PL, Fletcher S, Wilton SD. Antisense 

oligonucleotide-induced exon skipping restores dystrophin expression in vitro in a 

canine model of DMD. Gene Ther. 2006a Oct;13(19):1373-81. 

 McClorey G, Fall AM, Moulton HM, Iversen PL, Rasko JE, Ryan M, Fletcher S, 

Wilton SD. Induced dystrophin exon skipping in human muscle explants. Neuromuscul 

Disord. 2006b Oct;16(9-10):583-90. 

 McDouall RM, Dunn MJ, Dubowitz V (1990) Nature of the mononuclear infiltrate and 

the mechanism of muscle damage in juvenile dermatomyositis and Duchenne muscular 

dystrophy. J Neurol Sci 99:199-217. 

 McGeachie JK, Grounds MD, Partridge TA, Morgan JE. Age-related changes in 

replication of myogenic cells in mdx mice: quantitative autoradiographic studies. J 

Neurol Sci 1993   119:169–79. 

 Medori R, Brooke MH, Waterston RH (1989) Genetic abnormalities in Duchenne 

and Becker dystrophies: clinical correlations. Neurology 39:461-5. 

 Melo LG, Agrawal R, Zhang L, et al. Gene therapy strategy for long-term myocardial 

protection using adeno-associated virus-mediated delivery of heme oxygenase gene. 

Circulation 2002;105:602-7 

 Mendell JR, Moxley RT, Griggs RC, Brooke MH, Fenichel GM, et al. (1989) 

Randomized, double-blind six-month trial of prednisone in Duchenne‟s muscular 

dystrophy. N Engl J Med 320:1592–1597. 

 Mendell JR, Kissel JT, Amato AA, King W, Signore L, Prior TW, Sahenk Z, et al 

(1995) Myoblast transfer in the treatment of Duchenne's muscular dystrophy. N Engl J 

Med 333:832-8. 



82 

 

 Merlini L, Cicognani A, Malaspina E, Gennari M, Gnudi S, Talim B, Franzoni E 

(2003) Early prednisone treatment in Duchenne muscular dystrophy. Muscle Nerve 

27:222-7. 

 Messina S, Bitto A, Aguennouz M, et al. Nuclear factor kappa-b blockade reduces 

skeletal muscle degeneration and enhances muscle function in mdx mice. Exp Neurol 

2006    198:234–41. 

 Milasin J, Muntoni F, Severini GM, Bartoloni L, Vatta M, Krajinovic M, Mateddu A, et 

al (1996) A point mutation in the 5' splice site of the dystrophin gene first intron 

responsible for X-linked dilated cardiomyopathy. Hum Mol Genet 5:73-9. 

 Minetti GC, Colussi C, Adami R, Serra C, Mozzetta C, Parente V, Fortuni S, Straino 

S, Sampaolesi M, Di Padova M, Illi B, Gallinari P, Steinkühler C, Capogrossi MC, 

Sartorelli V, Bottinelli R, Gaetano C, Puri PL. Functional and morphological recovery of 

dystrophic muscles in mice treated with deacetylase inhibitors. Nat Med. 2006    

12:1147-50. 

 Mirabella M, Galluzzi G, Manfredi G, Bertini E, Ricci E, De Leo R, Tonali P, et al 

(1998) Giant dystrophin deletion associated with congenital cataract and mild muscular 

dystrophy. Neurology 51:592-5. 

 Mitrpant C, Adams AM, Meloni PL, Muntoni F, Fletcher S, Wilton SD. Rational 

design of antisense oligomers to induce dystrophin exon skipping. Mol Ther. 2009a 

17:1418-26. 

 Mitrpant C, Fletcher S, Iversen PL, Wilton SD. By-passing the nonsense mutation in 

the 4 CV mouse model of muscular dystrophy by induced exon skipping. J Gene Med. 

2009b Jan;11(1):46-56. 

 Miura P, Andrews M, Holcik M, Jasmin BJ. IRES-mediated translation of utrophin A 

is enhanced by glucocorticoid treatment in skeletal muscle cells. PLoS One. 2008   

3:e2309. 

 Mizuno Y, Nonaka I, Hirai S, Ozawa E (1993) Reciprocal expression of dystrophin 

and utrophin in muscles of Duchenne muscular dystrophy patients, female DMD-

carriers and control subjects. J Neurol Sci 119:43-52. 

 Mizuno Y, Yoshida M, Nonaka I, Hirai S, Ozawa E (1994) Expression of utrophin 

(dystrophin-related protein) and dystrophin-associated glycoproteins in muscles from 

patients with Duchenne muscular dystrophy. Muscle Nerve 17:206-16. 



83 

 

 Moise NS, Valentine BA, Brown CA, et al. Duchenne‟s cardiomyopathy in a canine 

model: electrocardiographic and echocardiographic studies. J Am Coll Cardiol 1991  

17:812–20. 

 Monaco AP, Bertelson CJ, Liechti-Gallati S, Moser H, Kunkel LM (1988) An 

explanation for the phenotypic differences between patients bearing partial deletions of 

the DMD locus. Genomics 2:90-5 

 Monaco AP, Neve RL, Colletti-Feener C, Bertelson CJ, Kurnit DM, Kunkel LM 

(1986) Isolation of candidate cDNAs for portions of the Duchenne muscular dystrophy 

gene. Nature 323:646-50. 

 Monahan PE, Samulski RJ, Tazelaar J, et al. Direct intramuscular injection with 

recombinant AAV vectors results in sustained expression in a dog model of hemophilia. 

Gene Ther 1998;5:40-9 

 Montarras D, Morgan J, Collins C, Relaix F, Zaffran S, Cumano A, Partridge T, 

BuckinghamM. 2005. Direct isolation of satellite cells for skeletal muscle regeneration. 

Science 309:2064–2067. 

 Morgan J, Muntoni F. 2007. Mural cells paint a new picture of muscle stem cells. 

Nat Cell Biol 9:249–251. 

 Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying 

mammalian transcriptomes by RNA-Seq. Nat Methods. 2008 Jul;5(7):621-8. 

 Moser H (1984) Duchenne muscular dystrophy: pathogenetic aspects and genetic 

prevention. Hum Genet 66:17-40. 

 Moulton HM, Fletcher S, Neuman BW, McClorey G, Stein DA, Abes S, Wilton SD, 

Buchmeier MJ, Lebleu B, Iversen PL. Cell-penetrating peptide-morpholino conjugates 

alter pre-mRNA splicing of DMD (Duchenne muscular dystrophy) and inhibit murine 

coronavirus replication in vivo. Biochem Soc Trans. 2007 Aug;35(Pt 4):826-8. 

 Mueller GM, O'Day T, Watchko JF, Ontell M (2002) Effect of injecting primary 

myoblasts versus putative muscle-derived stem cells on mass and force generation in 

mdx mice. Hum Gene Ther 13:1081-90. 

 Muntoni F, Cau M, Ganau A, Congiu R, Arvedi G, Mateddu A, Marrosu MG, et al 

(1993) Brief report: deletion of the dystrophin muscle-promoter region associated with 

X-linked dilated cardiomyopathy. N Engl J Med 329:921-5. 

 Nahirney PC, Dow PR, Ovalle WK (1997) Quantitative morphology of mast cells in 

skeletal muscle of normal and genetically dystrophic mice. Anat Rec 247:341-9. 



84 

 

 Nakamura A, Yoshida K, Takeda S, Dohi N, Ikeda S. Progression of dystrophic 

features and activation of mitogen-activated protein kinases and calcineurin by physical 

exercise, in hearts of mdx mice. FEBS Lett 2002     520:18–24. 

 Nakamura A, Takeda S. Exon-skipping therapy for Duchenne muscular dystrophy. 

Neuropathology 2009;29:494-501 

 Nasevicius A, Ekker SC (2000) Effective targeted gene 'knockdown' in zebrafish. 

Nat Genet 26:216-20. 

 Nawrotzki R, Loh NY, Ruegg MA, Davies KE, Blake DJ (1998) Characterisation of 

alpha-dystrobrevin in muscle. J Cell Sci 111:2595-605. 

 Nebert DW (2002) Proposal for an allele nomenclature system based on the 

evolutionary divergence of haplotypes. Hum Mutat 20:463-72. 

 Neri M, Torelli S, Brown S, Ugo I, Sabatelli P, Merlini L, Spitali P, Rimessi P, 

Gualandi F, Sewry C, Ferlini A, Muntoni F. Dystrophin levels as low as 30% are 

sufficient to avoid muscular dystrophy in the human. Neuromuscul Disord. 2007 17:913-

8. 

 Nguyen TM, Ellis JM, Love DR, Davies KE, Gatter KC, Dickson G, Morris GE 

(1991) Localization of the DMDL geneencoded dystrophin-related protein using a panel 

of nineteen monoclonal antibodies: presence at neuromuscular junctions, in the 

sarcolemma of dystrophic skeletal muscle, in vascular and other smooth muscles, and 

in proliferating brain cell lines. J Cell Biol 115:1695-700. 

 Nicholson LV, Johnson MA, Bushby KM, Gardner-Medwin D (1993) Functional 

significance of dystrophin positive fibres in Duchenne muscular dystrophy. Arch Dis 

Child 68:632-6. 

 Nico B, Frigeri A, Nicchia GP, Corsi P, Ribatti D, Quondamatteo F, Herken R, et al 

(2003) Severe alterations of endothelial and glial cells in the blood-brain barrier of 

dystrophic mdx mice. Glia 42:235-51. 

 Nico B, Paola Nicchia G, Frigeri A, Corsi P, Mangieri D, Ribatti D, Svelto M, et al 

(2004) Altered blood-brain barrier development in dystrophic MDX mice. Neuroscience 

125:921-35. 

 Nielsen KB, Sørensen S, Cartegni L, Corydon TJ, Doktor TK, Schroeder LD, 

Reinert LS, Elpeleg O, Krainer AR, Gregersen N, Kjems J, Andresen BS. 2007. 

Seemingly neutral polymorphic variants may confer immunity to splicinginactivating 



85 

 

mutations: a synonymous SNP in exon 5 of MCAD protects from deleterious mutations 

in a flanking exonic splicing enhancer. Am J Hum Genet 80:416–432. 

 Nigro V, de Sa Moreira E, Piluso G, Vainzof M, Belsito A, Politano L, Puca AA, et al 

(1996) Autosomal recessive limbgirdle muscular dystrophy, LGMD2F, is caused by a 

mutation in the delta-sarcoglycan gene. Nat Genet 14:195-8. 

 Nobile C, Toffolatti L, Rizzi F, Simionati B, Nigro V, Cardazzo B, Patarnello T, et al 

(2002) Analysis of 22 deletion breakpoints in dystrophin intron 49. Hum Genet 110:418-

21. 

 Noguchi S, McNally EM, Ben Othmane K, Hagiwara Y, Mizuno Y, Yoshida M, 

Yamamoto H, et al (1995) Mutations in the dystrophin-associated protein gamma-

sarcoglycan in chromosome 13 muscular dystrophy. Science 270:819-22. 

 Obika SN, D.; Hari, Y.; Andoh, J.-I.; Morio, K.-I.; Doi, T.; Imanishi, T. (1998) Stability 

and structural features of the duplexes containing nucleoside analogues with fixed N-

type conformation, 2'-O,4'-Cmethyleneribonucleosides. Tetrahedron Lett. 39:5401-5404 

 Ohlendieck K, Campbell KP (1991a) Dystrophin-associated proteins are greatly 

reduced in skeletal muscle from mdx mice. J Cell Biol 115:1685-94. 

 Ohlendieck K, Ervasti JM, Matsumura K, Kahl SD, Leveille CJ, Campbell KP 

(1991b) Dystrophin-related protein is localized to neuromuscular junctions of adult 

skeletal muscle. Neuron 7:499-508. 

 Pacak CA, Mah CS, Thattaliyath BD, et al. Recombinant adeno-associated virus 

serotype 9 leads to preferential cardiac transduction in vivo. Circ Res 2006;99:e3-9 

 Papahadjopoulos D, Allen TM, Gabizon A, Mayhew E, Matthay K, Huang SK, Lee 

KD, et al (1991) Sterically stabilized liposomes: improvements in pharmacokinetics and 

antitumor therapeutic efficacy. Proc Natl Acad Sci U S A 88:11460-4. 

 Passos-Bueno MR, Bakker E, Kneppers AL, Takata RI, Rapaport D, den Dunnen 

JT, Zatz M, et al (1992) Different mosaicism frequencies for proximal and distal 

Duchenne muscular dystrophy (DMD) mutations indicate difference in etiology and 

recurrence risk. Am J Hum Genet 51:1150-5. 

 Pearce M, Blake DJ, Tinsley JM, Byth BC, Campbell L, Monaco AP, Davies KE 

(1993) The utrophin and dystrophin genes share similarities in genomic structure. Hum 

Mol Genet 2:1765-72. 



86 

 

 Péault B, Rudnicki M, Torrente Y, Cossu G, Tremblay JP, Partridge T, Gussoni E, 

Kunkel LM, Huard J. 2007. Stem and progenitor cells in skeletal muscle development, 

maintenance and therapy. Mol Ther 15:867–877. 

 Penaud-Budloo M, Le Guiner C, Nowrouzi A, et al. Adeno-associated virus vector 

genomes persist as episomal chromatin in primate muscle. J Virol 2008;82:7875-85 

 Pertea M, Lin X, Salzberg SL (2001) GeneSplicer: a new computational method for 

splice site prediction. Nucleic Acids Res 29:1185-90. 

 Peters MF, Sadoulet-Puccio HM, Grady MR, Kramarcy NR, Kunkel LM, Sanes JR, 

Sealock R, et al (1998) Differential membrane localization and intermolecular 

associations of alpha-dystrobrevin isoforms in skeletal muscle. J Cell Biol 142:1269-78. 

 Piccolo F, Roberds SL, Jeanpierre M, Leturcq F, Azibi K, Beldjord C, Carrie A, et al 

(1995) Primary adhalinopathy: a common cause of autosomal recessive muscular 

dystrophy of variable severity. Nat Genet 10:243-5. 

 Pillers DM, Bulman DE, Weleber RG, Sigesmund DA, Musarella MA, Powell BR, 

Murphey WH, et al (1993) Dystrophin expression in the human retina is required for 

normal function as defined by electroretinography. Nat Genet 4:82-6. 

 Polakoff RJ, Morton AA, Koch KD, Rios CM (1998) The psychosocial and cognitive 

impact of Duchenne's muscular dystrophy. Semin Pediatr Neurol 5:116-23. 

 Pons F, Nicholson LV, Robert A, Voit T, Leger JJ (1993) Dystrophin and dystrophin-

related protein (utrophin) distribution in normal and dystrophin-deficient skeletal 

muscles. Neuromuscul Disord 3:507-14. 

 Popplewell LJ, Trollet C, Dickson G, Graham IR. Design of phosphorodiamidate 

morpholino oligomers (PMOs) for the induction of exon skipping of the human DMD 

gene. Mol Ther. 2009 Mar;17(3):554-61. 

 Popplewell LJ, Adkin C, Arechavala-Gomeza V, Aartsma-Rus A, de Winter CL, 

Wilton SD, Morgan JE, Muntoni F, Graham IR, Dickson G. Comparative analysis of 

antisense oligonucleotide sequences targeting exon 53 of the human DMD gene: 

Implications for future clinical trials. Neuromuscul Disord. 2010 Feb;20(2):102-10. 

 Pozzoli U, Elgar G, Cagliani R, Riva L, Comi GP, Bresolin N, Bardoni A, et al (2003) 

Comparative analysis of vertebrate dystrophin loci indicate intron gigantism as a 

common feature. Genome Res 13:764-72. 



87 

 

 Pozzoli U, Sironi M, Cagliani R, Comi GP, Bardoni A, Bresolin N (2002) 

Comparative analysis of the human dystrophin and utrophin gene structures. Genetics 

160:793-8. 

 Pramono DZA, Takeshima Y, Surono A, Ishida T, Matsuo M (2000) A novel cryptic 

exon in intron 2 of the human dystrophin gene evolved from an intron by acquiring 

consensus sequences for splicing at different stages of anthropoid evolution. Biochem 

Biophys Res Commun 267:321-8. 

 Price FD, Kuroda K, Rudnicki MA. 2007. Stem cell based therapies to treat 

muscular dystrophy. Biochim Biophys 1772:272–283. 

 Prior TW, Bartolo C, Papp AC, Snyder PJ, Sedra MS, Burghes AH, Kissel JT, et al 

(1997) Dystrophin expression in a Duchenne muscular dystrophy patient with a frame 

shift deletion. Neurology 48:486-8. 

 Prior TW, Bartolo C, Pearl DK, Papp AC, Snyder PJ, Sedra MS, Burghes AH, et al 

(1995) Spectrum of small mutations in the dystrophin coding region. Am J Hum Genet 

57:22-33. 

 Qu-Petersen Z, Deasy B, Jankowski R, Ikezawa M, Cummins J, Pruchnic R, 

Mytinger J, Cao B, Gates C,Wernig A. 2002. Identification of a novel population of 

muscle stem cells in mice: Potential for muscle regeneration. J Cell Biol 157:851–864. 

 Quinlan JG, Hahn HS, Wong BL, Lorenz JN, Wenisch AS, Levin LS. Evolution of 

the mdx mouse cardiomyopathy: physiological and morphological findings. 

Neuromuscul Disord 2004    14:491–6. 

 Radley HG, Grounds MD. 2006. Cromolyn administration (to block mast cell 

degranulation) reduces necrosis of dystrophic muscle in mdx mice. Neurobiol Dis 

23:387–397. 

 Rando TA (2001) The dystrophin-glycoprotein complex, cellular signaling, and the 

regulation of cell survival in the muscular dystrophies. Muscle Nerve 24:1575-94. 

 Rando TA, Disatnik MH, Zhou LZ (2000) Rescue of dystrophin expression in mdx 

mouse muscle by RNA/DNA oligonucleotides. Proc Natl Acad Sci U S A 97:5363-8 

 Raymackers JM, Debaix H, Colson-Van Schoor M, et al. Consequence of 

parvalbumin deficiency in the mdx mouse: histological, biochemical and mechanical 

phenotype of a new double mutant. Neuromuscul Disord 2003   13:376–87. 

 Reese MGE, F.H.; Kulp, D.; Haussler, D. (1997) Improved Splice Site Detection in 

Genie. J Comp Biol 4:311-23 



88 

 

 Rentschler S, Linn H, Deininger K, Bedford MT, Espanel X, Sudol M (1999) The 

WW domain of dystrophin requires EFhands region to interact with beta-dystroglycan. 

Biol Chem 380:431-42. 

 Rimessi P, Sabatelli P, Fabris M, Braghetta P, Bassi E, Spitali P, Vattemi G, 

Tomelleri G, Mari L, Perrone D, Medici A, Neri M, Bovolenta M, Martoni E, Maraldi NM, 

Gualandi F, Merlini L, Ballestri M, Tondelli L, Sparnacci K, Bonaldo P, Caputo A, Laus 

M, Ferlini A. Cationic PMMA nanoparticles bind and deliver antisense 

oligoribonucleotides allowing restoration of dystrophin expression in the mdx mouse. 

Mol Ther. 2009  7:820-7. 

 Robberson BL, Cote GJ, Berget SM (1990) Exon definition may facilitate splice site 

selection in RNAs with multiple exons. Mol Cell Biol 10:84-94. 

 Roberds SL, Leturcq F, Allamand V, Piccolo F, Jeanpierre M, Anderson RD, Lim 

LE, et al (1994) Missense mutations in the adhalin gene linked to autosomal recessive 

muscular dystrophy. Cell 78:625-33. 

 Robert V, Massimino ML, Tosello V, et al. Alteration in calcium handling at the 

subcellular level in mdx myotubes. J Biol Chem 2001    276:4647–51. 

 Roberts RG, Barby TF, Manners E, Bobrow M, Bentley DR (1991) Direct detection 

of dystrophin gene rearrangements by analysis of dystrophin mRNA in peripheral blood 

lymphocytes. Am J Hum Genet 49:298-310. 

 Roberts RG, Coffey AJ, Bobrow M, Bentley DR (1993) Exon structure of the human 

dystrophin gene. Genomics 16:536-8. 

 Roberts RG, Freeman TC, Kendall E, Vetrie DL, Dixon AK, Shaw-Smith C, Bone Q, 

et al (1996) Characterization of DRP2, a novel human dystrophin homologue. Nat 

Genet 13:223-6. 

 Roberts RG, Sheng M (2000) Association of dystrophin-related protein 2 (DRP2) 

with postsynaptic densities in rat brain. Mol Cell Neurosci 16:674-85. 

 Rodino-Klapac LR, Chicoine LG, Kaspar BK, Mendell JR. Gene therapy for 

duchenne muscular dystrophy: expectations and challenges. Arch Neurol 

2007;64:1236-41 

 Roest PA, Roberts RG, van der Tuijn AC, Heikoop JC, van Ommen GJ, den 

Dunnen JT (1993) Protein truncation test (PTT) to rapidly screen the DMD gene for 

translation terminating mutations. Neuromuscul Disord 3:391-4. 



89 

 

 Rolland JF, De Luca A, Burdi R, Andreetta F, Confalonieri P, Conte Camerino D. 

Overactivity of exercise-sensitive cation channels and their impaired modulation by igf-1 

in mdx native muscle fibers: beneficial effect of pentoxifylline. Neurobiol Dis 2006    

24:466–74. 

 Ruszczak C, Mirza A, Menhart N. Differential stabilities of alternative exon-skipped 

rod motifs of dystrophin. Biochim Biophys Acta 2009;1794:921-8 

 Rybakova IN, Amann KJ, Ervasti JM (1996) A new model for the interaction of 

dystrophin with F-actin. J Cell Biol 135:661-72. 

 Sadoulet-Puccio HM, Khurana TS, Cohen JB, Kunkel LM (1996) Cloning and 

characterization of the human homologue of a dystrophin related phosphoprotein found 

at the Torpedo electric organ post-synaptic membrane. Hum Mol Genet 5:489-96. 

 Saillour Y, Cossée M, Leturcq F, Vasson A, Beugnet C, Poirier K, Commere V, 

Sublemontier S, Viel M, Letourneur F, Barbot JC, Deburgrave N, Chelly J, Bienvenu T. 

Detection of exonic copy-number changes using a highly efficient oligonucleotide-based 

comparative genomic hybridization-array method. Hum Mutat. 2008 29:1083-90. 

 Sakamoto M, Yuasa K, Yoshimura M, Yokota T, Ikemoto T, Suzuki M, Dickson G, et 

al (2002) Micro-dystrophin cDNA ameliorates dystrophic phenotypes when introduced 

into mdx mice as a transgene. Biochem Biophys Res Commun 293:1265-72. 

 Sampaolesi M, Blot S, D‟Antona G, et al. 2006. Mesoangioblast stem cells 

ameliorate muscle function in dystrophic dogs. Nature 444:574–579. 

 Samulski RJ, Berns KI, Tan M, Muzyczka N. Cloning of adeno-associated virus into 

pBR322: rescue of intact virus from the recombinant plasmid in human cells. Proc Natl 

Acad Sci USA 1982;79:2077-81 

 Sander M, Chavoshan B, Harris SA, Iannaccone ST, Stull JT, Thomas GD, Victor 

RG (2000) Functional muscle ischemia in neuronal nitric oxide synthase-deficient 

skeletal muscle of children with Duchenne muscular dystrophy. Proc Natl Acad Sci U S 

A 97:13818-23. 

 Sano M, Yokota T, Endo T, Tsukagoshi H. A developmental change in the content 

of parvalbumin in normal and dystrophic mouse (mdx) muscle. J Neurol Sci 1990    

97:261–72. 

 Sarig R, Mezger-Lallemand V, Gitelman I, Davis C, Fuchs O, Yaffe D, Nudel U 

(1999) Targeted inactivation of Dp71, the major non-muscle product of the DMD gene: 

differential activity of the Dp71 promoter during development. Hum Mol Genet 8:1-10. 



90 

 

 Sarig R, Baruchi Z, Fuchs O, Nudel U, Yaffe D. 2006. Regeneration and 

transdifferentiation potential of muscle-derived stem cells propagated as myospheres. 

Stem Cells 24:1769–1778. 

 Sazani P, Gemignani F, Kang SH, Maier MA, Manoharan M, Persmark M, Bortner 

D, et al (2002) Systemically delivered antisense oligomers upregulate gene expression 

in mouse tissues. Nat Biotechnol 20:1228-33. 

 Sazani P, Kang SH, Maier MA, Wei C, Dillman J, Summerton J, Manoharan M, et al 

(2001) Nuclear antisense effects of neutral, anionic and cationic oligonucleotide 

analogs. Nucleic Acids Res 29:3965-74. 

 Schaffer DV, Maheshri N. Directed evolution of AAV mutants for enhanced gene 

delivery. Conf Proc IEEE Eng Med Biol Soc 2004;5:3520-3 

 Seale P, Ishibashi J, Scime´ A, Rudnicki MA. 2004. Pax7 is necessary and sufficient 

for the myogenic specification of CD45þ:Sca1þstem cells from injured muscle. PLoS 

Biol 2:E130. 

 Senapathy P, Shapiro MB, Harris NL (1990) Splice junctions, branch point sites, 

and exons: sequence statistics, identification, and applications to genome project. 

Methods Enzymol 183:252-78. 

 Sharp NJ, Kornegay JN, Van Camp SD, Herbstreith MH, Secore SL, Kettle S, Hung 

WY, et al (1992) An error in dystrophin mRNA processing in golden retriever muscular 

dystrophy, an animal homologue of Duchenne muscular dystrophy. Genomics 13:115-

21 

 Simonds AK, Muntoni F, Heather S, Fielding S (1998) Impact of nasal ventilation on 

survival in hypercapnic Duchenne muscular dystrophy. Thorax 53:949-52. 

 Sironi M, Cagliani R, Pozzoli U, Bardoni A, Comi GP, Giorda R, Bresolin N (2002) 

The dystrophin gene is alternatively spliced throughout its coding sequence. FEBS Lett 

517:163-6. 

 Sironi M, Pozzoli U, Cagliani R, Comi GP, Bardoni A, Bresolin N (2001) Analysis of 

splicing parameters in the dystrophin gene: relevance for physiological and 

pathogenetic splicing mechanisms. Hum Genet 109:73-84. 

 Sironi M, Pozzoli U, Cagliani R, Giorda R, Comi GP, Bardoni A, Menozzi G, et al 

(2003) Relevance of sequence and structure elements for deletion events in the 

dystrophin gene major hot-spot. Hum Genet 112:272-88. 



91 

 

 Sirsi SR, Williams JH, Lutz GJ. 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. 2005 Nov;16(11):1307-17. 

 Sirsi SR, Schray RC, Guan X, Lykens NM, Williams JH, Erney ML, Lutz GJ. 

Functionalized PEG-PEI copolymers complexed to exon-skipping oligonucleotides 

improve dystrophin expression in mdx mice. Hum Gene Ther. 2008 Aug;19(8):795-806. 

 Sirsi SR, Schray RC, Wheatley MA, Lutz GJ. Formulation of polylactide-co-glycolic 

acid nanospheres for encapsulation and sustained release of poly(ethylene imine)-

poly(ethylene glycol) copolymers complexed to oligonucleotides. J Nanobiotechnology. 

2009 Apr 7;7:1. 

 Solis AS, Shariat N, Patton JG. 2008. Splicing fidelity, enhancers, and disease. 

Front Biosci 13:1926–1942. 

 Song S, Lu Y, Choi YK, et al. DNA-dependent PK inhibits adeno-associated virus 

DNA integration. Proc Natl Acad Sci USA 2004;101:2112-16 

 Spencer MJ, Croall DE, Tidball JG (1995) Calpains are activated in necrotic fibers 

from mdx dystrophic mice. J Biol Chem 270:10909-14. 

 Spencer MJ, Tidball JG. Calpain translocation during muscle fiber necrosis and 

regeneration in dystrophin-deficient mice. Exp Cell Res 1996    226: 264–72. 

 Spitali P, Rimessi P, Fabris M, Perrone D, Falzarano S, Bovolenta M, Trabanelli C, 

Mari L, Bassi E, Tuffery S, Gualandi F, Maraldi NM, Sabatelli-Giraud P, Medici A, 

Merlini L, Ferlini A. Exon skipping-mediated dystrophin reading frame restoration for 

small mutations. Hum Mutat. 2009 30:1527-34. 

 Sproat BS, Lamond AI, Beijer B, Neuner P, Ryder U (1989) Highly efficient chemical 

synthesis of 2'-Omethyloligoribonucleotides and tetrabiotinylated derivatives; novel 

probes that are resistant to degradation by RNA or DNA specific nucleases. Nucleic 

Acids Res 17:3373-86. 

 Spurney CF, Knoblach S, Pistilli EE, Nagaraju K, Martin GR, Hoffman EP. 

Dystrophin-deficient cardiomyopathy in mouse: expression of nox4 and lox are 

associated with fibrosis and altered functional parameters in the heart. Neuromuscul 

Disord 2008    18:371–81. 

 Srivastava A, Lusby EW, Berns KI. Nucleotide sequence and organization of the 

adeno-associated virus 2 genome. J Virol 1983;45:555-64 



92 

 

 St Pierre SJ, Chakkalakal JV, Kolodziejczyk SM, Knudson JC, Jasmin BJ, et al. 

(2004) Glucocorticoid treatment alleviates dystrophic myofiber pathology by activation of 

the calcineurin/NF-AT pathway. FASEB J 18: 1937–1939. 

 Stedman HH, Sweeney HL, Shrager JB, Maguire HC, Panettieri RA, Petrof B, 

Narusawa M, et al (1991) The mdx mouse diaphragm reproduces the degenerative 

changes of Duchenne muscular dystrophy. Nature 352:536-9. 

 Stojdl DF, Bell JC (1999) SR protein kinases: the splice of life. Biochem Cell Biol 

77:293-8. 

 Summerton J (1999) Morpholino antisense oligomers: the case for an RNase H-

independent structural type. Biochim Biophys Acta 1489:141-58. 

 Sun JY, Anand-Jawa V, Chatterjee S, Wong KK. Immune responses to adeno-

associated virus and its recombinant vectors. Gene Ther 2003;10:964-76 

 Surono A, Takeshima Y, Wibawa T, Ikezawa M, Nonaka I, Matsuo M (1999) 

Circular dystrophin RNAs consisting of exons that were skipped by alternative splicing. 

Hum Mol Genet 8:493-500 

 Surono A, Takeshima Y, Wibawa T, Pramono ZA, Matsuo M (1997) Six novel 

transcripts that remove a huge intron ranging from 250 to 800 kb are produced by 

alternative splicing of the 5' region of the dystrophin gene in human skeletal muscle. 

Biochem Biophys Res Commun 239:895-9 

 Suzuki A, Yoshida M, Hayashi K, Mizuno Y, Hagiwara Y, Ozawa E (1994) Molecular 

organization at the glycoproteincomplex-binding site of dystrophin. Three dystrophin-

associated proteins bind directly to the carboxyterminal portion of dystrophin. Eur J 

Biochem 220:283-92. 

 Tacke R, Manley JL (1995) The human splicing factors ASF/SF2 and SC35 

possess distinct, functionally significant RNA binding specificities. Embo J 14:3540-51. 

 Takeshima YS, A.; Wada, H.; Yagi, M.; Takagi, M.; Koizumi, M.; Matsuo, M. (2003) 

Chimeric RNA and ehtylene bridged nucleic acid-induced skipping of the exon retaining 

a stop mutation and led to dystrophin expression in dystrophin-deficient myocytes of 

Duchenne muscular dystrophy The american society of human genetics; 53rd annual 

meeting, Los Angelos (US) 

 Takeshima Y, Yagi M, Wada H, Ishibashi K, Nishiyama A, Kakumoto M, Sakaeda T, 

Saura R, Okumura K, Matsuo M. Intravenous infusion of an antisense oligonucleotide 



93 

 

results in exon skipping in muscle dystrophin mRNA of Duchenne muscular dystrophy. 

Pediatr Res. 2006 May;59(5):690-4. 

 Tamaki T, Okada Y, Uchiyama Y, Tono K, Masuda M, Wada M, Hoshi A, Ishikawa 

T, Akatsuka A. 2007. Clonal multipotency of skeletal muscle-derived stem cells between 

mesodermal and ectodermal lineage. Stem Cells 25:2283–2290. 

 Tarn WY, Steitz JA (1996) A novel spliceosome containing U11, U12, and U5 

snRNPs excises a minor class (AT-AC) intron in vitro. Cell 84:801-11. 

 Tennyson CN, Klamut HJ, Worton RG (1995) The human dystrophin gene requires 

16 hours to be transcribed and is cotranscriptionally spliced. Nat Genet 9:184-90. 

 Thanh LT, Nguyen Thi M, Hori S, Sewry CA, Dubowitz V, Morris GE (1995) 

Characterization of genetic deletions in Becker muscular dystrophy using monoclonal 

antibodies against a deletion-prone region of dystrophin. Am J Med Genet 58:177-86. 

 Thibaud JL, Monnet A, Bertoldi D, Barthelemy I, Blot S, Carlier PG. Characterization 

of dystrophic muscle in golden retriever muscular dystrophy dogs by nuclear magnetic 

resonance imaging. Neuromuscul Disord 2007    17:575–84. 

 't Hoen PA, de Meijer EJ, Boer JM, Vossen RH, Turk R, Maatman RG, Davies KE, 

van Ommen GJ, van Deutekom JC, den Dunnen JT. Generation and characterization of 

transgenic mice with the full-length human DMD gene. J Biol Chem. 2008    283:5899-

907. 

 Tidball JG, Wehling-Henricks M (2004) Evolving therapeutic strategies for 

Duchenne muscular dystrophy: targeting downstream events. Pediatr Res 56:831–841. 

 Tinsley J, Deconinck N, Fisher R, Kahn D, Phelps S, Gillis JM, Davies K (1998) 

Expression of full-length utrophin prevents muscular dystrophy in mdx mice. Nat Med 

4:1441-4. 

 Tinsley JM, Blake DJ, Davies KE (1993) Apo-dystrophin-3: a 2.2kb transcript from 

the DMD locus encoding the dystrophin glycoprotein binding site. Hum Mol Genet 

2:521-4. 

 Tinsley JM, Blake DJ, Roche A, Fairbrother U, Riss J, Byth BC, Knight AE, et al 

(1992) Primary structure of dystrophinrelated protein. Nature 360:591-3. 

 Toffolatti L, Cardazzo B, Nobile C, Danieli GA, Gualandi F, Muntoni F, Abbs S, et al 

(2002) Investigating the mechanism of chromosomal deletion: characterization of 39 

deletion breakpoints in introns 47 and 48 of the human dystrophin gene. Genomics 

80:523-30. 



94 

 

 Torrente Y, Belicchi M, Marchesi C, Dantona G, Cogiamanian F, Pisati F, Gavina M, 

Giordano R, Tonlorenzi R, Fagiolari G, Lamperti C, Porretti L, Lopa R, Sampaolesi M, 

Vicentini L, Grimoldi N, Tiberio F, Songa V, Baratta P, Prelle A, Forzenigo L, Guglieri M, 

Pansarasa O, Rinaldi C, Mouly V, Butler-Browne GS, Comi GP, Biondetti P, Moggio M, 

Gaini SM, Stocchetti N, Priori A, D'Angelo MG, Turconi A, Bottinelli R, Cossu G, Rebulla 

P, Bresolin N. Autologous transplantation of muscle-derived CD133+ stem cells in 

Duchenne muscle patients. Cell Transplant. 2007;16(6):563-77. 

 Tratschin JD, Miller IL, Carter BJ. Genetic analysis of adeno-associated virus: 

properties of deletion mutants constructed in vitro and evidence for an adenoassociated 

virus replication function. J Virol 1984;51:611-19 

 Trollet C, Athanasopoulos T, Popplewell L, et al. Gene therapy for muscular 

dystrophy: current progress and future prospects. Expert Opin Biol Ther 2009;9:849-66 

 Tuffery S, Moine P, Demaille J, Claustres M (1993) Base substitutions in the human 

dystrophin gene: detection by using the single-strand conformation polymorphism 

(SSCP) technique. Hum Mutat 2:368-74. 

 Tuffery-Giraud S, Chambert S, Demaille J, Claustres M (1999) Point mutations in 

the dystrophin gene: evidence for frequent use of cryptic splice sites as a result of 

splicing defects. Hum Mutat 14:359-68. 

 Tuffery-Giraud S, Béroud C, Leturcq F, Yaou RB, Hamroun D, Michel-Calemard L, 

Moizard MP, Bernard R, Cossée M, Boisseau P, Blayau M, Creveaux I, Guiochon-

Mantel A, de Martinville B, Philippe C, Monnier N, Bieth E, Khau Van Kien P, Desmet 

FO, Humbertclaude V, Kaplan JC, Chelly J, Claustres M. Genotype-phenotype analysis 

in 2,405 patients with a dystrophinopathy using the UMD-DMD database: a model of 

nationwide knowledgebase. Hum Mutat. 2009 30:934-45. 

 Vainzof M, Passos-Bueno MR, Takata RI, Pavanello Rde C, Zatz M (1993) 

Intrafamilial variability in dystrophin abundance correlated with difference in the severity 

of the phenotype. J Neurol Sci 119:38-42. 

 Vajda Z, Pedersen M, Fuchtbauer EM, Wertz K, Stodkilde-Jorgensen H, Sulyok E, 

Doczi T, et al (2002) Delayed onset of brain edema and mislocalization of aquaporin-4 

in dystrophin-null transgenic mice. Proc Natl Acad Sci U S A 99:13131-6.  

 Valentine BA, Cooper BJ, de Lahunta A, O‟Quinn R, Blue JT. Canine X-linked 

muscular dystrophy. An animal model of Duchenne muscular dystrophy: clinical studies. 

J Neurol Sci 1988    88:69–81. 



95 

 

 Van Deutekom JC, Bremmer-Bout M, Janson AA, Ginjaar IB, Baas F, den Dunnen 

JT, van Ommen GJ (2001) Antisense-induced exon skipping restores dystrophin 

expression in DMD patient derived muscle cells. Hum Mol Genet 10:1547-54. 

 van Deutekom JC, Janson AA, Ginjaar IB, Frankhuizen WS, Aartsma-Rus A, 

Bremmer-Bout M, den Dunnen JT, Koop K, van der Kooi AJ, Goemans NM, de Kimpe 

SJ, Ekhart PF, Venneker EH, Platenburg GJ, Verschuuren JJ, van Ommen GJ. Local 

dystrophin restoration with antisense oligonucleotide PRO051. N Engl J Med. 2007   

357:2677-86. 

 Van Erp C, Irwin NG, Hoey AJ. Long-term administration of pirfenidone improves 

cardiac function in mdx mice. Muscle Nerve 2006    34:327–34. 

 Van Ommen GJ, Van Deutekom J, Aartsma-Rus A. The therapeutic potential of 

antisense-mediated exon skipping. Curr Opin Mol Ther 2008;10:140-9 

 van Vliet L, de Winter CL, van Deutekom JC, van Ommen GJ, Aartsma-Rus A. 

Assessment of the feasibility of exon 45-55 multiexon skipping for Duchenne muscular 

dystrophy. BMC Med Genet. 2008 Dec 1;9:105. 

 Vilquin JT, Brussee V, Asselin I, Kinoshita I, Gingras M, Tremblay JP. Evidence of 

mdx mouse skeletal muscle fragility in vivo by eccentric running exercise. Muscle Nerve 

1998      21:567–76. 

 Vitiello L, Bassi N, Campagnolo P, Zaccariotto E, Occhi G, Malerba A, Pigozzo S, 

Reggiani C, Ausoni S, Zaglia T, Gamba P, Baroni MD, Ditadi AP. In vivo delivery of 

naked antisense oligos in aged mdx mice: analysis of dystrophin restoration in skeletal 

and cardiac muscle. Neuromuscul Disord. 2008 Aug;18(8):597-605. 

 Von Moltke LL, Greenblatt DJ (2001) Drug transporters revisited. J Clin 

Psychopharmacol 21:1-3. 

 Wagner KR, Cohen JB, Huganir RL (1993) The 87K postsynaptic membrane protein 

from Torpedo is a protein-tyrosine kinase substrate homologous to dystrophin. Neuron 

10:511-22. 

 Wahlestedt C, Salmi P, Good L, Kela J, Johnsson T, Hokfelt T, Broberger C, et al 

(2000) Potent and nontoxic antisense oligonucleotides containing locked nucleic acids. 

Proc Natl Acad Sci U S A 97:5633-8. 

 Walmsley GL, Arechavala-Gomeza V, Fernandez-Fuente M, Burke MM, Nagel N, 

Holder A, Stanley R, Chandler K, Marks SL, Muntoni F, Shelton GD, Piercy RJ. A 



96 

 

duchenne muscular dystrophy gene hot spot mutation in dystrophin-deficient cavalier 

king charles spaniels is amenable to exon 51 skipping. PLoS One. 2010   5:e8647. 

 Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, Mayr C, Kingsmore SF, 

Schroth GP, Burge CB. Alternative isoform regulation in human tissue transcriptomes. 

Nature. 2008 Nov 27;456(7221):470-6. 

 Wang B, Li J, Xiao X (2000) Adeno-associated virus vector carrying human 

minidystrophin genes effectively ameliorates muscular dystrophy in mdx mouse model. 

Proc Natl Acad Sci U S A 97:13714-9. 

 Wang B, Li J, Fu FH, et al. Construction and analysis of compact muscle-specific 

promoters for AAV vectors. Gene Ther 2008;15:1489-99 

 Wang B, Li J, Fu FH, Xiao X. Systemic human minidystrophin gene transfer 

improves functions and life span of dystrophin and dystrophin/utrophin-deficient mice. J 

Orthop Res 2009;27:421-6 

 Wang Z, Zhu T, Qiao C, et al. Adeno-associated virus serotype 8 efficiently delivers 

genes to muscle and heart. Nat Biotechnol 2005; 23:321-8 

 Wang Z, Kuhr CS, Allen JM, et al. Sustained AAV-mediated dystrophin expression 

in a canine model of duchenne muscular dystrophy with a brief course of 

immunosuppression. Mol Ther 2007;15:1160-6 

 Watchko J, O'Day T, Wang B, Zhou L, Tang Y, Li J, Xiao X (2002) Adeno-

associated virus vector-mediated minidystrophin gene therapy improves dystrophic 

muscle contractile function in mdx mice. Hum Gene Ther 13:1451-60. 

 Watkins SC, Hoffman EP, Slayter HS, Kunkel LM (1988) Immunoelectron 

microscopic localization of dystrophin in myofibres. Nature 333:863-6 

 Wee KB, Pramono ZA, Wang JL, MacDorman KF, Lai PS, Yee WC. Dynamics of 

co-transcriptional pre-mRNA folding influences the induction of dystrophin exon skipping 

by antisense oligonucleotides. PLoS One. 2008 Mar 26;3(3):e1844. 

 Wehling-Henricks M, Jordan MC, Roos KP, Deng B, Tidball JG. Cardiomyopathy in 

dystrophin-deficient hearts is prevented by expression of a neuronal nitric oxide 

synthase transgene in the myocardium. Hum Mol Genet 2005    14:1921–33. 

 Welch EM, Barton ER, Zhuo J, Tomizawa Y, Friesen WJ, Trifillis P, Paushkin S, 

Patel M, Trotta CR, Hwang S, Wilde RG, Karp G, Takasugi J, Chen G, Jones S, Ren H, 

Moon YC, Corson D, Turpoff AA, Campbell JA, Conn MM, Khan A, Almstead NG, 

Hedrick J, Mollin A, Risher N, Weetall M, Yeh S, Branstrom AA, Colacino JM, Babiak J, 



97 

 

Ju WD, Hirawat S, Northcutt VJ, Miller LL, Spatrick P, He F, Kawana M, Feng H, 

Jacobson A, Peltz SW, Sweeney HL. PTC124 targets genetic disorders caused by 

nonsense mutations. Nature 2007  447:87-91. 

 Wells KE, Fletcher S, Mann CJ, Wilton SD, Wells DJ (2003) Enhanced in vivo 

delivery of antisense oligonucleotides to restore dystrophin expression in adult mdx 

mouse muscle. FEBS Lett 552:145-9. 

 White S, Kalf M, Liu Q, Villerius M, Engelsma D, Kriek M, Vollebregt E, et al (2002) 

Comprehensive detection of genomic duplications and deletions in the DMD gene, by 

use of multiplex amplifiable probe hybridization. Am J Hum Genet 71:365-74. 

 Will CL, Luhrmann R (2001) Spliceosomal UsnRNP biogenesis, structure and 

function. Curr Opin Cell Biol 13:290-301. 

 Williams JH, Sirsi SR, Latta DR, Lutz GJ. Induction of dystrophin expression by 

exon skipping in mdx mice following intramuscular injection of antisense 

oligonucleotides complexed with PEG-PEI copolymers. Mol Ther. 2006 Jul;14(1):88-96. 

 Williams JH, Schray RC, Sirsi SR, Lutz GJ. Nanopolymers improve delivery of exon 

skipping oligonucleotides and concomitant dystrophin expression in skeletal muscle of 

mdx mice. BMC Biotechnol. 2008 Apr 2;8:35. 

 Williamson RA, Henry MD, Daniels KJ, Hrstka RF, Lee JC, Sunada Y, Ibraghimov-

Beskrovnaya O, et al (1997) Dystroglycan is essential for early embryonic development: 

disruption of Reichert's membrane in Dag1-null mice. Hum Mol Genet 6:831-41. 

 Wilton SD, Lloyd F, Carville K, Fletcher S, Honeyman K, Agrawal S, Kole R (1999) 

Specific removal of the nonsense mutation from the mdx dystrophin mRNA using 

antisense oligonucleotides. Neuromuscul Disord 9:330-8 

 Wilton SD, Fall AM, Harding PL, McClorey G, Coleman C, Fletcher S Antisense 

oligonucleotide-induced exon skipping across the human dystrophin gene transcript. 

Mol Ther. 2007   15:1288-96. 

 Winder SJ, Gibson TJ, Kendrick-Jones J (1995a) Dystrophin and utrophin: the 

missing links! FEBS Lett 369:27-33. 

 Winder SJ, Hemmings L, Maciver SK, Bolton SJ, Tinsley JM, Davies KE, Critchley 

DR, et al (1995b) Utrophin actin binding domain: analysis of actin binding and cellular 

targeting. J Cell Sci 108:63-71. 



98 

 

 Winnard AV, Klein CJ, Coovert DD, Prior T, Papp A, Snyder P, Bulman DE, et al 

(1993) Characterization of translational frame exception patients in Duchenne/Becker 

muscular dystrophy. Hum Mol Genet 2:737-44. 

 Winnard AV, Mendell JR, Prior TW, Florence J, Burghes AH (1995) Frameshift 

deletions of exons 3-7 and revertant fibers in Duchenne muscular dystrophy: 

mechanisms of dystrophin production. Am J Hum Genet 56:158-66. 

 Wu B, Moulton HM, Iversen PL, Jiang J, Li J, Li J, Spurney CF, Sali A, Guerron AD, 

Nagaraju K, Doran T, Lu P, Xiao X, Lu QL. Effective rescue of dystrophin improves 

cardiac function in dystrophin-deficient mice by a modified morpholino oligomer. Proc 

Natl Acad Sci U S A. 2008 Sep 30;105(39):14814-9.  

 Wu B, Li Y, Morcos PA, Doran TJ, Lu P, Lu QL. Octa-guanidine morpholino restores 

dystrophin expression in cardiac and skeletal muscles and ameliorates pathology in 

dystrophic mdx mice. Mol Ther. 2009 May;17(5):864-71 

 Wu B, Lu P, Benrashid E, Malik S, Ashar J, Doran TJ, Lu QL. Dose-dependent 

restoration of dystrophin expression in cardiac muscle of dystrophic mice by 

systemically delivered morpholino. Gene Ther. 2010 Jan;17(1):132-40. 

 Wu Z, Asokan A, Samulski RJ. Adeno-associated virus serotypes: vector toolkit for 

human gene therapy. Mol Ther 2006;14:316-27 

 Xiao X, Li J, Samulski RJ (1996) Efficient long-term gene transfer into muscle tissue 

of immunocompetent mice by adeno-associated virus vector. J Virol 70:8098-108. 

 Xiao X, Li J, Tsao YP, et al. Full functional rescue of a complete muscle (TA) in 

dystrophic hamsters by adeno-associated virus vector-directed gene therapy. J Virol 

2000;74:1436-42 

 Xie Q, Bu W, Bhatia S, et al. The atomic structure of adeno-associated virus (AAV-

2), a vector for human gene therapy. Proc Natl Acad Sci USA 2002;99:10405-10 

 Yagi M, Takeshima Y, Surono A, Takagi M, Koizumi M, Matsuo M (2004) Chimeric 

RNA and 2'-O, 4'-C-ethylene-bridged nucleic acids have stronger activity than 

phosphorothioate oligodeoxynucleotides in induction of exon 19 skipping in dystrophin 

mRNA. Oligonucleotides 14:33-40. 

 Yazaki M, Yoshida K, Nakamura A, Koyama J, Nanba T, Ohori N, Ikeda S (1999) 

Clinical characteristics of aged Becker muscular dystrophy patients with onset after 30 

years. Eur Neurol 42:145-9. 



99 

 

 Yin H, Lu Q, Wood M. Effective exon skipping and restoration of dystrophin 

expression by peptide nucleic acid antisense oligonucleotides in mdx mice. Mol Ther. 

2008a Jan;16(1):38-45. 

 Yin H, Moulton HM, Seow Y, Boyd C, Boutilier J, Iverson P, Wood MJ. Cell-

penetrating peptide-conjugated antisense oligonucleotides restore systemic muscle and 

cardiac dystrophin expression and function. Hum Mol Genet. 2008b Dec 

15;17(24):3909-18.  

 Yin H, Moulton HM, Betts C, Seow Y, Boutilier J, Iverson PL, Wood MJ. A fusion 

peptide directs enhanced systemic dystrophin exon skipping and functional restoration 

in dystrophin-deficient mdx mice. Hum Mol Genet. 2009 Nov 15;18(22):4405-14. 

 Yin H, Betts C, Saleh AF, Ivanova GD, Lee H, Seow Y, Kim D, Gait MJ, Wood MJ. 

Optimization of Peptide Nucleic Acid Antisense Oligonucleotides for Local and Systemic 

Dystrophin Splice Correction in the mdx Mouse. Mol Ther. 2010 Jan 12. [Epub ahead of 

print] 

 Yokota T, Lu QL, Partridge T, Kobayashi M, Nakamura A, Takeda S, Hoffman E. 

Efficacy of systemic morpholino exon-skipping in Duchenne dystrophy dogs. Ann 

Neurol. 2009 Jun;65(6):667-76. 

 Yoshida M, Suzuki A, Yamamoto H, Noguchi S, Mizuno Y, Ozawa E (1994) 

Dissociation of the complex of dystrophin and its associated proteins into several unique 

groups by n-octyl beta-D-glucoside. Eur J Biochem 222:1055-61. 

 Yoshida M, Yamamoto H, Noguchi S, Mizuno Y, Hagiwara Y, Ozawa E (1995) 

Dystrophin-associated protein A0 is a homologue of the Torpedo 87K protein. FEBS 

Lett 367:311-4. 

 Yu CY, Yuan Z, Cao Z, et al. A muscle-targeting peptide displayed on AAV2 

improves muscle tropism on systemic delivery. Gene Ther 2009;16(8):953-62 

 Yue Y, Li Z, Harper SQ, et al. Microdystrophin gene therapy of cardiomyopathy 

restores dystrophin-glycoprotein complex and improves sarcolemma integrity in the mdx 

mouse heart. Circulation 2003;108:1626-32 

 Yue Y, Ghosh A, Long C, et al. A single intravenous injection of adeno-associated 

virus serotype-9 leads to whole body skeletal muscle transduction in dogs. Mol Ther 

2008;16:1944-52 

 Zammit PS, Partridge TA. Sizing up muscular dystrophy. Nat Med. 2002   8:1355-6. 



100 

 

 Zatz M, Sumita D, Campiotto S, Canovas M, Cerqueira A, Vainzof M, Passos-

Bueno MR (1998) Paternal inheritance or different mutations in maternally related 

patients occur in about 3% of Duchenne familial cases. Am J Med Genet 78:361-5. 

 Zhang G, Budker V, Williams P, Subbotin V, Wolff JA (2001) Efficient expression of 

naked DNA delivered intraarterially to limb muscles of nonhuman primates. Hum Gene 

Ther 12:427-38. 

 Zhang MQ (1998) Statistical features of human exons and their flanking regions. 

Hum Mol Genet 7:919-32. 

 Zhao Q, Zhou R, Temsamani J, Zhang Z, Roskey A, Agrawal S (1998) Cellular 

distribution of phosphorothioate oligonucleotide following intravenous administration in 

mice. Antisense Nucleic Acid Drug Dev 8:451-8. 

 Zhu T, Zhou L, Mori S, et al. Sustained whole-body functional rescue in congestive 

heart failure and muscular dystrophy hamsters by systemic gene transfer. Circulation 

2005;112:2650-9 

 Zubrzycka-Gaarn EE, Bulman DE, Karpati G, Burghes AH, Belfall B, Klamut HJ, 

Talbot J, et al (1988) The Duchenne muscular dystrophy gene product is localized in 

sarcolemma of human skeletal muscle. Nature 333:466-9. 



Human MutationRESEARCH ARTICLE

Exon Skipping-Mediated Dystrophin Reading Frame
Restoration for Small Mutations

Pietro Spitali,1y Paola Rimessi,1y Marina Fabris,1 Daniela Perrone,2,3 Sofia Falzarano,1 Matteo Bovolenta,1 Cecilia Trabanelli,1

Lara Mari,2 Elena Bassi,1 Sylvie Tuffery,4 Francesca Gualandi,1 Nadir M. Maraldi,5 Patrizia Sabatelli-Giraud,5

Alessandro Medici,3 Luciano Merlini,1 and Alessandra Ferlini1�

1Department of Experimental and Diagnostic Medicine, Section of Medical Genetics, University of Ferrara, Italy; 2Department of Chemistry,

University of Ferrara, Ferrara, Italy; 3Department of Biology and Evolution, University of Ferrara, Ferrara, Italy; 4Université Montpellier 1, Faculté
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ABSTRACT: Exon skipping using antisense oligonucleo-
tides (AONs) has successfully been used to reframe the
mRNA in various Duchenne muscular dystrophy
patients carrying deletions in the DMD gene. In this
study we tested the feasibility of the exon skipping
approach for patients with small mutations in in-frame
exons. We first identified 54 disease-causing point
mutations. We selected five patients with nonsense or
frameshifting mutations in exons 10, 16, 26, 33, and 34.
Wild-type and mutation specific 20OMePS AONs were
tested in cell-free splicing assays and in cultured cells
derived from the selected patients. The obtained results
confirm cell-free splicing assay as an alternative system to
test exon skipping propensity when patients’ cells are
unavailable. In myogenic cells, similar levels of exon
skipping were observed for wild-type and mutation
specific AONs for exons 16, 26, and 33, whereas for
exon 10 and exon 34 the efficacy of the AONs was
significantly different. Interestingly, in some cases skipp-
ing efficiencies for mutated exons were quite dissimilar
when compared with previous reports on the respective
wild-type exons. This behavior may be related to the
effect of the mutations on exon skipping propensity, and
highlights the complexity of identifying optimal AONs
for skipping exons with small mutations.
Hum Mutat 30:1527–1534, 2009. & 2009 Wiley-Liss, Inc.

KEY WORDS: exon skipping; antisense oligonucleotides;
dystrophin; DMD

Introduction

Nonsense or frame-shifting mutations in the DMD gene (MIM]
310377) lead to Duchenne muscular dystrophy (DMD; MIM]
310200), a severe X-linked neuromuscular disorder due to the
complete absence of functional dystrophin protein in males. By
contrast, the milder allelic Becker muscular dystrophy (BMD;
MIM] 310376) is caused by in-frame mutations that give rise to
a smaller but functional protein [Hoffman et al., 1987; Monaco,
1989]. The interruption or maintenance of the dystrophin reading
frame by the gene mutations explains the phenotypic differences
observed in approximately 92% of the BMD/DMD cases
[Aartsma-Rus et al., 2006; Koenig et al., 1989]. Although the
majority of the mutations in the DMD gene consists of large
rearrangements, an increasing number of both nonsense and small
frame-shifting mutations has been widely reported, due to the
improvement of the diagnostic systems [Bennett et al., 2001;
Buzin et al., 2005; Flanigan et al., 2003; Hofstra et al., 2004;
Roberts et al., 1993, 1994; Tuffery-Giraud et al., 2004; Whittock
et al., 1997]. It is now estimated that point mutations account for
nearly 30% of dystrophin mutations [Aartsma-Rus et al., 2006;
Deburgrave et al., 2007].

Due to the approach of mutation-specific clinical trials,
dystrophin mutation characterization meanwhile has become
mandatory. For instance, only patients carrying nonsense mutations
are eligible for participation in the phase I/IIa trial held by PTC
Therapeutics, based on a stop codon read-through strategy [Welch
et al., 2007]. Another mutation-specific approach is antisense-
induced exon skipping aimed at the reframing of dystrophin
transcripts. Among the various antisense types or modifications, the
20OMePS antisense oligonucleotides (AONs) targeting exon 51 have
been recently used in a pilot study in four DMD patients with very
encouraging results [van Deutekom et al., 2007].

Because the majority of DMD-causing mutations are out-of-
frame deletions clustered within the two major hotspot regions,
the exon skipping approach has been focused on this type of
rearrangements. However, it has recently been estimated that, in
theory, single and double exon skipping would be applicable
to 79% of deletions, 91% of small mutations, and 73% of
duplications, amounting to 83% of all DMD mutations [Aartsma-
Rus et al., 2009]. Indeed, only two nonsense mutations were
approached in vitro by 20OMePS AONs designed on the wild-type
exon sequence [Aartsma-Rus et al., 2003, 2004].
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Although single exon skipping for small mutations can be
applied for mutations lying within in-frame exons only, many
patients are still eligible for such a treatment (11% of all DMD
patients; Aartsma-Rus et al., 2009). Therefore, the general aim of
this study was to confirm the applicability of single exon skipping
to small mutations. We also intended to evaluate whether
‘‘universal’’ or ‘‘private,’’ mutation-specific AONs were more
effective in inducing the exon skipping of mutated dystrophin
exons, effectively impacting the design of future therapies for these
patients. It is, in fact, known that small mutations can disrupt
exon splicing enhancers (ESEs) and silencers (ESSs), splicing
regulatory sequences devoted to the exon recognition process
[Cartegni et al., 2003]. Mutations located in ESE and ESS elements
may affect splicing. Consequently, a significant proportion of
exonic point mutations could exert an effect completely different
as would be predicted from the genetic code. Positive and negative
regulatory elements play opposite and fundamental roles in a
finely tuned exon recognition process [Nielsen et al., 2007], which
need to be taken into account when interfering with the splicing
process. Because mutations lying within ESEs may strongly affect
the splicing process [Solis et al., 2008], we used this double
approach to point out this relevant topic.

We have identified 54 unrelated DMD patients carrying small
mutations in the DMD gene, of which 32 are novel. Among 24
patients carrying a mutation in an in-frame exon, we selected 5
mutations in 5 different exons to be modulated (listed in Table 1).
We induced the specific exon skipping using AONs designed either
on the wild-type or on the mutated sequence both in cell-free
splicing assays (four exons) and myogenic cell cultures (all five
exons). The predictive value of a cell-free splicing assay on exon
skipping propensity was assessed to have an alternative assay in
case cells from the patients were not available. The AONs design
was performed on the basis of well established in silico parameters
(sites for SC35 and SF2/ASF binding sites) [Aarstma-Rus et al.,
2005, 2008]. This approach follows the concept of targeting exon
sequences containing ESEs. It has, in fact, already been established
that AONs-mediated exon skipping occurs by blocking the access
of the splicing machinery to ESE sites in the exon [Aartsma-Rus
et al., 2006]. Exon-internal AONs have proven to be more effective
than AONs lying on the canonical splice sites [Aartsma-Rus et al.,
2008]. They also reduced the possible risk of off-targeting of
nonspecific sequences [Aartsma-Rus et al., 2004].

We showed that skipping efficiencies for certain mutated exons
were significantly different from what has been previously
reported for the respective wild-type exons. This is the first
report describing AONs modulation of dystrophin exons contain-
ing point mutations through efficacy comparison of the wild-type
versus the mutation-specific ‘‘private’’ AONs.

Material and Methods

Mutation Analysis

DNA from 54 unrelated DMD patients was extracted by
QIAGEN BioRobot (Universal System 8000) from whole blood,
after informed consent and for diagnostic purposes. All these
patients were negative for DMD deletions/duplications as assessed
by MLPA.

We designed a set of 79 primer pairs for single-exon amp-
lification. Oligonucleotide sequences and amplification conditions
are available upon request. The amplicons were sequenced using a
3130 automated sequencer (Applied Biosystem, Bedford, MA) Ta
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following the manufacturer’s recommendations. Supp. Table S1
lists the mutations identified. Mutation numbering system is
based on cDNA sequence (GenBank reference sequence
NM_004006.1) in which nucleotide numbering reflects cDNA
numbering with 11 corresponding to the A of the ATG translation
initiation codon in the reference sequence. The initiation codon is
codon 1.

Constructs

The five selected mutated exons and relative intron boundaries
(shown in Table 1) were amplified from the patients’ genomic
DNAs using in-house protocols (available upon request) and
cloned in the previously described pBG vector [Gualandi et al.,
2003]. Forward primers for each amplicon were designed
upstream of the branch site consensus, whereas reverse primers
were located at least 100 nucleotides downstream of the donor
splice site. The correct nucleotide composition of all constructs
was confirmed by sequencing.

AONs Design and Synthesis

Wild-type AON design was based on the highest ESE-Finder
value [Cartegni et al., 2003) (http://rulai.cshl.edu/cgi-bin/tools/
ESE3/esefinder.cgi?process 5 home) and on the scores for SF2/
ASF and SC35, paying attention to the absolute distance to the
30 splice site as previously reported [Aartsma-Rus et al., 2005].
AONs sequences, characteristics, and chosen parameters are
shown in Table 1.

The AONs were synthesized with a full-length phosphorothio-
ate backbone and 20-O-methyl modified ribose molecules.
Oligonucleotide synthesis was carried out on an ÄKTATM

oligopilot plus 10 DNA/RNA synthesizer (GE Healthcare,
Piscataway, NJ) using its trityl-on mode. The sequence was
synthesized on a 2-mmol scale using Primer Support 200 loaded at
80 mmol/g (Amersham Biosciences, Piscataway, NJ) as previously
described [Rimessi et al., 2009]. The final oligonucleotide was
dissolved in water and filtered through a short column of Dowex
50WX8 (Na1 form, 100–200 mesh) to afford after lyophilization
0.8 mmol (40%) of target compound. The purity of the full-length
desired product was confirmed by MALDI-TOF MS, 31P-NMR
and RP-HPLC analyses.

In Vitro Cell-Free Splicing Assay

Five in-frame mutated exons cloned into the pBG splicing
vector, were transcribed in vitro using T7 RNA polymerase and
a32-rGTP, and purified from 5% acrylamide gel to perform in
vitro cell-free splicing assays in HeLa nuclear extracts, as
previously described [Gualandi et al., 2003]. All the splicing
products were reverse transcribed using a High-capacity cDNA
Reverse Transcription Kit (Applied Biosystems). cDNAs were
amplified using the Ex2/Ex3 oligos designed on the rabbit
b-globin sequences [Gualandi et al., 2003], cloned in the
pCRII vector (TA Cloning Invitrogen, Carlsbad, CA), and
sequenced on ABI Prism 3130 (Applied Biosystems) to confirm
the accuracy of the exon splicing process (amplification conditions
and primer sequences are available upon request).

To induce exon skipping in the cell-free in vitro system,
20OMePS AONs were used in concentrations ranging from 100 to
500 nM. The incubation lasted 3 hours. To semiquantify the
amount of the skipped transcript we performed quantification on
images from scanned autoradiographs. The fragments were

quantified by Quantity One software (BioRad, Hercules, CA).
We compared the amount of spliced products with the total
amount product in the presence as well as in the absence of AON.
We assumed that the total of the two transcripts (unspliced/
spliced) accounts for 100%.

Myogenic Cell Cultures and AONs Transfection

Primary human fibroblasts from five patients (3, 7, 18, 21, and
23 in Supp. Table S1 and listed also in Table 1) were isolated from
skin biopsies (obtained after informed consent for research
purposes, Ethical Approval N. 9/2005). Cells were cultivated in
high-glucose DMEM (GIBCO, Gaithersburg, MD), supplemented
with 20% fetal bovine serum (FBS; GIBCO) and antibiotic/
antimicotic solution (Sigma, St. Louis, MO). Myogenesis was
induced by infection with an Ad5-derived, EA1-deleted adenoviral
vector carrying the MyoD gene as previously described [Aartsma-
Rus et al., 2003; Havenga et al., 2002; Roest et al., 1996]. All
experiments were carried out using cells with a maximum of four
passages. Myotubes obtained after 10–14 days of culture in
differentiation medium (2% FBS) were transfected with AONs
(100 nM) in the presence of polyethylenimine (ExGen500, MBI
Fermentas) (2 ml per mg of AON) as transfection reagent, as
previously described [Van Deutekom et al., 2007].

Myogenic Cultures RNA Studies

Forty-eight hours posttransfection, total RNA was isolated from
myotube cultures (RNeasy Kit, Qiagen, Chatsworth, CA) and
reverse transcribed into cDNA using random primers and the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). RT-PCR was performed on b-actin to verify cDNA
synthesis and on dystrophin (primers sequence available upon
request) using primers situated on several flanking exons to
exclude spontaneous multi-exon skipping. For exons 26 and 34 a
nested PCR was necessary to detect specific exon skipping.

PCRs were performed by five cycles of 941C (30 sec), 631C
(30 sec), and 721C (30 sec) plus 30 cycles of 941C (30 sec), 621C
(30 sec), and 721C (30 sec). PCR products were analyzed on 1.5%
agarose gels. All amplified fragments were sequenced on ABI
Prism 3130 (Applied Biosystems). We did not perform semi-
quantitative densitometric analysis on RT-PCR products, because
we adopted the Real-time quantitative assay.

Exon-Specific Real-Time Assay (ESRA)

To precisely quantify the percentage of exon skipping we set up
eight novel ESRAs detecting human dystrophin exons 6, 10, 16,
26, 33, 34, 40, and 70. These exons were chosen because they are
not involved in spontaneous alternative splicing events in humans.
We performed the ESRAs on exons 6, 10, 16, 26, 40, and 70,
considered as references, to quantify the amount of dystrophin
transcript both in patients’ and in control myotubes. In addition,
the same ESRAs were used to measure the level of physiological
exon skipping and the percentage of induced exon skipping in
treated cells compared to untreated cells (internal reference).
These data were confirmed using an external reference gene
(b-actin gene) on cDNA samples from each myotube culture
(treated and control cells). All ESRAs are based on TaqMan MGB
technology, and have been designed by PrimerExpress Applied
Biosystems software (primer and probe sequences are available
upon request). The amount of the target sequences in respect to
internal references (represented by a nonmutated dystrophin
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exon) and to an appropriate endogenous control (b-actin gene)
was evaluated by the comparative CT method in respect to the
untreated control (DDCt Method) (Applied Biosystems User
Bullettin ]2).

Immunofluorescence Analysis

Treated myotube cultures were grown onto coverslips and fixed
in �201C methanol at 2–6 days posttransfection, depending on the
survival rate of the myotubes. Samples were incubated for 30 min in
phosphate-buffered saline (PBS) additioned with 4% bovine serum
albumin. All samples were labeled with a polyclonal antidystrophin
antibody (H300 Santa Cruz Biotechnology, Santa Cruz, CA) diluted
1:40, washed with PBS, and revealed with a TRITC-conjugated
antirabbit secondary antibody; all samples were double labeled with
mouse monoclonal antibodies against desmin or developmental
myosin heavy chain (Novocastra Laboratories Ltd., Newcastle upon
Tyne, UK), diluted 1:10 and 1:60, respectively. After several
washings with PBS, all samples were incubated with FITC-
conjugated antimouse secondary antibodies (Dako, Carpenteria,
CA). The slides were mounted with antifade mounting medium
(Molecular Probes, Eugene, OR) and analyzed using Nikon Eclipse
80i fluorescence microscope.

Results

Small Mutations Identification

A series of 54 patients with no deletions or duplications were
screened for small mutations. Identified mutations are reported
in Supp. Table S1. Among the 54 mutations, 32 are novel.
The mutation in patient 23 was previously described [Tuffery-
Giraud et al., 2004] and has been included in Table 1 (and Supp.
Table S1), as the fibroblasts of this patient were used for AON
modulation.

Pathogenic mutations were identified for each patient. Mutations
include splicing, frame shifting, and nonsense mutations, and 24
DMD patients show small mutations in 16 different in-frame exons.
To confirm the applicability of exon skipping for small mutations
occurring within in-frame exons we selected five patients to be
investigated (number 3 [NM_004006.1:c.1132_1135dup in exon 10],
7 [NM_004006.1:c.1912_1912delC in exon 16], 18 [NM_004006.1:c.
3447_3448delGGinsTT in exon 26], 21 [NM_004006.1:c.4565delT in
exon 33], and 23 [NM_004006.1:c.4780delTins37 in exon 34]).

AONs Design

For each exon we designed AONs specific for the mutation
(mutation specific, msAONs) and AONs not covering the
mutations (wild-type, wtAONs) (see Table 1). AONs targeting
exons 16 and 26 have been previously designed targeting the
acceptor splice sites [Wilton et al., 2007]. We decided to design
and synthesize novel exon 16 and 26 AONs targeting exon-internal
sequences. The wtAON against exon 33 is 5 nucleotides shorter
than the one reported previously [Wilton et al., 2007]. AON on
exon 34 was already designed and tested, but because it did not
produce any skipping [Wilton et al., 2007], we designed a novel
AON closer to the 30 splice site.

ESE-finder software showed that the mutations in exon 10 and
34 did not result in differences in predicted SR protein binding
sites. In contrast, the mutated exon 16 shows two additional SR
proteins binding sites caused by the mutation (among these,
the highest score was for SC35 protein). In exon 33, the mutation

causes the formation of a binding site for the SC35 protein. The
exon 26 mutation is responsible for the loss of two SR protein
binding sites.

Taking these data into account and considering that our scope
was to also include mutation-specific AONs, we were able to
design msAONs for exons 10, 16, 26, and 33 according to the rules
described above (see Materials and Methods section). The
mutation in exon 34 consists of the insertion of a novel stretch
of 37 nucleotides, and we decided to design the msAON to target
the inserted sequence. This stretch does not result in significant
changes in SR protein binding sites as predicted by ESE-finder
analysis.

In Vitro Cell-Free Splicing Assays

The five mutated exons (10, 16, 26, 33, and 34 from patients 3,
7, 18, 21, and 23 in Table 1) were cloned into the pBG splicing
vector [Gualandi et al., 2003] and analyzed using in vitro splicing
assays. Splice variants were characterized and all the exon–exon
junctions were sequenced (data not shown). In all cases the
sequencing of the cloned splicing products demonstrated that the
dystrophin mutated exons were correctly spliced between exons 2
and 3 of the rabbit b-globin gene (Fig. 1A). Antisense modulation
using 20OMePS msAONs and wtAONs was able to induce exon
skipping in four out of five constructs in cell-free splicing assays at
the scaled AONs concentration used (Fig. 1B). The semiquanti-
tative method we adopted is based on the quantification of the
amount of the spliced transcript (included exon) compared to the
total amount of product (spliced and unspliced) in the presence of
AON relative to the same ratio in the absence of AON. In a major
part of the in vitro assays the exon-skipping percentage did not
depend on the AON concentration (Fig. 1C). We therefore
calculated the average value of the skipping percentages (Fig. 1D),
which could be more easily compared to the AONs efficacy in
patient-derived cells. We observed that msAON was more efficient
for skipping exon 34 (85.55% msAON vs. 9.19% wtAON) and
exon 10 (25.63% msAON vs. 14.83% wtAON), whereas wtAON
was more efficacious for exon 33 skipping (50.72% wtAON vs.
19.93% msAON). For exon 16 we did not observe any differences
in skipping efficacy between wt and msAON (about 5%), whereas
we were not able to skip exon 26 in vitro (Fig. 1C and D).

Myogenic Cell AONs Transfection and Transcription
Analysis

The same wt- and ms-AONs tested in the in vitro splicing
system were used in cell cultures. Using both AON types we were
able to detect two products representing the unskipped and
skipped transcripts by both primary (exons 16 and 33) and nested
RT-PCR (exon 26 and 34) in patient-derived cell cultures
(Fig. 2A). In contrast, no exon 10 skipping was observed in either
primary nor nested PCR (Fig. 2A), in accordance with previously
published results obtained with the universal AON [Wilton et al.,
2007]. These experiments were highly reproducible.

RT-PCR of both untreated and treated cells did not show any
unspecific splicing product, excluding the cells carrying the exon
10 mutation, which always showed a low level of physiological
exon 9 skipping. This event has also been observed in untreated
control muscle cells [Aartsma-Rus et al., 2005; Reiss and
Rininsland, 1994].

To precisely quantify the specific level of exon skipping as well
as to detect very low skipping amounts, we used an ESRA
approach for all patient-derived treated and untreated cells. The

1530 HUMAN MUTATION, Vol. 30, No. 11, 1527–1534, 2009



quantification was made using both adjacent dystrophin exons
and b-actin as reference transcripts and in comparison to
nontreated cells. The skipping percentages are shown in Fig. 2B.
Comparing the Ct values obtained with proximal and distal
dystrophin exons (b-actin as reference), a 50-30 transcriptional
unbalance emerged, with 50 transcripts more abundant in respect
to the 30 transcripts (data not shown). We therefore quantified the
skipping percentage of the target exons using adjacent exons as
references.

In patient 3 (c.1132_1135dup in exon 10) ESRA assay using
exons 6 and 16 as references showed exon 10 skipping levels of
10.9% with msAONs, but only 2.4% of skipping with the wtAON.
In contrast, patient 23 (c.4780delTins37 in exon 34) revealed
skipping of 6.5% with wtAON and only 1.6% with msAON, using
exons 26 and 40 as references. For patients 7 (c.1912delC in exon
16), 18 (c.3447_3448delinsTT in exon 26) and 21 (c.4565delT in
exon 33) exon skipping levels were comparable for wt and ms
AONs. Exon 33 skipping levels were very high: 58.8% (wtAON)
and 58.3% (msAON) using exons 10 and 26 as references, exon 16
skipping levels were lower: 13.2% (wtAON) and 15.8% (msAON),
using exons 10 and 20 as a reference, and skipping levels for exon
26 were 1.6% (wtAON) and 2.3% (msAON), with exon 10 and 16
as reference exons. ESRA analysis, assessing the skipping level
through comparison with many references, provided robustness to
the data, allowed us to detect the exon 10 skipping not visible by

RT-PCR, and identified a low level (less than 0.5%) of spon-
taneous skipping of the mutated exons in all untreated cells.

In conclusion, the difference in skipping efficiency is significant
for exons 10 (p 5 0.0002) and for exon 34 (p 5 0.0017), because
msAON induced higher levels of exon 10 skipping, and wtAON
was more efficient for skipping exon 34 (Fig. 2B). In contrast, the
skipping efficiencies for exons 16 and 26 did not vary significantly.

Immunofluorescence Analysis

Immunofluorescence analysis of desmin (data not shown) and
developmental myosin heavy chain (Fig. 3A) was performed to
define the differentiation stage of the Myo-D transformed
fibroblasts. Double-labeling with antidystrophin antibodies revealed
the rescue of the protein in all patient-derived cells treated with
wtAONs or msAONs. Blinded observation as to the treatment state
was performed to quantify the cytoplasmic fluorescence counting
fluorescent cells/number of nuclei. The number of dystrophin
positive myotubes varied significantly from 5 to 15%. Lowest levels
(5%) were observed for cells with the mutation in exon 10 and
treated with the wtAON, for exon 26 treated with both wt and
msAONs, and for exon 34 treated with msAON. This corresponds
to the lower levels of exon skipping observed for these AONs
(Fig. 2B). Dystrophin localized at the sarcolemma in all transfected
myotubes (Fig. 3A and B).

Figure 1. A: In vitro cell-free splicing assay endpoint (incubation time of 3 hours), with a scheme of all possible products. Colored dots
represent the different products: black: lariat molecule; gray: unspliced template; red: splicing intermediate; yellow: exogenous exon spliced
between b-globin exons 2 and 3; green: exogenous exon skipped transcript (b-globin exons 2 and 3); blue: b-globin exon 2. B: Specific
exon skipping using 20OMePS AONs in the in vitro cell-free splicing assays. wtAONs were designed on a wild-type sequence, msAONs
were designed on mutated sequences. The five mutated exons (patients 3, 7, 18, 21, and 23) were in vitro spliced in the presence of scaled
AONs concentrations (100, 200, and 500 nM). C: Graphic representation of the densitometric analysis of the exon skipping percentages
obtained using the 100, 200, and 500 nM concentrations of all the different AONs. The colors and bars differentiate the skipping efficacy of each
mutated exon with wt or msAONs. D: Graphic representation of the skipping average value considering the results obtained using all the scaled
AONs concentration.
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Discussion

The aim of our study was to induce AON-mediated exon
skipping of in-frame exons containing small mutations. We tested
20OMePS AONs targeting both wild-type and mutated sequences
to evaluate the skipping performance and to compare the skipping
efficiency between ms and wtAONs. We took advantage from a
large cohort of patients we had identified to carry small
mutations. We modulated both in cell-free and in patient-derived
cells 5 dystrophin ‘‘in frame’’ exons (10, 16, 26, 33, and 34)
containing five different small DMD mutations.

For the five selected dystrophin exons, the splicing was
effectively reproduced in cell-free assays; however, AONs modula-
tion was successful only for exons 10, 16, 33, and 34, whereas exon
26 could not be skipped. For exons 10 and 34 msAONs worked
better, whereas for exons 16 and 33 the wtAONs produced higher
skipping levels. These data suggest that cell free splicing assays
might be used to test the exon skipping propensity. However,
because the exon composition/length as well as the flanking
intronic regions are crucial for the in vitro splicing [Eperon et al.,
1988], peculiar mutations like the long stretch included in the
mutated exon 34 could hamper the optimal AONs identification
in the in vitro assay. Therefore, it cannot be considered a general
tool for optimizing the design of the AONs.

The fact that our test produced quite different results compared
to patient-derived myogenic cells underlines this. For the mutated

exons 16 and 33, we obtained similar levels of exon skipping with
both wt and msAONs, comparable to what was previously
described for wt exons [Wilton et al., 2007].

The mutation involving exon 10, not altering the splicing

enhancer quality/distribution and therefore expected to be silent in

term of skipping propensity, makes the mutated exon vulnerable to

skipping with a 10.9% efficacy with msAON; slightly higher than

described for the wt exon in myogenic cells testing [Wilton et al.,

2007]. A possible explanation of this partially positive finding is
that the mutation changes the exon 10 conformation. Although

encouraging, the ESRA on exon 10 does not allow us to determine

whether a contextual exon 9 skipping occurs [Wilton et al., 2007].

However, we underline that exon 9 skipping is a physiological, very

common alternative splicing event, and it might therefore be very

difficult to sort out its exclusion from the transcript. In addition, as

exon 9 is in-frame, this exon skipping is unlikely to be detrimental.
Exon 26 was considered an exon difficult to skip (ratio o10%)

[Wilton et al., 2007]. In our hands, both wtAON and msAON
induced indeed a similar, very poor skipping level (1.6 and 2.3%,
respectively). This finding does not seem to reflect the expected
increase of exon 26 skipping propensity linked to the loss of the
two SR protein binding sites due to the mutation, as predicted by
the ESE finder program.

The insertion in exon 34 is difficult to analyze. Although it
appears not to have any modifying influence on splicing factors

Figure 2. A: RT-PCRs of AONs-induced exon skipping in myogenic cells. Exons 10, 26, and 34 (patients 3, 18, and 23, respectively in Table 1)
skipping was detected by nested RT-PCR, for the other two exons (30 and 33), primary RT-PCR only was performed. M is molecular weight
marker VIII, B: blank sample. B: Graphic representation of dystrophin exons 10, 16, 26, 33, and 34 skipping quantitative differences in patient-
derived AONs-treated Myo-D transformed fibroblasts in comparison with untreated cells calculated by Real-time assay (ESRA). Histograms
represent the percentage of specific exon skipping using either wtAONs (gray bars) or msAONs (white bars) of treated cells with respect to
untreated cells.
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binding sites, obviously this long stretch may alter the exon
skipping propensity in other ways. In fact, this mutation made the
exon skipping propensity in myogenic cells increase, which is in
contrast with previously published data [Wilton et al., 2007].
Indeed, we induced the skipping of the mutated exon 34 in 6.5%
of the dystrophin transcript using the wtAON in patient-derived
cells. A possible explanation is that the insertion/deletion
mutation (insertion of 37 nucleotides and deletion of 1
nucleotide) enhances the exon 34 skipping propensity by
enlarging the distance between motifs recognized by the SR
proteins and other splicing proteins. Alternatively, the RNA
secondary structure change could affect the recognition of the
mutated exon, even though the accessibility of the splice sites is
the same for wild-type and mutated exon 34 (data not shown).

In conclusion, we induced the specific exon skipping in four cell-
free assays and in all five myogenic cells out of five selected mutated
exons. When comparing the two different assays it was demon-
strated that, in the absence of patient-derived cells availability, the
cell-free assay could provide some information, but in vitro analysis
in patient-derived cells is preferred. Furthermore, the results we
obtained strongly suggest that some small mutations may
unpredictably change the exon skipping propensity, implying that
the exon skipping approach for in frame exons with small
mutations deserves careful investigation. Furthermore, antisense
targeting of small mutations might unravel splicing regulatory
motifs, because flanking introns and exons are not involved
in any rearrangement such as deletions/duplications and every

cis-regulatory motif like intronic splicing enhancers (ISEs) or
silencers (ISSs) can play a role in the exon defining process.

Notably, AON-mediated skipping of these five exons was never
accompanied by other unspecific splicing products, such as the
induction of cryptic splicing. The only alternatively spliced
product was exon 9 skipping that was also observed in control
myotubes. It is plausible (and very interesting) that fusion introns,
resulting from deletion or duplication junctions, may influence
adjacent exon recognition and therefore splicing accuracy.

Despite the promising results obtained using the exon skipping
approach, another crucial point should be considered: the possible
effect of the lack of skipped exons on the dystrophin protein.
Isolated deletions of exons 10 and 34 are described causing a BMD
or only high CK phenotype [Fokkema et al., 2005]. An isolated
deletion of exon 16 causes high CK only [Schwartz et al., 2007; and
personal observation]. For exons 26 and 33, however, no isolated
deletions are reported in the Leiden Open Variation Database
LOVD database [Fokkema et al., 2005; White and den Dunnen,
2006]. Therefore, the skipping of these exons may be of low
predictive value on the resulting phenotype(s). It might also be
possible that such deletions have not been identified yet due to the
fact that these deletions do not result in any dystrophic
phenotype. However, they all belong to the spectrin-like region
(exon 10 to the repeat 1, exon 16 to the repeat 3, exon 26 to the
repeats 7–8, exon 33 and 34 to the repeats 11 and 12), and,
according to the literature data, their skipping is expected to have
mild/BMD-like consequences on the protein function.

Figure 3. Immunofluorescence analysis of dystrophin in patients’ cells. A: Double labeling with antimyosin heavy-chain (green) and
dystrophin (red) antibodies clearly demonstrated the rescue of dystrophin expression in Myo-D tranformed fibroblasts of all treated patient-
derived cells. More than 50% of the AON-treated cells in all examined fields showed cytoplasmic green fluorescence, which was quantified as
fluorescent cells/number of nuclei. Among these, 5–15% myotubes were dystrophin positive. High magnification (B, d) demonstrates the correct
protein localization at the sarcolemma. wtAON indicates antisense oligonucleotide designed on the wild-type exon, msAON indicates antisense
oligonucleotide designed on the mutation. B: Untreated and AON treated patient’s cells stained with antimyosin heavy-chain and antidystrophin
antibodies. No dystrophin signal is detected in untreated cells (a, b), whereas dystrophin membrane signal is observed upon the induced exon
skipping in treated cells (c, d).
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The data presented here report the first attempt to modulate
small dystrophin mutations by using both wild-type and
‘‘mutation-specific’’ AONs, and highlight both the peculiar
splicing characteristics of mutated exons and the complexity of
designing optimal AONs for exon skipping therapy toward
personalized therapy.
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For subsets of Duchenne muscular dystrophy (DMD) 
mutations, antisense oligoribonucleotide (AON)-
 mediated exon skipping has proven to be efficacious 
in restoring the expression of dystrophin protein. In 
the mdx murine model systemic delivery of AON, rec-
ognizing the splice donor of dystrophin exon 23, has 
shown proof of concept. Here, we show that using cat-
ionic polymethylmethacrylate (PMMA) (marked as T1) 
nanoparticles loaded with a low dose of 2′-O-methyl-
phosphorothioate (2′OMePS) AON  delivered by weekly 
intraperitoneal (IP) injection (0.9 mg/kg/week), could 
restore dystrophin expression in body-wide striated 
muscles. Delivery of an identical dose of naked AON 
did not result in detectable dystrophin expression. 
 Transcription, western, and immunohistochemical 
analysis showed increased  levels of dystrophin tran-
script and protein, and correct localization at the sar-
colemma. This study shows that T1 nanoparticles have 
the capacity to bind and convoy AONs in body-wide 
muscle tissues and to reduce the dose required for 
dystrophin rescue. By immunofluorescence and elec-
tron microscopy studies, we highlighted the diffusion 
pathways of this compound. This nonviral approach 
may valuably improve the therapeutic usage of AONs 
in DMD as well as the delivery of RNA  molecules 
with many implications in both basic research and 
 medicine.

Received 6 August 2008; accepted 5 January 2009; advance online 
publication 24 February 2009. doi:10.1038/mt.2009.8

IntroductIon
Duchenne muscular dystrophy (DMD) is an X-linked inherited 
muscle degenerative disorder mainly caused by frame-disrupt-
ing mutations due to large rearrangements in the dystrophin 
gene.1 DMD boys are affected by both severe skeletal muscle 
wasting and dilated cardiomyopathy. The milder allelic form of 
the disease, Becker muscular dystrophy, is due to in frame muta-
tions, which preserve a shortened but functional protein. This 
 observation has suggested that converting a DMD phenotype 
to a less severe condition may represent a possible therapeutic 
approach for DMD. In this context, restoration of dystrophin syn-
thesis by exon  skipping during pre-mRNA splicing by means of 
antisense oligoribonucleotide (AON) could potentially be appli-
cable for up to 90% of DMD patients.2 Indeed, this approach has 
been successfully applied to the mdx mouse model, both in vitro 
and in vivo, to normal and DMD patients’ myogenic cells, to the 
transgenic humanized DMD mouse, and to the canine model 
of DMD. These results have therefore generated optimism about 
the feasibility of developing effective therapy approaches for 
DMD.3–5 Indeed, it was recently shown that intramuscular injec-
tion of 2′-O-methyl-phosphorothioate (2′OMePS) AONs in four 
DMD patients was associated with relevant local rescue of dys-
trophin synthesis.6 Notwithstanding these encouraging results, 
the systemic administration of AONs is limited by their cellular 
uptake and nontoxic effective doses. The main challenge in this 
field is therefore to improve the delivery of AONs to all tissues 
affected by the disease, including skeletal and cardiac muscles, 
and to reduce the effective therapeutic dose in view of life-long 
treatment.6–8 In particular, to obtain exon skipping in the heart is 
of importance, because cardiomyopathy is currently the leading 
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cause of death in DMD patients. Very recently two indepen-
dent studies described a high yield of dystrophin protein in the 
heart by systemic delivery of morpholino oligomers conjugated 
with cell-penetrating peptide containing arginine.9,10 However, 
the nondegradable nature of phosphorodiamidate morpholino 
 oligomer still raises concerns over their safety after extended sys-
temic applications.11 Experimental  evidence in the mdx model 
indicates that engineered AONs can efficiently reach the cardiac 
muscle also when cloned into recombinant adeno- associated 
virus  vectors.12 However, the intrinsic immunogenicity of virus-
associated proteins may impair the efficacy of viral-mediated 
gene inoculations  preventing  prolonged transgene expression. 
Indeed, whereas mice may be more tolerant to initial exposure 
to AAV, recent data demonstrated immune- mediated loss of 
recombinant adeno- associated virus persistence in the DMD 
dog model and in patients participating to a phase 1/2 clinical 
trial of β-hemophilia.13,14

The use of synthetic nonviral vectors based on polymeric 
 systems is a versatile and safe approach for the in vivo delivery 
of bioactive molecules, including plasmid DNA, oligonucleotides, 
and peptides. They increase their stability and shelf life in biologi-
cal fluids, improving their efficacy. Over the past decade, several 
polymeric delivery systems, such as liposomes, copolymers, nano-, 
and micro-spheres, have been developed.15 The compounds are 
encapsulated inside the polymeric matrix and released in vivo by 
a combination of diffusion and polymer degradation. However, 
 following encapsulation and release, labile drugs, such as DNA and 
proteins, may undergo significant degradation accompanied by a 
reduction in drug activity.16 Moreover intracellular drug release 
from the polymeric matrix may be too slow to be effective. In fact, 
particles could be removed from the intracellular  environment 
before much of the payload has been released.17

To achieve an effective binding, cationic micro- and nano-
spheres consisting of biodegradable polymers (poly(lactic-co- 
glycolic acid)) were therefore obtained in which cationic 
 surfactants are able to adsorb drug onto particles’ surface 
(i.e., cetyltrimethylammonium bromide) or cationic polymers 
(i.e., polyethyleneimine).18,19 However, this approach suffers from 
an inherent surface instability due to the occurrence of cationic 
surfactant desorption, thus ultimately leading to reproducibility 
problems and even toxic side effects. To overcome these prob-
lems, we designed and prepared a novel type of cationic core–shell 
nanospheres (T1), made up of a core of polymethylmethacrylate 
(PMMA), surrounded by a shell bearing cationic groups. PMMA 
T1 nanoparticles have cationic groups, ideal for AONs’ binding, 
covalently bound to the particles thus avoiding desorption and 
instability problems. PMMA-based nanoparticles were already 
described as in vivo drug-delivery systems for the delivery of both 
DNA oligonucleotides and peptides.20,21

Anionic and cationic PMMA–based nanoparticles similar 
to the T1 sample used in this study, were already shown to be 
very promising delivery systems for protein and DNA vaccines 
or for modified peptide nucleic acids as the particle/bioactive 
molecules are readily taken up by the cells where they efficiently 
release the delivered drug, are safe in mice and nonhuman pri-
mates, even after multiple administration of high doses, and 
slowly biodegradable.22–24 This knowledge prompted us to evaluate 

T1 nanoparticles as alternative vehicles to deliver charged RNA-
like AONs and to induce dystrophin rescue with improved effi-
ciency and/or with more durable effect in mdx mice. We indeed 
demonstrate that T1 nanoparticles bind 2′OMePS oligoribonucle-
otides and have a body-wide distribution following IP admin-
istration. This was accompanied with dystrophin restoration 
both in skeletal muscles and in the heart. This rescue persisted 
up to 6 weeks after the last injection. Using T1 nanoparticles, 
the effective dose of AON was highly reduced (2.7 mg/kg) when 
 compared to those used in previous studies on naked AONs deliv-
ery (120–240 mg/kg).25,26 Our results encourage further studies on 
T1 or other novel nanoparticles to evaluate applicable therapeutic 
employment for AON delivery in DMD.

results
t1 nanoparticles and Aon loading experiments
T1 nanoparticles (diameter measured by scanning electron 
micro scope 417 nm, Ζ-potential +46.5 mV, surface charge den-
sity 155 µmol/g) were obtained by emulsion polymerization 
(Figure 1a). They were made of a core of PMMA, surrounded by a 
shell bearing cationic groups. Loading experiments to test  loading 
capacity, depending on the physico-chemical properties of the T1 
nanoparticles, such as surface charge density (155 µmol/g) and 
surface area, showed that T1 nanoparticles (1 mg/ml) adsorbed 
onto their surface 2′OMePS M23D oligoribonucleotide in the 
concentration range of 10–100 µg/ml. The hydrophobic nature 
of the 2′OMePS oligoribonucleotide is responsible for its strong 
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Figure 1 t1 nanoparticles characteristics and biodistribution. (a) T1 
nanoparticle scanning electron microscope image showing the nano-
particles size (diameter 417 nm). (b) Schematic representation of the 
lipophilic interaction between antisense oligoribonucleotide (AON) 
molecules and the surface quaternary ammonium groups onto nano-
particles. (A) between two mesothelial cells of the peritoned side, and 
inside the cytoplasm of both (B) macrophages in lymphatic vessels 
and (C) endothelial cells in blood vessels (arrows). (c) Biodistribution 
of T1-Fluo nanoparticles by fluorescence  microscope analysis in group 
3 mdx mice. A, diaphragm; B, skeletal muscle (gastrocnemius); C, 
heart. Tissue sections were labeled with antinidogen antibody (red 
staining). Isolated nanoparticles are detected inside the cytoplasm or 
close to the basement membrane of the muscle fibers (arrows). Bar = 
20 μm. (d) Biodistribution of T1 nanoparticles by electron microscope 
 analysis. The diaphragm shows the presence of  several nanoparticles 
(See Supplementary Materials and Methods) EC, endothelial cell; 
M,  macrophage; MC, mesothelial cell.
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 lipophilic interaction with the surface quaternary ammonium 
groups and with the matrix of the nanoparticles (Figure 1b). 
M23D adsorption on T1 nanospheres was a highly reproducible 
process with a loading efficiency, representing the percentage of 
bound versus unbound oligonucleotides, ranging from 20 to 100%. 
In particular, the adsorption efficiency was high at low AON con-
centration and it slightly decreased at high AON concentration, 
leading to the assembling of AON/nanoparticles complexes with 
18 µg/mg of loading value (data not shown).

nanoparticles body-distribution
In order to monitor body distribution, three mdx mice (group 3 in 
Table 1) were treated via IP injections with fluorescent AON-free 
T1 nanoparticles and analyzed 1 and 6 weeks after last injection, 
obtaining similar results. Fluorescence analysis was performed on 
spleen, liver, heart, gastrocnemius, diaphragm, and quadriceps. 
In diaphragm, nanoparticles were detected close to the mesothe-
lium (Figure 1c, A). Single particles were found intracellular in 
 several myofibers of gastrocnemius and in the heart (Figure 1c, 
B and C). The number of particles/mm2 was higher in diaphragm 
when compared to gastrocnemius and quadriceps (about 10 and 
2 particles/mm2, respectively). Transmission electron microscope 
examination confirmed the presence of nanoparticles in all tissues 

examined (Figure 1d). T1 nanoparticles appeared as electron-
translucent round structures with an expected size of 500 nm. 
Nanoparticles were found both in the cytoplasm of circulating 
macrophages in lymphatic vessels and inside endothelial cells of 
blood vessels (Figure 1d, B and C).

Immunohistochemical analysis of dystrophin
In all skeletal muscles from mice treated with the T1/M23D 
complexes, dystrophin expression was restored in a significant 
number of fibers. The immunolabeling pattern was character-
ized by clusters of dystrophin-expressing fibers (Figure 2). 
Restored dystrophin localized correctly at the sarcolemma, 
and the intensity of labeling was comparable to the wild type 
(WT) muscle fibers (Figure 3a). However, in some groups of 

table 1 Mdx experiments schedule

Group  
(no. of animals)

Formulations  
dose/injections 1st Injection (day) 2nd Injection (day) 3rd Injection (day) 1st Killing (day) 2nd Killing (day)

1 (n = 6) T1/M23D 2.5 mg/45 μg 0 7 14 21 (n = 4) 60 (n = 2)

2 (n = 2) M23D 45μg 0 7 14 21 (n = 2)

3 (n = 3) T1 2.5 mg 0 7 14 21 (n = 1) 60 (n = 2)

4 (n = 6) NT NT NT NT 21 (n = 3) 60 (n = 3)

NT, not treated.

Untreated mdx

Diaphragm

Gastrocnemius

Quadriceps

C57BL6

Naked M23D 
T1/M23D treated mdx treated mdx

(1 week after 
last injection)

(1 week after 
last injection)

(6 weeks after 
last injection)

Figure 2 Immunohistochemical findings in mdx skeletal muscles. 
Dystrophin immunolabeling in muscle fibers. Representative fields of 
cross sections from C57BL6 wild type, untreated mdx, naked M23D-
treated mdx, and T1/M23D complexes treated mdx mice, diaphragm, 
gastrocnemius, and quadriceps skeletal muscle labeled with a polyclonal 
antidystrophin antibody, demonstrating absence of dystrophin in mdx 
mice untreated and treated with M23D naked AON and restoration of 
immunolabeling in several groups of muscle fibers after treatment with 
T1/M23D complexes analyzed 1 and 6 weeks after the last injection. The 
total injected amount of AON per animal, both naked or nanoparticles-
combined, was 135 μg. Bar = 40 μm.

Untreated mdx

Gastrocnemius

Quadriceps

Heart

T1/M23D treated mdx
(1 week after 
last injection)

T1/M23D treated mdx

(1 week after last injection)

(6 weeks after 
last injection)C57BL6

Untreated mdxC57BL6

a

b

Diaphragm

Gastrocnemius

Quadriceps

Heart

Figure 3 Immunohistochemical findings in mdx skeletal muscles and 
heart. (a) Dystrophin appears correctly expressed at the membrane of 
muscle fibers of T1/M23D-treated mdx mice both 1 and 6 weeks after 
last treatment. The intensity of labeling in rescued dystrophin-positive 
muscle fibers is reminiscent of normal muscle. No dystrophin  labeling is 
detected at the sarcolemma of untreated mdx myofibers. Bar = 20 μm. 
(b) Immunohistochemical analysis of dystrophin in heart from C57BL6, 
untreated mdx, and T1/M23D-treated mdx mice. Restoration of 
 dystrophin immunolabeling is detected in focal areas of cardiac muscle of 
mice treated with T1/M23D complexes, 1 week after last  injection. When 
compared with normal cardiac muscle, the dystrophin  immunolabeling 
appears discontinuous at the membrane of treated  cardiomyocytes. 
Bar = 50 μm.
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fibers the labeling appeared heterogeneous. We found an aver-
age of 40, 40.27, and 45% of dystrophin-expressing fibers with 
a labeling covering 90–100% of the perimeter, in  diaphragm, 
gastrocnemius, and quadriceps, respectively; the percent-
age of myofibers with a labeling ranging from 50 to 90%, was 
44.2% in diaphragm, 55.3% in gastrocnemius, and 45.5% in 
quadriceps. Moreover, 10% in diaphragm, 3% in gastrocne-
mius, and 4% in quadriceps of  myofibers showed a discontinu-
ous pattern or a labeling that covered <50% of the perimeter. 
Immunohistochemical analysis of dystrophin in cardiac mus-
cle of all T1/M23D-treated mdx mice examined 1 week after 
last injection revealed the presence of groups of dystrophin-
expressing cardiomyocytes in different areas of the heart 
(Figure 3b). Dystrophin was absent in the heart of T1/M23D-
treated mice killed 6 weeks after last injection (data not shown) 
and in control mdx mice (Figure 3b).

Quantitative analysis of dystrophin-positive fibers was  performed 
in skeletal muscle of mdx mice treated with T1/M23D complexes, 
while cardiac muscle was not evaluated; the count of dystrophin-
positive fibers in skeletal muscle excluded myofibers with a labeling 
that covered <50% of the perimeter or with a discontinuous pat-
tern. The average of positive-muscle fibers varied between different 
skeletal muscles (Figure 4a). The number of dystrophin-positive 

fibers found in mdx mice treated with T1/M23D complexes was 
significantly increased when compared to mdx mice treated with 
the same dose of naked M23D or to control mdx mice, untreated or 
treated with T1-Fluo AON-free nanoparticles. mdx mice examined 
1 week after last injection showed the highest number of dystro-
phin-positive fibers in diaphragm and quadriceps and the lowest in 
gastrocnemius. In mdx mice examined 6 weeks after the last injec-
tion, the highest  number of dystrophin-positive fibers was detected 
in gastrocnemius and the lowest in diaphragm and quadriceps.

Western blot
By western blot analysis the expression of dystrophin was clearly 
detected in gastrocnemius, quadriceps, and diaphragm from all 
mdx mice groups treated with T1/M23D complexes, examined 
both 1 and 6 weeks after last injection, but undetectable in the 
heart as well as in mdx mice treated with naked M23D or untreated 
(Figure 4b). Two different antibodies against dystrophin produced 
similar results. The size of the protein was indistinguishable from 
the full-length dystrophin of the normal muscle, as expected for a 
protein translated by a single exon 23 skipped transcript. No other 
lower molecular weight products were seen.
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Figure 4 Positive fibers counting and western blotting. (a) The 
 statistical analysis shows a significant increase of dystrophin-positive 
fibers in diaphragm, quadriceps and gastrocnemius of mdx mice treated 
with T1/M23D complexes (group 1) if compared to mdx mice treated 
with M23D naked AON (group 2) or with T1 nanoparticles (group 3; see 
Table 1). The average of dystrophin-positive myofibers varies among 
different skeletal muscles and the mice examined 1 and 6 weeks after 
the last injection. Data represent mean ± SD. §P < 0.05. *P > 0.05. 
(b) Dystrophin immunoblot using DYS2 antibody shows restored expres-
sion of the protein in diaphragm, gastrocnemius, and quadriceps muscle 
from T1/M23D complexes treated mdx (lanes 3 and 4: 1 week after last 
injection, lane 5: 6 weeks after last injection, group 1 in Table 1), while 
no protein is detected in mdx untreated control (lane 2). Dystrophin 
protein is undetectable in heart from both untreated and treated mdx 
mice. Diaphragm, gastrocnemius, quadriceps, and heart from normal 
mice are used as positive controls, 1/30th of protein loaded in the 
other lanes (lane 1). AON, antisense oligoribonucleotide; T1,  cationic 
polymethylmethacrylate.
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Group 4 (n = 6)

Group 1 (n = 4)

Group 2 (n = 2)

20%

16%
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Figure 5 transcript and exon skipping quantification. (a) Quanti-
fication of dystrophin transcript in skeletal and cardiac muscles from mdx 
treated and untreated animals in respect to wild type mice  (considered 
as 100%). Dystrophin transcript expression was evaluated by relative-
quantitative Real-Time PCR using β-actin as endogenous control. 
Histograms represent dystrophin transcript level calculated by the mean 
of exons 7, 22 and 25, 2−ΔΔCT values (expressed as percentage) in differ-
ent skeletal muscles (diaphragm, quadriceps, and gastrocnemius) and 
heart. A total of 26 experiments has been performed (column represents 
the mean values). The analysis was performed on mdx mice from three 
different groups killed 1 week after the last injection: group 1 (n = 4; grey 
column), group 2 (n = 2; white column), and group 4 (n = 6; black col-
umn). (b) Percentage of exon 23 skipping determined by Real-time PCR 
in cardiac and skeletal muscles from mdx treated animals in compari-
son with untreated mice. The analysis was performed on group 1 mice 
(n = 4) in respect to group 4 mice (n = 3), all killed 1 week after the last 
injection. The percentage of exon 23 skipped transcript (2−ΔΔCT  values) 
calibrated on exon 7, was evaluated in three different  experiments and 
appeared to be clearly assessable in the cardiac muscle (16%; grey 
 column) as well as in the skeletal muscles, represented by gastrocnemius 
and quadriceps (6%; white column).



Molecular Therapy 5

© The American Society of Gene Therapy
Nanoparticle/AON Restores Dystrophin in mdx

transcription studies
Quantitative evaluation of T1/M23D treatment on general 
 dystrophin transcriptional level. In order to quantify differences 
in the amount of dystrophin transcript both in skeletal and  cardiac 
muscle from untreated, T1/M23D- and naked M23D-treated 
 animals, we performed a quantitative analysis using exon specific 
real-time assays (ESRAs). This demonstrated that untreated mdx 
mice showed a generally lower transcription level in respect to the 
amount of the transcript (considered as 100%) detected in the WT 
mice, therefore used as control. In addition, the transcription  level 
in mdx follows a muscle-specific pattern, being the higher level of 
messenger in diaphragm (34% of the WT) and heart (14%), where-
as lower levels were seen in gastrocnemius (10%) and quadriceps 
(6%) (Figure 5a). The mdx mice group 1 (Table 1), treated with 
T1/M23D compound and killed 1 week after last injection, showed 
a significant increase of dystrophin transcription levels in the heart 
(80% more transcript), gastrocnemius, and quadriceps (70% and 
50% more, respectively), although at different  extent among treat-
ed mice (Figure 5a). No effect was observed in the diaphragm, 
where transcription level remained comparable in treated and un-
treated animals. The mdx mice group 2, treated with naked M23D, 
did not show significant difference in the  dystrophin transcription 
level in comparison with untreated mdx mice (Figure 5a).

Exon 23 skipped transcript quantification. The percentage of 
exon 23 skipped transcript, calibrated to exon 7 and taking as 
 endogenous control mouse β-actin gene, appeared to be clearly 
assessable in the cardiac muscle (16%) as well as in the skeletal 
muscles (6%) of T1/M23D-treated mdx mice analyzed 1 week after 
last injection (Figure 5b). In addition, the correct exon 22–exon 
24 junction was assessed by sequencing the nested PCR product 
(See Figure S2). Quantitative analyses were also  performed on the 
treated mdx mice killed 6 weeks after last  injection; however, the 
transcription levels were comparable to those of untreated mdx 
mice, and the exon 23 skipped transcript was undetectable.

dIscussIon
In this work, we describe the first application of cationic core–
shell nanoparticles as effective nonviral vehicles for the  delivery of 
charged AONs in vivo. We demonstrated that the T1  nanoparticles 
can efficiently bind 2′OMePS RNA-like  oligonucleotides. We also 
demonstrated that T1 nanoparticles are widely distributed in 
  various tissues/organs including heart and skeletal muscle. We 
also showed that IP administration of the M23D AON adsorbed 
onto T1 nanoparticles induced the restoration of dystrophin pro-
tein expression in skeletal muscles and, although at lower levels, 
in the heart of mdx mice. The dystrophin rescue is associated with 
increased dystrophin transcript and  expression of high  molecular 
weight dystrophin protein, as shown by  western blot analysis. The 
novel dystrophin correctly localized at the sarcolemma, as detected 
by immunohistochemical  analysis. These results  demonstrate 
the effectiveness of this approach both in terms of body-wide 
 distribution and protein synthesis restoration.

Moreover, dystrophin rescue was obtained using a very low 
dose of AON, corresponding to 1/50th to 1/80th of the  routine 
dosage described in the literature for systemic treatments of mdx 
mice.25,26 Dystrophin synthesis is clearly induced by the T1/M23D 

complexes because the injection of the same dose of naked M23D 
did not produce any effect. The combination of slow release and 
depot effects, together with the protection from  degradation/
sequestration, afforded by this delivery system could be  responsible 
of the very low amount of AON required for producing a func-
tional effect. The above suggestion is supported by the well-known 
hydrophobic nature of phosphorothioates,27 which is responsible 
for the strong lipophilic interactions of  oligonucleotides with 
 quaternary ammonium groups and matrix of the nanoparticles.

Because a moderate toxicity is documented for PS-AONs, 
even in view of chronic treatment, the possibility of obtaining 
 sustainable effects by using a very low dose is certainly realistic.

The second interesting result is the dystrophin rescue obtained 
in the heart, as shown in treated mdx mice killed 1 week after the 
last injection. Although we are aware that the amount of dys-
trophin rescue in the heart is low, we should consider that it has 
been obtained by 1/80th of the dose previously administered for 
systemic delivery of 2′OMePS.25 It is also known that other AON 
molecules as phosphorodiamidate morpholino oligomer-AONs do 
not reach the heart spontaneously but only when conjugated with 
cell-penetrating peptides.9,10,26 Therefore, despite the low amount 
of rescue as well as the lack of its persistence after 6 weeks, the T1/
M23D complex represents the first conjugate able to improve the 
2′OMePS oligomer uptake by systemic administration.

Although delivery of 2′OMePS was demonstrated to be 
improved by using synthetic cationic copolymers of polyethyl-
eneimine and poly(ethylene glycol), this delivery was performed 
only locally because systemic administration of these copolymers 
may present toxic effects.3,28–30

We have also set up a novel quantitative analysis (ESRA) 
of dystrophin transcripts that provided the identification of a 
 muscle-specific pattern of transcription in untreated mdx mice 
in comparison with WT mice. We used both β-actin and adja-
cent dystrophin exons as reference transcribed regions. The ESRA 
analysis allowed us both to identify a wide increase of transcrip-
tion levels after treatment in the different muscles, including heart, 
and to quantify the dystrophin exon 23 skipped transcript in the 
heart (16%) and in skeletal muscles (6%). The increased amount 
of dystrophin transcript in T1/M23D-treated mdx mice could be 
due to an enhanced stability of skipped transcript and/or to the 
inhibition of nonsense mediated decay. The difference between 
heart and skeletal muscle exon 23 skipped transcript amounts is 
remarkable. Furthermore, it is also evident that there is a discrep-
ancy between transcript and protein rescue, being inversely pro-
portional in heart versus skeletal muscle. Although explaining this 
peculiar but relevant finding requires further studies, there are 
data showing that both the transcription and translation  behavior 
varies between heart and skeletal muscle. This may be due to 
cis/trans acting tissue specific factors able to destabilize or stabilize 
the transcripts or more generally to the different  transcription and 
translation efficiency in both tissues.31,32

Histological analysis showed no apparent tissue damage in 
any of the organs examined, such as liver, kidney, and spleen 
(Figure S1).

A possible disadvantage in using PMMA nanoparticles is 
related to their slow biodegradability, possibly causing adverse 
effects due to accumulation in chronic treatments. Furthermore, 
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T1 nanoparticles might not be appropriate for intravenous usage, 
because the possibility to form small aggregates, expected by 
using >2.5 mg of nanoparticles.24 For these reasons and in order to 
improve the potential for such a novel approach, we are  currently 
testing different nanoparticles, varying in size, RNA binding 
 affinity, and bioerosion propensities.

In summary, our results show that IP administration of a low 
dose of specific AON–nanoparticle complexes can effectively 
restore dystrophin synthesis in both skeletal and cardiac muscle. 
Nanoparticles are therefore eligible as candidate delivery systems 
for RNA molecules supporting further investigations in particu-
lar for DMD AON-mediated therapeutics.

MAterIAls And Methods
AON synthesis. M23D(+07-18) (5′-GGCCAAACCUCGGCUUACCUG
AAAU-3′) AON against the boundary sequences of the exon and intron 
23 of mouse dystrophin gene, contains 2′-O-methyl modified RNA and 
full-length phosphorothioate backbone.33 Oligonucleotide synthesis 
was carried out on an ÄKTA oligopilot plus 10 DNA/RNA synthesizer 
(GE Healthcare, Milano, Italy) using its trityl-on mode. The sequence 
was synthesized on a 2-μmol scale using Primer Support 200 loaded at 80 
μmol/g (Amersham Biosciences, Milano, Italy). Commercial 2′-O-methyl 
phosphoroamidites (Proligo, Boulder, CO) were dissolved to a nominal 
concentration of 50 mmol/l in anhydrous acetonitrile (CH3CN) and acti-
vated with a 0.25 mol/l solution of 5-(bis-3,5-trifluoromethylphenyl)-
1H-tetrazole (Proligo) in CH3CN. The final detritylation was achieved 
using a 0.1 mol/l aqueous solution of NaOAc (pH 3.0). Crude dimeth-
yltryptamine protected and detritylated oligonucleotide were purified 
by an ÄKTAbasic ultra physical contact liquid chromatography system 
using an Amersham Biosciences Resource RPC 3 ml column eluted under 
a gradient of CH3CN in 0.1 mol/l  triethylammonium acetate (pH 8).

The final oligonucleotide was dissolved in water and filtered through 
a short column of Dowex 50WX8 (Na+ form, 100–200 mesh) to obtain 
after lyophilization 0.8 μmol (40%) of target compound. The purity of the 
full-length desired product was evaluated by MALDI-TOF MS, 31P-NMR 
and RP-HPLC analyses.

T1 nanoparticles loading experiments. For phosphorothioate modified 
RNA-like oligonucleotide (2′OMePS-AON) adsorption experiments, 
1.0 mg of freeze-dried nanospheres were suspended in 1.0 ml of 20 mmol/l 
sodium phosphate buffer (pH 7.4) and sonicated for 15 minutes. The 
appropriate amount of a concentrated aqueous solution of 2′OMePS-
AON was then added to reach the final concentration (10 ÷ 100 µg/ml). 
The experiments were run in triplicate (SD ≤ 10%). The suspensions were 
continuously stirred at 25 °C for 2 hours. After microfuge centrifugation 
at about 18,000 rpm for 15 minutes, quantitative sedimentation of the 
AON–nanoparticle complexes was obtained and aliquots (10 ÷ 50 µl) of the 
supernatant were withdrawn, filtered on a Millex GV4 filter unit and diluted 
with sodium phosphate buffer. Finally, UV absorbance at λ = 260 nm was 
measured. Adsorption efficiency (%) is calculated as 100 × (administered 
AON) − (unbound AON)/(administered AON).

Animals. All experiments were performed on male mdx mice (C57BL/ 
10ScSn–Dmdmdx/J) or age-matched WT male mice (C57BL/10SnJ). 
All procedures were approved by the Animal Experimentation Ethics 
Committee. Mice were housed in temperature-controlled rooms (22 °C) 
with a humidity of 50% and a 12:12 hour light–dark cycle. Mice were 
 purchased from the Jackson Laboratory (Bar Harbor, ME).

IP injections of T1–AON complexes, T1-Fluo-AON free, and naked 
AON. T1 nanoparticles toxicity tests were performed both in mice 
and in murine/human cells using up to 5 mg/injection (IP) in animals 

and 10 mg/ml in cells. No toxicity was observed both in in vivo and in 
in vitro systems (A. Caputo, Department of Histology, Microbiology, and 
Medical Biotechnology, personal communication, September 2006).

mdx mice (8–10 weeks of age) were IP injected with 250 μl of T1/M23D 
complex, containing 45 μg of M23D AON and 2.5 mg of T1 nanoparticles 
(thought to represent a well-tolerated dose both for multiple IP and 
for IV administration) dissolved in sterile unpreserved saline solution 
(0.9% sodium chloride), or 250 μl containing 45 μg of M23D dissolved 
in unpreserved saline solution, and monitored according to approved 
NIH and University guidelines. The complex suspension (250 μl) was 
slowly injected through the abdominal skin into the peritoneal cavity 
using an insulin syringe fitted with a 28-gauge needle. One group of mdx 
mice (n = 6) (group 1) received three identical injections of T1/M23D 
complex at days 0, 7, and 14. One group of mdx mice (n = 2) (group 2) 
received three identical injections of M23D naked AON at the same times. 
Controls were age-matched mdx mice injected at days 0, 7, and 14 with 
fluorescent T1 AON-free nanoparticles (n = 3) (group 3) and untreated 
mdx mice (n = 6) (group 4) as negative controls. The total amount of 
the administered M23D AON was 135 μg/animal. Table 1 summarizes 
treatments and killing of mice analyzed in the present work.

Harvest of tissues. At 1 week after the third injection, four mdx mice of group 
1, two mdx mice of group 2, one mdx mouse of group 3 and three mdx mice 
of group 4, were killed and diaphragm, gastrocnemius, quadriceps, and car-
diac muscles were isolated, blotted dry, trimmed of external tendon, pinned 
to Parafilm-covered cork, snap frozen in liquid N2-cooled isopentane, and 
stored at −80 °C until further processing. Muscles from the two remaining 
mdx mice of group 1 together with the control mdx mice, two from group 
3 and three from group 4, were harvested 6 weeks after the last injection 
(16–18 weeks of age). Liver, kidney, and spleen were also harvested.

Fluorescent microscope analysis of nanoparticles distribution. Seven-
micrometer thick frozen sections of liver, spleen, heart, diaphragm, quad-
riceps, and gastrocnemius skeletal muscles from mdx mice of group 3 
(Table 1) were labeled with a rabbit antinidogen antibody (Calbiochem, 
San Diego, CA), selected as marker of basal lamina, incubated with an 
antirabbit tetramethyl rhodamine iso-thiocyanate–conjugated  secondary 
antibody (DAKO, Glostrup, Denmark), washed several times with phos-
phate-buffered saline and observed with a Nikon Eclipse 80i fluorescence 
microscope (Nikon Instruments, Firenze, Italy). Serial  sections, obtained 
from three different levels of each organ at 100-μm intervals were observed 
at 100× and images recorded with a Nikon digital camera.

Transmission electron microscope study of nanoparticles  distribution. 
Liver, spleen, kidney, diaphragm, gastrocnemius and quadriceps  skeletal 
muscles, and heart were fixed with 2.5% glutaraldehyde in 0.1 mol/l  
phosphate buffer for 3 hours and with 1% osmium tetroxide in Veronal 
buffer for 2 hours, dehydrated with ethanol and embedded in Epon 
E812.

Ultrathin sections were stained with lead citrate and uranyl acetate 
and observed in a Philips EM 400 transmission electron microscope (FEI, 
Hillsboro, OR), operated at 100 kV.

Immunohistochemical analysis of dystrophin. Seven-micrometer thick 
frozen sections of heart, diaphragm, quadriceps, and gastrocnemius skel-
etal muscle fragments from mdx treated with M23D AON T1-conjugated 
 complex (group 1), M23D naked AON (group 2), T1-Fluo AON-free 
(group 3), and untreated mdx mice (group 4), were labeled with a  polyclonal 
 antidystrophin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) 
diluted 1:100, incubated with an antirabbit tetramethyl rhodamine iso-
 thiocyanate–conjugated secondary antibody (DAKO), washed several 
times and observed with a Nikon Eclipse 80i fluorescence microscope.

Evaluation and quantification of dystrophin-positive fibers. Dystrophin 
immunolabeled transverse sections from WT, treated, and untreated mdx 
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mice were analyzed with a Nikon Eclipse 80i fluorescence microscope at 
20× and images were taken with a fixed exposure time (0.5 seconds) using 
an high-resolution CCD camera (Nikon). Images were analyzed by NIS-
Element BR2.20 (Nikon) imaging program and the threshold intensity for 
each tissue was determined on sections of WT mice. Because in T1/MD23 
treated mdx mice groups of fibers showed a heterogeneous pattern, the per-
centage of the perimeter truly labeled by the antibody was determined for 
each fiber by using the AnalySIS program (Soft Imaging System, Muenster, 
Germany). The count of dystrophin-positive fibers excluded myofibers 
with a labeling that covered <50% of the perimeter or with a discontinuous 
pattern. The number of dystrophin-positive fibers was evaluated on three 
different levels, 300 μm apart from each other, in the diaphragm, gastroc-
nemius, quadriceps, and on eight serial sections, at 100-μm intervals, of the 
heart. At least 3,000 muscle fibers from the diaphragm and gastrocnemius 
and 5,000 from the quadriceps muscles, respectively, obtained from three 
different levels of tissue blocks for each sample, were studied for statistical 
evaluation; data were analyzed according to Mann–Whitney test, and the 
criterion for statistical significance was P < 0.05.

The counts were performed blind to sample identity and the relative 
patterns were confirmed by an independent observer in order to unbias 
the observation.

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis and immu-
noblotting analysis. Twenty-micrometer thick frozen muscle sections 
were homogenized with a lysis buffer containing 7 mol/l urea, 2 mol/l thio-
urea, 1% amidosulfobetaine-14, and 0.3% dithioerythritol, and then cen-
trifuged at 1,500g for 10 minutes. Protein concentration was determined 
in the supernatants with the Bradford method. Aliquots of proteins from 
normal C57BL/10 mice (10 µg) and from muscles of treated or untreated 
mdx mice (300 µg) were loaded onto a 6% T sodium doedecyl sulphate–
polyacrylamide gel and separated by electrophoresis. Samples were trans-
ferred to a nitrocellulose membrane overnight at 75 V. The membrane was 
blocked with nonfat dried milk for 60 minutes at room temperature and 
incubated overnight at 4 °C with the specific antibody DYS2 (a mouse 
monoclonal antibody to the carboxy terminal region of dystrophin, 1:100, 
NovoCastra, Newcastle, UK) or H-300 (a rabbit polyclonal antibody to 
the internal region of dystrophin, 1:200, Santa Cruz Biotechnology). After 
intervening washes, the membrane was incubated with horseradish per-
oxidase–conjugated goat antimouse or antirabbit IgG diluted 1:40,000 or 
1:30,000, respectively. Immunocomplexes were visualized with the ECL 
Advance Western Blotting Detection Kit (Amersham Pharmacia Biotech, 
Buckinghamshire, UK).

RNA studies. Total RNA was purified from muscle biopsies of WT 
(n = 2), untreated (n = 6), and treated mdx mice (n = 8), by using RNeasy 
kit (Qiagen, La Jolla, CA) and reverse transcribed into cDNA using 
the high capacity cDNA reverse transcription kit (Applied Biosystems, 
Frankfurt, Germany). Six novel ESRAs detecting mdx exons 7, 8, 22, 23, 
25, and 56, were specifically developed for this study. These exons were 
chosen because they do not undergo spontaneous alternative splicing. 
ESRA on exons 7, 22, 23, and 25 were used to quantify the percentage of 
exon 23 skipping in treated mice. Dystrophin transcript quantification 
was performed by comparison with the β-actin gene on each isolated 
muscle from both treated and control mdx mice. All these ESRAs are 
based on TaqMan technology and have been designed by PrimerExpress 
Applied Biosystems software (Applied Biosystems). Primers and probes 
sequences are available upon request. The amount of target sequences in 
respect to appropriate endogenous control (β-actin gene) was evaluated 
by the comparative CT method with respect to the endogenous β-actin 
control (ΔΔCt Method) (Applied Biosystems User Bulletin no. 2). Nested 
RT-PCR was performed as described in ref. 25, skipped transcript was 
analyzed by sequencing (ABI PRISM 3130 Automated Sequencer; 
Applied Biosystems).

suPPleMentAry MAterIAl
Figure S1. Morphological analysis of liver, kidney, and spleen from 
mdx mice treated with T1/M23D complex.
Figure S2. Nested RT-PCR analysis of dystrophin mRNA in muscle 
 tissues of wild type, untreated, and T1/M23D-treated mdx mice.
Materials and Methods.
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