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Although the natural history of patients with Duchenne Muscular dystrophy (DMD) is 
characterized by a progressive impairment of muscle function leading to death for 
cardio-pulmonary failure,  there is a clinical variability in these patients regarding age 
of onset, patterns of skeletal muscle involvement, heart damage, and rate of 
progression. Most therapeutic strategies for DMD have been palliative rather than 
curative. Experimental treatments in DMD are difficult due the absence of reliable 
biomarkers that could be prognostic of the progression of the disease or response to 
the treatment. Recent works from several laboratories support the idea that increased 
circulating endothelial progenitors predict cardiovascular and vascular diseases. We 
hypothesized that the levels of circulating stem cells expressing the CD133 antigen 
which possess myo/endothelial potential would predict the progression of DMD. The 
count of circulating CD133+ stem cells was similar in DMD patients and healthy 
subjects. We found a subpopulation of CD133+ stem cells also expressing the CXCR4 
receptor but not CD34 that was significantly higher in DMD patients compared with 
healthy controls and positively correlated with the clinical score. DMD patients 
exhibiting mild phenotype have higher levels of this subpopulation of circulating  
CD133+ stem cells than patients exhibiting severe phenotype. Linear regression 
analysis showed a direct correlation between the levels of these cells and the clinical 
condition of the DMD patients. The circulating AC133+CXCR4+CD34- cells isolated 
from DMD and healthy subjects express early myogenic and endothelial markers in 
vitro and differentiate into muscle and endothelial cells in vivo after their 
transplantation into scid/mdx dystrophic mice.  Based on these data we believe that 
the levels of a subpopulation of circulating CD133+ stem cells in DMD patients may be 
a promising new prognostic clinical marker of the progression of the disease with 
practical significance to allow any beneficial effect in future clinical trials. 
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The use of stem cells in regenerative medicine and cell-based therapies offers 
immense potential in  diseases witch have currently no treatment such as Duchenne 
muscular dystrophy. A limitation to the use of CD133+ for a therapeutic application is 
the relatively low number of cells that can be recovered from peripheral blood 
mononuclear cells. The goal of ex vivo expansion is to induce proliferation of blood 
derived (circulating) CD133+ cells while maintaining their primary functional 
characteristic. In this work we explored an alternative methods for the expansion of 
blood-derived stem cells we investigated the interactions between CD133+ cells and 
smooth surfaces of titanium (TiO2). Our results indicate that cluster-assembled 
nanostructured TiO2 is biocompatible surface for cell culturing directly supporting 
normal growth and proliferation of hematopoietic stem cells. In these experiments we 
also identified a cocktail of cytokines SCF, bFGF, EGF, VEGF, LIF, TEPA, IL6 witch 
supported the growth of blood CD133+ stem cells. In this condition the cells can be 
expanded for more than 50 and we observed no indication of replicative senescence or 
significant changes in cellular division time. The proliferating cells still had the capacity to 
form hematopoietic and endothelial colonies in semisolid media and differentiate into 
myogenic cells. Human circulating CD133+ cells were also cultured at 5-percent or 20-
percent oxygen in liquid culture in presence of the better cocktail of cytokines and we 
analysed and compared their expansion capacity and their vitality. The total number of 
cells increased 6-fold at 5-percent oxygen and could result in a better maintenance of 
the balance between primitive progenitor cell renewal and clonogenic progenitor 
expansion, thus representing a tool of  remarkable therapeutic interest. 
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Duchenne muscular dystrophy (DMD) is a genetic disease with an X-linked 

recessive pattern of inheritance. It affects one in 3,500 boys at birth. Muscular 

dystrophies are caused by mutation of the same gene encoding for the dystrophin. 

This protein is expressed in the skeletal muscle, the heart and the digestive system 

and is essential to the maintenance of cellular architecture. Thus, a defect of the 

dystrophin involves the rupture of this bond and causes a weakness of the muscle cell 

membrane. In the late-stage disease, the majority of DMD patients develop a dilated 

cardiomyopathy. For the moment, there is no curative treatment available. Embryonic 

stem (ES) cells, which can divide indefinitely and give rise to many cellular types 

including cardiomyocytes, represent a very promising tool for a cell therapy approach 

of the cardiac pathology in this disease. However, defining the appropriate cell 

population to transplant is still in question. 

The aim of this project is to obtain an homogeneous and self-renewable 

population of cardiac precursors from embryonic stem cells, based on two types of 

approaches: (i) co-cultures with visceral endoderm-like (END-2) cells or new-born rat 

heart fibroblasts which are potentially able to induce cardiac differentiation and (ii) 

using growth factors that promote cardiac differentiation (BMP2, Wnt3a).  

The preliminary results showed that addition of Wnt3a during the first three days 

of differentiation of mESc increase the proportion of contracting myocytes. Moreover, 

we have established co-culture of hESc with new-born rat heart fibroblasts and results 

are encouraging to follow through these studies. 
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Duchenne Muscular Dystrophy (DMD) is the most severe form of dystrophinopathy, in 

which nul mutations in the DMD gene (mostly frameshifting deletions, and nonsense 

point mutations) result in the complete absence of dystrophin. A milder phenotype of 

the disease, Becker Muscular Dystrophy (BMD), generally arises from in-frame 

deletions allowing the synthesis of a shorter but still quasi-functional protein. Based on 

these observations, therapeutic approaches to restore the reading frame by exon 

skipping have been developed. We and others demonstrated the use of exon skipping 

to restore the expression of a fully functional quasi-dystrophin. In our experiments, the 

targeted pre mRNA sequences are carried by an engineered U7 small nuclear RNA 

which is delivered to the myoblasts by a lentiviral vector. When getting patients 

muscle biopsies is unavailable or impossible, we used skin fibroblasts (CD90+, CD56-

) easily obtained. After having cultured control fibroblasts, they are transfected with a 

lentivirus carrying MyoD under the tet on promoter to induce myogenic differentiation 

(63% after 3 days are CD56+). Control fibroblast-derived myoblasts expressed 

myogenic protein e.g. myogenin, desmin and dystrophin. 

Using DMD patients fibroblast-derived myoblasts, we obtained the similar myogenic 

differentiation but no dystrophin. On these cells, using the same U7 lentivirus, skipping 

either exon 45 or exon 51 restored a dystrophin open reading frame mRNA detected 

by nested RT PCR and a quasi dystrophin detected by Western Blot. 

Conclusions: We validated efficient target sequences to successfully skip exon 45 or 

51 in the dystrophin pre messenger RNA. Moreover, we showed that the exon 

skipping method worked on skin biopsies fibroblast-derived myoblasts, providing an 

alternative to muscular biopsy. 
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Duchenne Muscular Dystrophy (DMD) is an X-linked recessive disorder due to 
mutations in the gene that encodes dystrophin. Most of these mutations consist in 
large genomic deletions, although their extent is not directly correlated with the 
severity of the phenotype. Out-of-frame deletions lead to abortion of translation, 
dystrophin deficiency and severe DMD phenotypes, while internal deletions that 
produce in frame mRNAs leading to shorter proteins are responsible for a milder 
myopathy known as Becker Muscular Dystrophy (BMD). About 80% of the out-of-
frame mutations could be theoretically rescued after restoring the translational frame 
by using exon skipping strategies. Here we used gene transfer in a large animal 
model of DMD, the Golden Retriever Muscular Dystrophy (GRMD) dog, to achieve the 
precise skipping of multiple exons spaced over 125,000 bp of the dystrophin pre-
mRNA and the re-expression of a functional protein. This led to sustained correction 
of the dystrophic phenotype in extended muscle areas and muscle strength recovery. 
Exon skipping was obtained with U7snRNAs (U7smOPT) carrying antisense 
sequences designed to mask determinants of exon 6 and 8 definition. These 
U7smOPT were introduced into skeletal muscle fibres by using Adeno Associated 
Viral (AAV2/1) vectors. After two months, levels of dystrophin were almost normal in 
transduced fibres. Histological examination revealed that the dystrophin glycoprotein 
complex was restored and that spontaneous muscle damages were stopped. Muscle 
architecture was fully corrected and fibres displayed the hallmarks of mature and 
functional units. Muscle force reflecting fibers functional integrity were improved. Our 
study documents for the first time the recovery of dystrophin at the scale of entire 
limbs in a large animal and thus represents a critical milestone for the development of 
clinical trials in human patients. 
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Duchene Muscular Dystrophy (DMD) is a severe muscle disorder caused by 
mutations in the dystrophin gene. The efficacy of antisense oligonucleotide (AO)-
mediated exon skipping for the restoration of dystrophin has been established in 
animal models and in DMD patients. However there remain significant limitations to 
this therapeutic approach due to the lack of effective systemic AO delivery to target 
tissues of muscle and heart. Here we investigate systemic tissue-specific AO delivery 
by testing AOs directly conjugated to cell penetrating peptides (CPPs) alone or in 
combination with tissue-specific homing peptides (e.g. muscle-specific peptide, MSP). 
Morpholino (PMO) chemistry AOs were directly conjugated to CPPs alone or in 
combination with homing peptides and evaluated in mdx mice following systemic 
delivery. Effective exon skipping and dystrophin expression were induced in body-
wide skeletal muscles at extremely low AO doses of 3mg/kg and also in heart. This is 
the first time that targeted AO delivery to muscle and successful body-wide restoration 
of dystrophin expression have been achieved at such low AO doses. In parallel we 
also report the discovery and characterization of a novel delivery formulation which 
facilitates AO uptake in muscle. A series of studies have shown that this delivery 
formulation enhances the delivery of AOs of different chemistries (e.g. 2-OMeRNA, 
PNA and PMO), depends on the activity of specific muscle membrane transporters, 
and that it induces significant restoration of dystrophin expression in muscle compared 
with commonly used delivery formulations. In summary, we report data demonstrating 
the potential of tissue-specific homing peptides, CPPs and novel delivery formulations 
for the targeted restoration of dystrophin in DMD.  
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Antisense-mediated exon skipping is a potential treatment for Duchenne muscular 
dystrophy (DMD). Using antisense oligonucleotides (AONs) the disrupted DMD 
reading frame is restored, allowing the generation of partially functional dystrophin and 
conversion of a severe Duchenne into a milder Becker muscular dystrophy phenotype. 
This strategy has been studied in cultured patient cells and in mouse and dog models. 
Further, clinical proof of concept was obtained through an exploratory study in which 
four DMD patients received a local dose of a 2’O-methyl phosphorothioate (2OMePS) 
AON targeting exon 51. Recent studies in mdx mice show relatively high exon 23 
skipping efficiencies with another type of AON chemistry, morpholino AONs (PMOs). 
We here directly compared both chemistries and assessed the effects of length 
(PMOs are typically 25 nucleotides and 2OMePS 20 nucleotides), cellular uptake and 
sequence. The study included short 2OMePS, long 2OMePS and PMO AONs 
targeting mouse exon 23 and human exons 44, 45, 46 and 51.  Exon 23 AONs were 
tested intramuscularly and intravenously in mdx mice, human AONs only 
intramuscularly in the hDMD mouse, which has an integrated full-length copy of the 
human DMD gene. For mouse exon 23, PMO was confirmed to be more efficient than 
2OMePS, however for the human exons PMO and 2OMePS skipping efficiencies 
were more comparable, which suggests sequence-dependence. Notably two 
mismatches rendered 2OMePS but not PMO AONs ineffective, implying PMOs may 
be less sequence-specific. Increasing the length of 2OMePS AONs enhanced 
skipping efficiencies of human exon 45, but decreased efficiency for mouse exon 23. 
After intravenous administration, exon skipping and novel protein was shown in the 
heart for the first time with both AON chemistries. Further, PMO showed lower 
intramuscular concentrations with higher exon 23 skipping levels compared to 
2OMePS AONs. Possibly, the charged 2OMePS is sequestered in the interstitial 
space.  
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Exon skipping by antisense oligonucleotides (AONs) represents a promising tool 
successfully used for reframing dystrophin as demonstrated in a recent pilot trial in 
DMD patients. Since all the effort has been focused on favourable exons skipping in 
the commonest deletion mutations, we focused our research on the identification of 
optimal AONs for modulating small mutations. These account for 20-30% of all 
reported mutations and, if occurring within skippable exons, are eligible for AONs 
modulation. Among 50 patients characterised by us and carrying small mutations in 
the dystrophin gene we have selected 5 patients (c.1132_1135dup in exon 10, 
c.1912delC in exon 16, c.3447_3448delinsTT in exon 26, c.4565delT in exon 33, 
c.4780delTins37 in exon 34) with mutations occurring in skippable exons, and we 
have designed for each exon one AON on the wild type sequence and one on the 
mutated sequence. In order to avoid the usage of patients’ cells we have set up an in 
vitro cell-free splicing assay for testing the designed AONs. We have therefore 
validated all the AONs designed on MyoD transformed patients’ fibroblasts. 
Our experiments in cells resulted both in a re-framing of the dystrophin transcript 
lacking the skipped mutated exon and in a protein product. Although both wild type 
and mutated AONs were able to induce a specific exon-skipping, their efficiency 
varied if measured by qRT-PCR in patients’ cells and densitometry analysis on cell 
free splicing assay.  
In conclusion, we have developed a cell-free splicing assay able to reproduce the 
splicing of dystrophin exons with private small mutations useful to search for optimal 
antisense without using patients’ material. These data highlight the complexity in 
identifying the optimal AON for exons with private small mutations with possible 
implications on therapeutic designing. 
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          Duchenne muscular dystrophy (DMD), a relentless progressive muscular 

dystrophy is caused by protein truncating mutations in the dystrophin gene that result 

in the absence of functional dystrophin.  Loss of dystrophin leads to irreparable 

membrane damage, thus promoting calcium ion influx and cell death. 

          Antisense Oligomer (AO) induced exon skipping is a molecular intervention 

whereby AOs are targeted to motifs involving in pre-mRNA splicing.  This has been 

used to induce specific exon removal and by-pass the disease-causing gene lesion in 

the mdx mouse model of muscular dystrophy.  We are investigating exon skipping in 

the B6Ros.Cg-Dmdmdx-4Cv/J (mdx 4CV) muscular dystrophy mouse, which carries a 

nonsense mutation in exon 53 of the dystrophin gene.  To restore the reading frame, 

both exons 52 and 53 must be excised from the mature dystrophin gene transcript to 

by-pass the primary gene lesion and maintain the reading frame.  2'-O-Methyl AOs, on 

a phosphorothioate backbone have been designed to mask these exons from the 

splicing machinery and lead to their excision.  Initial AO combinations induced 

skipping of exons 52/53 and restored some protein expression.  However the 

predominant transcript was missing only exon 53 as determined by RNA studies.  We 

designed additional AOs to enhance exon skipping of both exons 52 and 53.   

          We highlight the importance of AO design to enhance efficiency of single and 

multi-exon removal. 
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PTC Therapeutics, Inc. (PTC) and Parent Project Muscular Dystrophy (PPMD) are 
collaborating to discover new drugs to treat Duchenne muscular dystrophy (DMD).  
Several targets were selected to enter the drug discovery program based on 
functional validation from animal studies. The targets selected for high throughput 
screening (HTS) included: utrophin (UTRN), muscle-specific insulin-like growth factor 
(mIGF1), and α7 integrin (ITGA7). Using a proprietary drug discovery platform 
technology, referred to as GEMS (Gene Expression Modulation by Small-molecules), 
we sought to identify small molecules that upregulate the production of these protein 
targets to identify potential treatments for DMD.  Constructs containing the firefly 
luciferase (fLuc) reporter gene flanked by the 5’ and 3’ untranslated regions (UTR) 
specific for each of the targets were stably transfected in human muscle (RD) or 
kidney (293H) cells and used in HTS. We identified hits that demonstrate 
concentration dependent activities in cell-based reporter assays and in assays that 
measure protein levels. Further, a number of molecules exhibit good pharmacological 
properties (e. g., low cytotoxicity and microsome metabolic stability). Presently, we are 
focused on optimizing the activity, potency and pharmacological properties of 2 
chemical scaffolds for the mIGF1 program which exhibit up to 5 fold upregulation of 
mIGF1 and demonstrate structure-activity relationships. For UTRN and ITGA7, we 
have identified 2 chemical scaffolds for each target and are in the process of 
establishing structure-activity relationships for these chemical classes. The ultimate 
goal of this drug discovery and development effort is to identify small molecules that 
can specifically modulate the production of a number of proteins that can be used as 
monotherapy or as part of a combination therapy to treat Duchenne muscular 
dystrophy.  
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Duchenne muscular dystrophy (DMD) is a severe X-linked muscle 
degenerative disease caused by mutations or deletions in the dystrophin gene leading 
to absence of the protein. The members of the Rho family of small GTPases are 
molecular switches that control a wide variety of signal transduction pathways linked 
to the regulation of the actin cytoskeleton, cell polarity, microtubule dynamics, 
membrane transport pathways and transcription factor activity. 

Here, we show that in mdx mice (which possess a stop codon within exon 23 
of dystrophin and, thus, do not produce the protein), exogenous expression of 
activated RhoA in muscle fibers induces dystrophin reexpression. Full length 
dystrophin could be detected with different antibodies at the sarcolemma of fibers in 
which RhoA was electro-transferred and this re-expression led to re-appearance of 
proteins of the DGC complex. Moreover electroporated fibers presented 2 times more 
peripherical nucleated fibers than controls and consequently, a reduction in the 
severity of the dystrophic phenotype. 

We then demonstrate that RhoA-induced re-expression of dystrophin is not 
due to an activation of ribosomal read-through by RhoA. Moreover, we show than 
RhoA can activate the dystrophin promoter and inhibit NMD (Nonsense Mediated 
mRNA Decay) thus helping to stabilize dystrophin mRNA. Finally, we reveal by PCR 
amplification that RhoA induces the exon skipping of exon 23 in the dystrophin gene 
of mdx mice, allowing the translation of dystrophin mRNA and re-expression of the 
protein.  

  In this study we demonstrate that in mdx mice dystrophin re-expression 
following exogenous expression of active form of RhoA is due to skipping of 
dystrophin exon 23. This finding suggests that RhoA can regulate exon skipping in the 
dystrophin gene. Understanding the underlying mechanism will be important for the 
discovery of new therapeutic targets able to lead to or to amplify exon skipping in 
DMD patients.  
 

 
 

 
 
 
 

 


