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Targeted Gene Addition of Microdystrophin in Mice 
 Skeletal Muscle via Human Myoblast Transplantation
Basma F Benabdallah1, Arnaud Duval2, Joel Rousseau3, Pierre Chapdelaine3, Michael C Holmes4, Eli Haddad5,6,  
Jacques P Tremblay3 and Christian M Beauséjour1

Zinc finger nucleases (ZFN) can facilitate targeted gene addition to the genome while minimizing the risks of insertional 
mutagenesis. Here, we used a previously characterized ZFN pair targeting the chemokine (C-C motif) receptor 5 (CCR5) locus 
to introduce, as a proof of concept, the enhanced green fluorescent protein (eGFP) or the microdystrophin genes into human 
myoblasts. Using integrase-defective lentiviral vectors (IDLVs) and chimeric adenoviral vectors to transiently deliver template 
DNA and ZFN respectively, we achieved up to 40% targeted gene addition in human myoblasts. When the O6-methylguanine-
DNA methyltransferaseP140K gene was co-introduced with eGFP, the frequency of cells with targeted integration could be 
increased to over 90% after drug selection. Importantly, gene-targeted myoblasts retained their mitogenic activity and potential 
to form myotubes both in vitro and in vivo when injected into the tibialis anterior of immune-deficient mice. Altogether, our 
results could lead to the development of improved cell therapy transplantation protocols for muscular diseases.
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Introduction

Genetic engineering represents an interesting strategy for the 
treatment of inherited disorders. Most current gene therapy pro-
tocols aiming to achieve long-term expression of a therapeu-
tic transgene rely on integrating vectors such as retroviruses 
and lentiviruses. However, insertional mutagenesis associated 
with random integration of the transgene represents a real bio-
safety concern for which an alternative is needed.1

The use of zinc finger nucleases (ZFN) can greatly facili-
tate the integration of a transgene at a precise genomic 
locus.2–5 Indeed, ZFN can greatly stimulate homologous-di-
rected recombination by creating a double strand break at a 
desired DNA sequence. In particular, a pair of ZFN was previ-
ously shown to recognize and disrupt with high specificity the 
major HIV-1 co-receptor, the chemokine (C-C motif) receptor 
5 (CCR5), in human T cells and CD34+ cells.2,5,6 The CCR5 
locus is considered a potential safe harbor for gene addition 
as humans carrying a homozygous 32-bp deletion within 
exon 3 of the CCR5 gene exhibit no deleterious phenotype.7–9 
We previously showed that ZFN-driven targeted integration at 
the CCR5 locus of the erythropoietin gene can be achieved 
at high levels in human mesenchymal stem cells.10 Moreover, 
biologically relevant secreted levels of erythropoietin were 
observed after modified mesenchymal stem cell were trans-
planted in immune-deficient mice.10

Duchenne muscular dystrophy (DMD) is the most severe 
childhood muscular dystrophy. Various mutations into the 
dystrophin gene have been shown to be responsible for the 
disease, making DMD patients candidates for gene therapy.11 
Dystrophin plays an important role in maintaining myofiber 
integrity and stability, the absence of a functional dystro-
phin protein in the myofibers makes them highly vulnerable 

to the damage during contractions leading to a continuous 
degeneration-regeneration process until the exhaustion of 
endogenous muscle stem cells. As a result, muscle tissue is 
progressively replaced by fat and connective tissue.12,13

Adeno-associated virus-mediated in vivo gene transfer of 
the microdystrophin gene, a truncated but functional form of 
the protein, was recently shown to be feasible in dystrophic 
dogs.14 Although promising, this strategy requires the in vivo 
administration of virus and immunosuppression of the host, 
procedures that can lead to multiple adverse effects.14–16 An 
alternative approach to in vivo gene transfer would be to use 
targeted integration to safely introduce the microdystrophin 
gene ex vivo into cultured myoblasts or muscle progenitor 
cells and then to transplant these cells into the patient.17,18 
However, whether targeted gene transfer is feasible with high 
efficiency in human myoblasts is unknown.

Here, we demonstrate as a proof of concept that ZFN-me-
diated targeted gene addition into human myoblasts of the 
enhanced green fluorescent protein (eGFP) or microdystro-
phin genes at the CCR5 locus can be done at high effi-
ciency. Moreover, we show that such efficiency can be easily 
increased by the in vitro selection of myoblasts following the 
co-addition of the mutated form of the O6-methylguanine-DNA 
methyltransferase (MGMTP140K) drug resistance gene. Finally, 
we also confirm that ZFN-modified myogenic cells preserve 
their potential to differentiate in vitro and in vivo upon intra-
muscular transplantation into immune-deficient mice.

Results
Targeted addition of the eGFP or microdystrophin genes 
into human myoblasts
We selected the CCR5 locus to carry out ZFN-mediated 
targeted gene addition in human myoblasts. This is justified 
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by the fact that a pair of highly specific ZFN targeting this 
locus has already been developed and is currently being 
used in the clinic to disrupt the CCR5 locus in autologous 
CD4 T cells from HIV patients (clinicaltrials.gov identifier: 
NCT00842634). We have also previously shown that we can 
achieve adequate transgene expression from genes inserted 
into the endogenous CCR5 locus using the CCR5 ZFN.10 
These two characteristics greatly increase the translational 
potential of our approach. Using non-integrating chimeric 
adenoviral vector (Ad5/F35) for the expression of ZFN and 
integrase-defective lentiviral vector (IDLV), carrying a phos-
phoglycerate kinase (PGK)–eGFP template DNA flanked by 
CCR5 homology arms (Figure 1a), we first determined the 
best vector ratio necessary to achieve targeted gene addition 
in human myoblasts (Figure 1b). We found that when myo-
blasts were simultaneously exposed to Ad5/F35 vectors at 

an multiplicity of infection of 2,000 and to 100 ng of p24 IDLV.
GFP donor, we observed a high frequency (close to 40%) 
of targeted gene addition in absence of any drug selection 
(Figure 1c,d). Targeted gene addition was determined by 
flow cytometry at selected intervals up to 30 days post-trans-
duction, the minimum time required to dilute out the residual 
eGFP expression from nonintegrated IDLV.

We next wanted to determine whether it was possible to 
introduce, with a similar efficiency, a DNA template containing 
the microdystrophin gene that is about five times the size of 
the eGFP gene (Figure 2a). Using the same optimized trans-
duction protocol described above, we achieved up to 30% 
targeted addition of the microdystrophin gene into human 
myoblasts, a level obtained without any drug selection. Tar-
geted integration was determined by immunocytochemistry 4 
weeks post-transduction (Figure 2b,c). These results are in 
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Figure 1 Targeted addition of the eGFP gene in human myoblasts. (a) Schematic representation of (1) Ad5/F35 chimeric adenoviral 
vector containing the expression cassette for the CCR5-specific ZFN, (2) the location of the ZFN target site in exon 3 of the endogenous 
CCR5 locus, (3) IDLV donor vector containing the PGK-eGFP expression cassette flanked by CCR5 homology arms, (4) the expected 
result after targeted gene addition at the CCR5 locus. PCR primers (black arrows) used for targeted integration analysis are indicated. 
(b) Levels of targeted addition obtained in human myoblasts as determined by flow cytometry on day 3 post-transduction with increasing 
doses of Ad5/F35 ZFN and IDLV.eGFP donor vector. Shown is the average and SD of three independent experiments. (c) Long-term 
profile of eGFP gene expression in myoblasts transduced with the optimal dose of donor DNA and Ad.ZFN vectors. Note the dilution 
over time of the eGFP expression in absence of Ad.ZFN. (d) Representative photographs showing the expression of eGFP in myoblasts 
4 weeks following their transduction with the indicated vectors. Nuclei were stained with DAPI. Results are representative of three 
independent experiments. Original magnification: ×100. CMV, cytomegalovirus; DAPI, 4′,6-diamidino-2-phenylindole; eGFP, enhanced 
green fluorescent protein; IDLV, integrase-defective lentiviral vector; MOI, multiplicity of infection; PGK, phosphoglycerate kinase; ZFN, 
zinc finger nuclease.
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agreement with previous work by Moehle et al., who showed 
that ZFNs can drive targeted integration of a large DNA frag-
ment (up to 8 kb) without a significant loss in recombina-
tion efficiency.3 Importantly, we also confirmed that targeted 

integration of both the eGFP and microdystrophin genes 
occurred at the CCR5 locus only in cells that were cotrans-
duced with vectors delivering both ZFNs and the template 
DNA. This was established by PCR using specific primers 
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Figure 2 Targeted addition of the microdystrophin gene in human myoblasts. (a) Top: Schematic of IDLV donor DNA vector containing 
the PGK-microdystrophin-V5 expression cassette flanked by CCR5 homology arms. Bottom: Schematic of the expected result after targeted 
gene addition at the CCR5 locus of the microdystrophin-V5 donor DNA. PCR primers (black arrows) used for targeted integration analysis 
are indicated. (b) Myoblasts were transduced with the indicated viral vectors and the expression of the microdystrophin-V5 was detected 
by immunofluorescence using a V5-specific antibody (in red). Nuclei were counterstained with DAPI. Myoblasts were immunostained 4 
weeks post-transduction to allow for the dilution of the IDLV vectors. Original magnification: ×200. (c) Quantitative representation of the 
levels of microdystrophin-V5 gene-targeted myoblasts 4 weeks post-transduction. The proportion of V5-positive cells was determined by 
counting manually a total of 300 treated cells in randomly selected fields. Results are representative of three independent experiments. 
DAPI, 4′,6-diamidino-2-phenylindole; IDLV, integrase-defective lentiviral vector; MOI, multiplicity of infection; NTC, non-transduced cells; PGK, 
phosphoglycerate kinase; ZFN, zinc finger nuclease.

Figure 3 Targeted integration of the eGFP and the microdystrophin genes at the CCR5 locus. (a) Myoblasts were transduced with the 
indicated vectors and expanded in vitro for 4 weeks before genomic DNA was collected. Targeted integration (TI) was determined by PCR 
using a set of primers specific for the 5′ integration junction (as shown in Figures 1a and 2a). The bottom gel shows the amplification of the 
GAPDH gene used as an internal control. (b) Myoblasts were transduced as described above using the indicated vector concentrations and 
evidence for ZFN-targeted gene disruption at the CCR5, CCR2, and ABLIM2 loci determined by the Cel-1 surveyor assay. eGFP, enhanced 
green fluorescent protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IDLV, integrase-defective lentiviral vector; MOI, multiplicity 
of infection; NTC, non-transduced cells; ZFN, zinc finger nuclease.
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recognizing the 5′ integration junction (Figure 3a). The speci-
ficity of the CCR5-ZFN was also determined by performing 
the surveyor nuclease Cel-1 assay at the CCR2 and ABLIM2 
loci, the two most frequent off-target loci identified for this 

ZFN pair.19,20 As expected, and in opposition to the CCR5 
locus where we could detect over 30% cleavage activity, no 
cleavage was observed at these off-target loci, confirming 
the specificity of the CCR5-ZFN in myoblasts (Figure 3b).

Figure 4 Selective in vitro enrichment of gene-targeted myoblasts using the MGMTP140K drug resistance gene. (a) Top: Schematic 
of IDLV donor DNA vector containing the PGK-MGMTP140K-2A-GFP expression cassette flanked by CCR5 homology arms. Bottom: 
Schematic of the expected result after targeted gene addition at the CCR5 locus of the MGMTP140K-2A-GFP donor DNA. (b) Histogram 
showing the levels of targeted MGMTP140K-2A-GFP gene expression obtained in human myoblasts transduced with the indicating doses of 
vectors as determined by flow cytometry 4 weeks post-transduction. Shown are the average and SD of three independent experiments. (c) 
Representative photographs showing MGMTP140K-2A-GFP expression as detected by immunofluorescence using an anti-mouse MGMT-
specific antibody (in red) 4 weeks post-transduction of myoblasts to allow dilution of the IDLV vectors. Nuclei were stained with DAPI. 
Original magnification: ×200. (d) Schematic of the in vitro drug selection procedure using two populations of myoblasts containing 3 or 
35% of MGMTP140K-2A-GFP gene targeted integration (TI). (e) Left and right panels show the enrichment profile starting with respectively 
3 or 35% of MGMTP140K-2A-GFP–positive cells following the indicated number of BG and BCNU drug selection cycles. Each value is a 
mean of three cultures. BCNU, 1,3-bis (2-chloroethyl)-N-nitrosourea; BG, O6-benzylguanine; DAPI, 4′,6-diamidino-2-phenylindole; eGFP, 
enhanced green fluorescent protein; IDLV, integrase-defective lentiviral vector; MOI, multiplicity of infection; NTC, non-transduced cells; 
PGK, phosphoglycerate kinase; ZFN, zinc finger nuclease.
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Targeted integration of the MGMTP140K drug resistance 
gene allows for the in vitro selective enrichment of modi-
fied myoblasts
To maximize the chance of success of cell therapy, it certainly 
would be advantageous to obtain a population of myoblasts that 
would be nearly if not fully gene-modified. Hence, despite the 

remarkably high level of targeted gene addition we achieved 
in myoblasts in absence of drug selection, we explored the 
possibility of co-targeting the O6-methylguanine-DNA methyl-
transferaseP140K (MGMTP140K) gene, which expression can con-
fer a selective growth advantage both in vitro and in vivo.21–23 In 
brief, cells which express the MGMTp140K gene, have a selective 

Figure 5 ZFN-mediated gene addition does not compromise the growth and fusion potential of human myoblasts in vitro and in 
vivo. (a) Shown is the proliferation of myoblasts expressed in terms of population doublings over time following their transduction or not 
with the indicated vectors. (b) Representative photographs of the fusion potential of myoblasts evaluated in vitro 4 weeks post-transduction. 
Myotube formation was determined by staining myoblasts for the expression of myosin heavy chain (MyHC) 5 days post-induction of 
differentiation using 2% serum containing medium. Nuclei were stained with DAPI. Original magnification: ×100. (c) Quantification of the 
fusion potential of myoblasts’ populations shown inb as determined by counting the proportion of nuclei forming MyHC-positive myotubes 
over the total number of nuclei from randomly selected fields. (d) Tibialis anterior muscles of immune-deficient NSG mice were transplanted 
wi th either non-transduced or microdystrophin-V5 gene-targeted myoblasts and muscle fibers formation evaluated 4 weeks later. Human 
fibers were detected by immunofluorescence on successive cryosections using an anti-human dystrophin antibody (in red) and gene-
targeted fibers identified using an anti-V5 antibody (in green). Human nuclei were also stained with an anti-Lamin A/C antibody (in red). The 
asterisks show a fiber positive for both the full-length dystrophin and the microdystrophin gene. The arrows show a fiber positive only for the 
full-length dystrophin. (e) Quantification of the number of fibers formed in vivo (as shown in d). Fibers were counted from muscle cryosections 
collected from n = 6 transplanted muscles for each group. eGFP, enhanced green fluorescent protein; IDLV, integrase-defective lentiviral 
vector; NS, not significant; NTC, non-transduced cells; PGK, phosphoglycerate kinase; ZFN, zinc finger nuclease.
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growth advantage when exposed to the wild-type MGMT inhib-
itor O6-benzylguanine (BG) in combination with low dose of 
1,3-bis (2-chloroethyl)-N-nitrosourea (BCNU).

Consequently, we next verified whether ZFN-based expres-
sion of the MGMTP140K, along with the eGFP reporter gene to 
facilitate tracking of transduced cells, was sufficient to confer 
myoblasts protection against treatments with BG and BCNU 
(Figure 4a). Using IDLV to deliver a MGMTP140K–eGFP tem-
plate DNA flanked by CCR5 homology arms, we obtained 
40–50% gene addition in myoblasts in absence of drug selec-
tion (Figure 4b,c). However, to fully evaluate the selection 
potential of the BG/BCNU combination, we thought it would be 
more appropriate to work with a population containing a much 
lower level of gene addition. As such, we generated two popu-
lations containing either 3 or 35% MGMTP140K-2A-GFP gene-
targeted myoblasts using non-transduced cells for dilution. Both 
populations were exposed to 20 μmol/l BG for 1 hour followed 
by increasing doses of BCNU (10, 25, 50, and 100 μmol/l)  
for 2 hours (Figure 4d). Myoblasts were then allowed to 
recover for 1 week after which the proportion of eGFP-positive 
cells was analyzed by flow cytometry, a procedure defined as 
one cycle of drug selection. Our results demonstrate that the 
proportion of MGMTP140K-2A-GFP–expressing cells increased 
from 3 to 11% following only one cycle using 100 μmol/l BCNU 
(Figure 4d). After three cycles of selection using the same 
concentration of BCNU, up to 45% of the myoblasts were posi-
tive for eGFP, representing a 15-fold enrichment over the initial 
population. However, additional cycle of selection did not allow 
us to further increase the proportion of eGFP-positive cells, 
suggesting acquired resistance of non-modified cells against 
BCNU toxicity. In comparison, when starting with a popula-
tion containing already 35% of gene-targeted myoblasts, over 
85% of the cells were expressing eGFP after only one cycle 
of selection using 50 μmol/l of BCNU (Figure 4d). Altogether 
these results suggest that the efficiency of ZFN-mediated gene 
addition at the CCR5 locus, when combined with one round 
in vitro drug selection, is similar to the one obtained using a 
vesicular stomatitis virus-G–pseudotyped lentiviral integrating 
vector (data not shown).

ZFN-driven gene addition mediates no toxicity in human 
myoblasts
We next wanted to verify the impact that the cotransduction 
(Ad5/35 and IDLV) and subsequent transient ZFN expression 
may have on the growth and function of myoblasts. We first 
found that when passaged every 3 days for up to 4 weeks 
post-transduction, that gene-targeted myoblasts experience 
very little cell toxicity based on the kinetics of their population 
doublings (Figure 5a). Modified myoblasts were also placed 
for 5 days in medium containing 2% serum and their ability to 
fuse in vitro evaluated by immunocytochemistry based on the 
expression of the muscle heavy chain myosin (MyHC) (Fig-
ure 5b). As for cell division, we found ZFN-mediated gene 
addition did not interfere with MyHC expression and fusion 
potential of myoblasts in vitro (Figure 5c).

Engraftment of gene-targeted human myoblasts into the 
muscle of immune-deficient mice
To fully assess the potential for cell therapy of gene-targeted 
myoblasts, we also measured their capacity to form muscle 

fibers in vivo. We found that ZFN-modified myoblasts that 
express the microdystrophin gene were as competent as 
their non-modified counterparts in forming muscle fibers 
when transplanted in the tibialis anterior muscle of immune-
deficient NSG mice (Figure 5d,e). Myoblasts engraftment 
was determined by immunohistochemistry performed on 
muscle cryosections stained with an antibody against the V5 
epitope, which was fused at the 3′ end of the microdystrophin 
gene24 (Figure 2a). Indeed, we found the ratio of V5-positive 
fibers over the total number of fibers formed (as detected by 
staining for the full-length human dystrophin) to be similar 
to the level of targeted gene addition observed before the 
transplantation (Figure 5e). Altogether, these results suggest 
that ZFN-mediated gene addition does not interfere with the 
functionality of myoblasts in vitro and in vivo.

Discussion

We and others have shown that ZFN-driven genetic modifi-
cation can be achieved in multiple cell types, including mes-
enchymal, hematopoietic, and embryonic stem cells.2,5,10,25,26 
Here, we found that ZFN-mediated targeted integration of the 
microdystrophin gene can be performed ex vivo in human 
myoblasts at a sufficiently high frequency to be considered 
a valid approach for the treatment of myogenic diseases. 
Indeed, using a CCR5-specific ZFN pair, our results showed 
that over 40% targeted gene addition can be obtained in 
human myoblasts in the absence of any apparent cytotoxic-
ity. A major property of myoblasts is their capacity to fuse 
with each other or with existing fibers to regenerate damaged 
muscles. As such, our results showed that the fusion poten-
tial of ZFN-targeted myoblasts is not altered in vitro or in vivo 
following transplantation in mice.

Lee and colleagues recently showed that myoblasts can 
also be selectively enriched in vitro following retrovirus-
induced expression of the MGMTP140K gene.21 Interestingly, 
we could increase the proportion of MGMTP140K-targeted 
myoblasts to about 90% following in vitro selection using the 
combination of BCNU and BG drugs. However, our data also 
showed that sufficiently high level of gene addition needs to 
be obtained initially in order to reach this plateau. This may 
be explained by the rapid emergence of resistance to alkylat-
ing drugs as a result of increased expression of the endog-
enous MGMT gene in non-modified myoblasts, as reported in 
many other cell types.21,27

An important observation from our work is that the constitu-
tive expression of the microdystrophin gene under the control 
of the ubiquitous PGK promoter was not toxic to human myo-
blasts, making the use of a muscle-specific promoter unnec-
essary for the in vitro expansion of modified myoblasts. This is 
likely explained by the fact that in ZFN-modified cells limited 
expression of the microdystrophin gene is observed from a sin-
gle-targeted locus. In contrast, when lentiviral vectors are used 
to randomly insert the microdystrophin gene, microdystrophin 
expression is likely higher and toxic to mononuclear cells due 
to insertion of multiple copies of the gene.28,29

DMD arises from numerous distinct mutations located in 
various exons of the dystrophin gene. The design of ZFN 
pairs specific for the dystrophin gene could theoretically allow 
for the genetic correction of each individual mutation, keeping 
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the expression of the dystrophin under its endogenous pro-
moter. However, this strategy would require the development 
of several ZFN pairs to account for the diversity of mutations 
found in the patient population. On the other hand, targeted 
gene addition at the CCR5 locus could offer a unique solution 
to DMD patients. This is particularly attractive in the context 
of previous reports showing that a mutated form of the dys-
trophin does not act as dominant negative in presence of a 
functional protein.30,31

The specificity of the CCR5-ZFN pair used in this study was 
rigorously evaluated in independent studies, which showed 
it has minimal off-target cleavage activity.5,20,32 As such, we 
cannot rule out that low level nonspecific integration of the 
microdystrophin gene occurred within our mixed population 
of transduced myoblasts. Moreover, we observed low level 
(about 2%) long-term expression of the eGFP or MGMTP140K-
2A-eGFP cassette in myoblasts transduced with IDLV vectors 
in the absence of ZFN exposure, suggesting random integra-
tion of the template DNA is inevitable in a mixed population 
of cells where episomal DNA is introduced. Nonetheless, we 
believe the use of ZFN-mediated targeted gene addition to 
favor specific integration of the transgene represents a great 
alternative to the random integration obtained with classical 
retroviral and lentiviral vectors gene delivery systems.

A major limitation of autologous myoblasts transplantation 
for the treatment of DMD is that dystrophic myoblasts cannot 
be largely expanded ex vivo as they become rapidly senes-
cent.13 We believe this could be eventually overcome given 
that we and others recently demonstrated that induced pluri-
potent stem cells can be efficiently differentiated into func-
tional myogenic progenitors.33–35 As such, a strategy where 
DMD patient fibroblasts would undergo (i) targeted integra-
tion of the dystrophin gene, (ii) differentiation into induced 
pluripotent stem cells clones, (iii) whole genome sequencing, 
and (iv) reprogramming into myogenic progenitors; could offer 
great promises for autologous cell therapy of DMD. Moreover, 
as this strategy would theoretically only require the isolation 
of a single clone with a validated targeted integration of the 
dystrophin gene, this would likely make it possible to achieve 
ZFN-driven targeted integration of the full-length dystrophin 
gene. Indeed, the size of the dystrophin gene (14 kb) exceeds 
the encapsidation limit of IDLV vectors used in this study. 
However, in a scenario where the efficiency of homologous 
recombination would not be an issue, a large DNA fragment 
could be delivered to fibroblasts or myoblasts derived from 
DMD patients using standard transfection procedures as we 
have shown before.29

In conclusion, our results show that ZFN-driven targeted 
addition of the microdystrophin gene in human myoblasts can 
be achieved with high efficiency, and that this manipulation 
does not affect their regenerative potential in skeletal muscle. 
Our data provide further evidence of the potential of genome-
editing technologies for the treatment of genetic diseases.

Materials and Methods

Mice. NOD/LtSz-scid/IL2rγ−/− (NSG) mice were obtained from 
the Jackson Laboratory (Bar Harbor, ME) and housed in 
the animal care facility at the CHU Sainte-Justine Research 

Centre under pathogen-free conditions in sterile ventilated 
racks. All in vivo manipulations were previously approved by 
the institutional committee for good laboratory practices for 
animal research (GLPAR) (protocol no. S10-32).

Vectors and lentivirus preparation. ZFNs targeting exon 3 of 
the human CCR5 gene were previously described.2,5 A ZFN-
expressing virus was generated from chimeric human adeno-
virus 5 vectors containing fiber shaft and knob domains of 
human species B adenovirus (Ad5/F35).5 IDLV carrying GFP, 
microdystrophin-V524 or MGMTP140K-2A-GFP donor cassettes 
were generated from the HIV-derived self-inactivating third-
generation transfer construct pCCLsin.cPPT.hPGK.X.BGHpA 
using an integrase-defective packaging plasmid.2,36 IDLV 
stocks were prepared as described elsewhere.2,36 Lentiviral 
particles were quantified upon concentration by ultracen-
trifugation by HIV-1 Gag p24 Antigen ELISA (ZeptoMetrix, 
 Franklin, MA). Yield ranged from 5 to 20 ng p24/μl, depending 
on the vector type.

Human myoblast culture and transduction. Human myoblasts 
were obtained from a postmortem muscle biopsy of a nor-
mal 13-month-old male and proliferated in MB-1 medium 
(Hyclone - X) supplemented with 15% fetal bovine serum 
(Wisent, Saint-Bruno, Québec, Canada), 1% penicillin–strep-
tomycin (Wisent), 10 μg/l of bFGF (R&D systems, Burling-
ton, Ontario, Canada), 0.4 mg/l of dexamethasone (Sigma, 
Oakville, Ontario, Canada), and 5 mg/l of insulin (Sigma, St 
Louis, MO). Myoblasts were exposed simultaneously to Ad5/
F35-ZFN (multiplicity of infection range from 500 to 2,000) 
and IDLV template DNA vectors (100 or 200 ng of p24 per 
105 cells) for 18 hours, a procedure that was repeated twice. 
Transduced cells were then expanded in growth conditions 
and passaged every 4 days until analysis. For differentia-
tion, cells were expanded in Dulbecco’s modified Eagle’s 
medium medium supplemented with 2% fetal bovine serum 
and antibiotics for 5 days, myotubes were first fixed in 4% 
paraformaldehyde for 15 minutes, permeabilized three times 
for 15 minutes with 3% triton X-100 in phosphate-buffered 
saline (PBS) and then immunostained against the mouse 
anti-MyHC using the MF20 anti-mouse MyHC antibody at a 
dilution of (1:100) for 2 hours (Developmental Studies Hybri-
doma Bank, University of Iowa) and subsequently with an 
anti-mouse ALEXA fluor 594 at a dilution of (1:300) for 1 hour 
(Invitrogen, Burlington, Ontario, Canada). Nuclei were coun-
terstained with DAPI (4′,6-diamidino-2-phenylindole). The 
fusion index (defined as the number of DAPI-stained nuclei 
inside MyHC+ myotubes in a given field divided by the total 
number of DAPI-stained nuclei in the same field) of each con-
dition was calculated. The assay was done three times.

Cel-1 assay. The ability of the CCR5-ZFN pair to cut the CCR5 
locus was verified using the surveyor nuclease (Cel-1; Trans-
genomic, Omaha, NE), a nucleotide mismatch selective endo-
nuclease able to detect the presence of mutant clones. Briefly 
the mismatch assay consists of amplifying the target region 
from ZFN-treated genomic DNA via standard PCR using the 
following specific primers (CCR5 Cel-1 forward primer: 5′-AA
GATGGATTATCAAGTGTCAAGTCC-3′; CCR5 Cel-1 reverse 
primer: 5′-CAAAGTCCCACTGGGCG-3′; CCR2 Cel-1 for-
ward primer: 5′-CCACATCTCGTTCTCGGTTTATC-3′; CCR2 
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Cel-1 reverse primer: 5′-CGCCAAAATAACCGATGTG-3′; and  
ABLIM2 Cel-1 forward primer: 5′-CGATGACTCTGAGGTCTA 
CTCG-3′; ABLIM2 Cel-1 reverse primer: 5′-CAAGTGAACACAT 
GGTTTGCAG-3′) as described.2–5 PCR products are dena-
tured and allowed to re-anneal. The mismatch sensitive 
enzyme cuts DNA at the sites where heterogeneous mis-
matches occur. Reactions are resolved by gel electropho-
resis. The presence of digested PCR products indicates 
ZFN-mediated mutagenesis due to ZFN activity. The assay 
is sensitive enough to detect single-nucleotide changes and 
has a linear detection range between 0.69 and 44%.5

Analysis of targeted gene addition efficacy. Efficacy of eGFP 
gene-targeted integration was determined at days 3, 10, 18, 
25, and 30 days post-transduction by immunofluorescence 
using an Olympus BX51 epifluorescent microscope and by 
flow cytometry (LSRFortessa cell analyzer; BD, Mississauga, 
Ontario, Canada). Non-viable cells were identified using 
7-aminoactinomycin D (7-AAD) and were excluded from the 
analysis. Microdystrophin-V5 expression was detected by 
immunofluorescence using an anti-V5 antibody (1:5,000; Invit-
rogen) 1 month after transduction. Targeted integration at the 
CCR5 locus was determined by PCR using 100 ng of genomic 
DNA with a set of primers against the 5′ junction (forward CCR5 
primer: 5′-TTGGAGGGGTGAGGTGAGAGG-3′, reverse 
hPGK primer: 5′-TGAAGAATGTGCGAGACCCAGG-3′) as 
follows: 94 °C for 10 minutes, then 30 cycles of 94 °C for 1 
minute, 60 °C for 30 seconds, and 72 °C for 1 minute, fol-
lowed by extension at 72 °C for 10 minutes. The expected 
amplicon length is 815 bp.2

In vitro selection of myoblasts using the BCNU/BG combina-
tion. Four weeks post-transduction, myoblasts containing gene 
addition of the MGMTP140K-2A-GFP cassette were treated with 
50 μmol/l O6BG for 2 hours followed by increasing doses 
(range from 10–100 μmol/l) of BCNU for 1 hour. Cells were 
then washed with PBS and allowed to proliferate in the pres-
ence of 50 μmol/l O6BG for 7 days before their analysis by 
fluorescence-activated cell sorting. Where indicated, this pro-
cedure was repeated up to two more times. Cells were main-
tained in the presence of O6BG during their post-treatment 
expansion to inactivate endogenous MGMT gene.

In vivo transplantation of human myoblasts. Twelve weeks old 
NSG immune-deficient mice were irradiated at a dose of 9 Gy 
(1 Gy per minute) using a Faxitron model CP160 at the leg 
level to inhibit the proliferation of the recipient satellite cells, a 
condition that favors the participation of grafted cells in recipi-
ent muscle regeneration. The day of the transplantation, cul-
tured myoblasts were detached from the flasks using 0.25% 
Trypsin-EDTA solution and washed twice with PBS. A total of 1 
× 106 myoblasts resuspended in 20 μl of PBS containing 10 μg/
ml cardiotoxin (Sigma), were implanted in each tibialis anterior 
through about 20 percutaneous microinjections. The grafted tib-
ialis anterior muscles were harvested 4 weeks after transplan-
tation, embedded in OCT and snap-frozen in liquid nitrogen.

Immune detection of hybrid fibers in muscle sections. Muscle 
frozen sections (12 μm) were first washed with PBS and non-
specific binding was blocked by incubating the sections with 
PBS containing 10% of fetal bovine serum for 1 hour. Immu-
nofluorescence to detect human nuclei was performed with 

a mouse anti-human Lamin A/C antibody (1:100 for 2 hours; 
Vector Laboratories, Burlington, Ontario, Canada). Incuba-
tion with the primary antibody was followed by incubation 
with an anti-mouse ALEXA fluor 549 (1:300 for 1 hour; Invit-
rogen). Myofibers expressing the microdystrophin-V5 protein 
were detected using a mouse anti-V5 antibody (1:200 over-
night; Invitrogen) and an anti-mouse ALEXA fluor 488 (1:300 
for 1 hour; Invitrogen). All sections were mounted using the 
Vectashield (Vector Laboratories) mounting medium to pre-
vent loss of fluorescence.

Statistical analysis. All data are expressed as means ± SEM 
and are representative of at least three separate experiments. 
The statistical significance of the difference between groups 
was determined by Student’s t-test using GraphPad software 
(La Jolla, CA). A value of P < 0.05 was considered significant.
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