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Abstract

The Sleeping beauty (SB) system is a non-viral DNA based vector that has been used to stably integrate
therapeutic genes into disease models. Here we report the SB system is capable of stably integrating the AR4-
R23/CTA micro-dystrophin gene into a conditionally immortal dystrophin deficient muscle cell-line, H2K SF1, a
murine cell model for Duchenne muscular dystrophy. Genetically corrected H2K SF1 cells retained their
myogenic properties in vitro. Moreover, upon transplantation AR4-R23/CTA micro-dystrophin expression was
detected within mdx nu/nu mice. Our data suggests the SB system is an effective way of stably integrating
therapeutic genes into myogenic cells.
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Introduction

Duchenne muscular dystrophy (DMD) is a lethal muscle wasting disease caused by mutations in the DMD gene
which prevents the translation of a functional dystrophin protein. Dystrophin deficient muscle is particularly
susceptible to contraction induced damage, leading to repetitive rounds of muscle degeneration and
regeneration and eventually loss of muscle function. To date no treatment is available that halts or reverses the
pathology of DMD. Gene replacement therapy is a potential treatment option for DMD, however a key factor for
successful treatment is the stable integration of the exogenous gene into resident muscle stem cells, thus
reducing the need for repeated treatment[1]. Whilst lentiviral vectors are effective in infecting and stably
integrating therapeutic genes into cells ex vivo and in vivo, their high manufacture costs, integration site profile
and potential to elicit an immune response hinder their application[2]. This highlights the need for alternative
integrating vectors that can overcome these limitations. Sleeping Beauty (SB) is a Class Il DNA transposon
which has been used as a DNA vector for stably integrating therapeutic genes into a variety of disease models
[31[41[5][6]1[7]. SB has shown to be a promising tool for non-viral gene therapy as it does not appear to elicit an
immune response or have a hazardous integration profile and is therefore deemed safer than retroviral vectors
[81[91[10].
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In light of the above, a proof of concept study was conducted to determine if the SB system was capable of
stably integrating the AR4-R23/CTA micro-dystrophin gene[11], into a genome of a myogenic cell-line. As a
target cell model we used a dystrophin deficient conditionally immortal muscle cell-line, H2K SF1[12]. The cell-
line harbours a thermolabile T-antigen gene [13] which allows continuous myogenic proliferation when
incubated at 33 © C in the presence ofy-IFN. Upon switching cell culture conditions to 37° C and removing y-IFN
the H2K SF1 cells exit mitosis and terminally differentiate. Although considered, primary myoblasts from the
mdx mouse [14][15] were not deemed an appropriate cell model for this study as their limited mitotic capacity
in vitro would have required repeated isolation of heterogeneous primary myoblasts, which may have increased
inter-experimental variability.

Here we show the SB system were capable of stably integrating the AR4-R23/CTA micro-dystrophin gene into
the genome of the H2K SF1 cells. In addition, genetically corrected H2K SF1 cells retained their myogenic
potential in vitro and in vivo, suggesting the non viral SB system is a promising non-viral integrating vector for
the treatment of neuromuscular diseases.

Material and Methods

Cell culture

To encourage cell adhesion, myoblasts were cultured on Martigel (0.1mg/mL, B.D. Bioscience, Matrigel diluted

in DMEM) coated flasks in proliferating and terminally differentiating conditions. H2K SF1 and the conditionally
immortal wild-type cell-line, H2K 2B4 [16], were cultured as previously described [12][16]. To initiate terminal
differentiation H2K SF1 myoblasts were cultured for three days at 37° C, 5% CO , in differentiation medium
[DMEM, 5% (v/v) Horse Serum, 4mM L-glutamine and 1% penicillin/streptomycin] without y-IFN, at a seeding
density of 5x10 4 myoblasts per well in a volume of 250ul (LABTEK eight-well chamber slides, Nunc). Myotubes
were immunostained as previously described [16] with the following primary antibodies, anti-Pax7
(Developmental Studies Hybridoma Bank,DSHB), anti-MyoD (clone 5.8A, DakoCytomation), anti-myogenin

(clone F5D, DSHB), anti-MyHC (clone MF20, DSHB) and T-antigen (EMDA Biosciences). Primary antibodies were
detected with an appropriate fluorescent secondary antibody. Nuclei were counterstained with DAPI (Invitrogen).

Construction of the pT2/microdys plasmid

The pT2/microdys plasmid consisted of a bicistronic expression cassette in between the terminal repeats of the
SB transposon [17]. The bicistronic cassette utilised a composite ferritin promoter (MONO) to drive expression
of the AR4-R23/CTA micro-dystrophin and neo genes, using an internal ribosome entry site (IRES) to achieve
similar gene expression levels. To generate the pT2/microdys plasmid, an intermediate plasmid pT2/MONO-neo-
gfp plasmid was constructed. The SB transposon, pT2/BH, and pMONO-neo-gfp (Invivogen) plasmids were
digested with the EcoRV and Sbfl restriction enzymes, respectively. Digested fragments were ligated overnight
and transformed into chemically competent DH10B E.coli. Purified pT2/MONO-neo-gfp cDNA was digested with
Avrll and Agel and simultaneously the pAAVSpc512 AR4-R23/CTA micro-dystrophin plasmid [11] was digested
with Notl and EcoRI. To form the pT2/microdys plasmid, pT2/MONO-neo-gfp and AR4-R23/CTA micro-dystrophin
cDNA fragments were ligated overnight prior to transforming into chemically competent DH10B E.coli.

pT2/microdys transposition assay

Using Nucleofection (programme B-032, Lonza, Switzerland), 5x10° H2K SF1 cells were co-transfected with
725ng of pT2/microdys and 50ng of the SB 100 transposase plasmids [18] . Forty-eight hours post transfection,
growth medium was replaced with fresh growth media supplemented with 800ug/mL of G418. Growth media
supplemented with 800ug/mL G418 was changed every 2-3 days. G418 resistant clones were counted after 14
days of selection. Integration sites were analysed using the plasmid recovery method[4][16]. Briefly, genomic
DNA (gDNA) was extracted from H2K SF1 G418 resistant colonies, digested with the Sspl enzyme and self
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ligated using 3U of ligase (Roche) in a total volume of 500 pul at 22°C overnight. Ligated gDNA was
electroporated into 50ul of ElectroMAX DH10B T1 phage competent bacteria (Invitrogen). Transformed bacteria
were grown overnight at 30 ° C on LB agar plates containing kanamycin (50ug/mL, Sigma). Kanamycin resistant
colonies were counter selected on LB agar plates supplemented with kanamycin and ampicillin (50ug/mL,
Sigma). Plasmid DNA was extracted from Kan "eS'StNt gng Amp Sensitive . onies and integrations sites were
analysed using primers that hybridised to the left and right terminal repeats of the transposon (Left ITR:
5'GACTTGTGTCATGCACAAAGTAG and Right ITR: 5'CCACTGGGAATGTGATGAAAG[19]). Sequencing reactions
were analysed using a nucleotide basic local alignment search tool (nBLAST) against the NCBI mouse genome
database.

Myoblast transplantation

Experiments were conducted under a Home Office project licence following institutional ethical review
(compatible with Directive 86./609/EEC). To increase myoblast engraftment efficiency three week old mdx
nu/nu mice were anaesthetised with Hypnorm (fentanyl/fluanisone, VetaPharma Ltd) and Hypnovel (midazolam,
Roche) and both hindlimbs were irradiated with 18 Gy, as previously described[20]. Three days later the mice
were anaesthetised with isoflurane (Abbott Laboratories) and the right irradiated tibialis anterior (TA) muscles
were injected with 5x10 > genetically modified H2K SF1 cells (total volume of 4uL). The left irradiated tibialis
anterior (TA) muscles were injected with 5x10 > unmodified H2K SF1 cells. As a control for engraftment
efficiency, a mouse was injected with wild-type conditionally immortal cells, H2K 2B4[16], into both TA
muscles. Three weeks post transplantation, AR4-R23/CTA micro-dystrophin protein expression was assayed
immunocytochemically on 10um transverse muscle cryosections using the polyclonal P7 antibody (1/1000)[21]
or the MANEX1011c antibody(1/50) [22].

Results

To confirm the H2K SF1 clone represented a good myogenic dystrophin deficient model, the cell-line was
characterised in vitro. A mdx ARMS PCR assay [23] confirmed the cells harboured the mutated murine DMD
gene, which fails to produce a functional dystrophin protein. In addition, detection of the thermolabile T-antigen
protein in proliferating myoblasts (33 °c +Yy-IFN) confirmed immortalisation (Figure 1a). The H2K SF1 clone was
terminally differentiated and expression of myogenic proteins was assessed (Figure 1b-f). Uniform myotubes
and expression of myogenic proteins verified conditional immortalisation did not inhibit the clone’s myogenic
capacity. To determine whether the H2K SF1 clone was readily transfectable, 5><105 H2K SF1 cells were
transfected with 2ug of the pMONO-neo-eGFP plasmid using Nucleofection (programme B-032, Lonza,
Switzerland). Transient expression of the eGFP gene 48 hours post transfection showed 39% (n=4, SEM +£1.30)
of the myoblasts expressing the transgene.
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Fig. 1: In vitro characterisation of the H2K SF1 cell-line.

A) Expression of the thermolabile T-antigen protein (red, middle column) in proliferating H2K SF1 cells.
Myogenic protein expression in H2K SF1 myotubes, B) slow& fast myosin, C) Pax7, D) MyoD, E) myogenin
and F) T-antigen. Myonuclei were counterstained with DAPI (blue, left column). Right column shows the

merged signals. Scale bars: A&B-50 microns, C, D, E&F -25 microns.

To assess if the SB system was able to successfully transpose the AR4-R23/CTA micro-dystrophin gene[11][24]
into the genome of the H2K SF1 cell-line, a new SB transposon (pT2/microdys) was constructed. Using
Nucleofection, myoblasts were either co-transfected with the pT2/microdys transposon and SB100 transposase
plasmids or with the pT2/microdys plasmid alone (negative control). Co-transfected H2K SF1 cells had a seven
fold increase in the number of G418 resistant colonies compared to the negative control, indicating
transposition had occurred (Figure 2a).
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Fig. 2: Stable integration of the AR4-R23/CTA micro-dystrophin gene.

A) A histogram showing a significant increase in the number of G418 resistant colonies in H2K SF1 cells co-
transfected with pT2/microdys and SB100 transposase plasmids compared to cells transfected only with the
pT2/microdys plasmid. Error bars generated from SEM, N value of 4. Mann Whitney test, p=0.0286. B)
Molecular evidence of pT2/microdys transposition in H2K SF1 cells. TA dinucleotides (bold) represent the

signature integration profile of the SB transposon and the transposon: chromosome junction site.

Transposition of the pT2/microdys transposon was confirmed at a molecular level through the plasmid recovery
technique (Figure 2b). When terminally differentiated, the genetically modified H2K SF1 cells formed uniform
myotubes and had similar expression levels of the myogenic regulatory proteins as wild type H2K SF1 cells
(Figure 3); indicating the stable integration of the AR4-R23/CTA micro-dystrophin gene did not hinder the cell’s
myogenic characteristics in vitro.
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Fig. 3: In vitro terminal differentiation of genetically modified H2K SF1 cells Integration of the
pT2/microdys gene did not alter the myogenic potential of the H2K SF1 cell-line when terminally
differentiated in vitro.

Images show the expression of the myogenic related proteins A) desmin (red, middle column), B) Pax7, C)
MyoD and D) myogenin. Myonuclei were counterstained with DAPI (blue, left column). Right column shows

the merged signals. Scale bars: A & C- 50 microns, B & D-25 microns.

Subsequently, half a million genetically modified H2K SF1 cells were engrafted into right irradiated TA muscles
of mdx nu/nu mice. Non-treated H2K SF1 cells were transplanted into the contralateral irradiated TA muscle. As
a control for myoblast engraftment efficiency, a wild type conditionally immortal satellite cell derived cell-line,
H2K 2B4 [16], was injected into both irradiated TA muscles of an mdx nu/nu mouse. Three weeks after
engraftment, dystrophin expression was assessed using the P7 and MANEX1110c antibodies[11][21]. As the
engrafted H2K SF1cells were not otherwise genetically marked, we used a double labelling system to distinguish
between donor derived AR4-R23/CTA micro-dystrophin positive myofibres and revertants[25]. Revertants are
sporadic dystrophin positive myofibres present in muscles of the mdx mouse. These myofibres arise through
aberrant splicing of the dystrophin mRNA, removing at least the mutated exon and consequently resulting in an
in-frame mRNA and production of a functional dystrophin protein[25]. We could achieve detection of AR4-
R23/CTA micro-dystrophin protein as the P7 antibody binds to the rod domain (exon 57), a region not present
within the AR4-R23/CTA micro-dystrophin protein. In contrast, the MANEX1011C antibody was raised against
repeat 1 within the rod domain, which is present in both proteins. Therefore, myofibres detected with both
antibodies were likely to be revertants, whilst myofibres detected with only the MANEX1011c antibody were
considered to be of donor origin. An average of 71 AR4-R23/CTA micro-dystrophin positive fibres was detected
within two TA muscles engrafted with genetically modified H2K SF1 cells (Figure 4a). No AR4-R23/CTA micro-
dystrophin positive fibres were detected with the P7 antibody (Figure 4b). In addition, besides a few revertants,
no dystrophin positive fibres were detected in any of the contralateral TA muscles implanted with untreated
H2K SF1lcells (data not shown). An average of 88 dystrophin positive myofibres was identified with both
antibodies in TA muscles engrafted with the control H2K 2B4 cells (Figure 4c&d). More importantly, engrafted
muscles were of normal size and morphology indicating the cells did not form tumours in vivo.
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Fig. 4: Dystrophin restoration in vivo.

A) Images above show AR4-R23/CTA micro-dystrophin positive myofibres detected with the MANEX1011c
antibody within mdx nu/nu TA muscles that had been engrafted with genetically modified H2K SF1 cells. B)
No dystrophin positive myofibres can be seen in serial sections when using the P7 antibody. C&D)
Dystrophin positive myofibres detected with both antibodies within TA muscles engrafted with wild-type H2K
2B4 cells. White asterisks indicate same myofibres within serial sections. Myonuclei were counterstained
with DAPI (blue). Scale bars-50 microns.

Discussion

Utilising their inherent ability to integrate into the genome, Class Il DNA transposons are fast becoming ideal
non-viral integrating tools for gene therapy. The reconstructed transposon, Sleeping Beauty, has been used to
integrate reporter and therapeutic genes into the genome of target cells[3][51[71[261[27]. We have previously
shown the SB system is capable of stably integrating a reporter plasmid into the conditionally immortal cell-line
H2K 2B4 [16]. To further investigate, a proof of concept study was conducted to determine if the transposon
based vector was capable of stably integrating the AR4-R23/CTA micro-dystrophin into a dystrophin deficient
cell-line, H2K SF1. A cell-based transposition assay resulted in a seven fold increase in G418 resistant colonies
in H2K SF1 cells co-transfected with the SB transposon and SB100 transposase compared to H2K SF1 cells
transfected with only the SB transposon. Stable integration was confirmed at a molecular level using a plasmid
recovery method [4][16]. As we have previously reported the SB system integrates randomly within myogenic
cells [16], we only looked for SB transposition confirmation rather than an integration profile for this study.
Once we verified genetically modifying the H2K SF1 with the SB system did not alter their ability to terminally
differentiate in vitro, the cells were engrafted into irradiated TA muscles of mdx nu/nu mice. As a control for
engraftment efficiency, a wild type conditionally immortal cell-line, H2K 2B4, was injected into irradiated TA
muscles. Using a double-labelled antibody system, we confirmed AR4-R23/CTA micro-dystrophin expression in
vivo. Whilst this experiment confirmed genetically corrected H2K SF1 cells were able to contribute to muscle
regeneration, the engraftment efficiency was lower than expected. However, this observation may be due to
the efficiency of the transplantation as the H2K 2B4 cells also regenerated the mdx nu/nu muscles at least three
times lower than previously noted [16].

Although myobalsts were used for this proof of concept study, it should be highlighted that these cells are not
an appropriate target cell to treat DMD due to their limited migration in vivo and hence focal muscle
regeneration [28][29]. In addition, satellite cells and their progeny are not capable of crossing the endothelial
walls of blood vessels, thus preventing systemic delivery of the cells[30]. An alternative approach is to use
other stem cells that are relatively easy to isolate pure populations, expand in vitro and can be delivered
systemically for muscle regeneration [31][32].
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In this study the AR4-R23/CTA micro-dystrophin gene was chosen over the mini or full length dystrophin cDNA
as the SB transposition efficiency decreases with the cargo size[33].

Further development to the SB system has resulted in the generation of the SB sandwich transposon which has
shown to transpose genes up to 10kb [34]. In addition, the modification of another class Il DNA transposon,
PiggyBac [35], resulting in “ ePiggyBac ”, has been shown to efficiently stably integrate inserts up to 18kb in
human embryonic stem cells [36]. Whilst further work is required to test the efficiency of the SB sandwich and
ePiggyBac systems in myogenic cells, these studies highlight the possibility of using transposon based DNA
vectors to stably integrate a mini or full length dystrophin gene into the genome of target cells.

Unlike lentiviral vectors, the SB system has been shown to exhibit a random integration profile in a variety of
cell types [81[91[37], and is therefore deemed a safer alternative. However, further work is required to develop
transposons that integrate into safe pre-determined sites within the genome and thus prevent any potential
insertional mutagenesis.

In conclusion, this study is the first to demonstrate that the SB system is able to transpose in a murine
dystrophin deficient myogenic cell-line. More importantly, the mobile element was able to successfully integrate
the therapeutic gene, AR4-R23/CTA micro-dystrophin into the genome of the H2K SF1 cell-line without hindering
the cell’s characteristics in vitro or in vivo. Although further optimisation is required to improve the
transposition efficiency of larger transgenes, the SB system has promising qualities as a non-viral DNA vector
for the treatment of neuromuscular disorders.

Competing interests

The authors have declared that no competing interests exist.

Acknowledgements

We thank Dr Perry Hackett (University of Minnesota, USA) and Dr Zoltan Ivics (Max Delbriick Center for
Molecular Medicine, Germany) for providing us with the SB transposon (pT2) and SB100 transposase plasmids,
respectively. We also thank Professor George Dickson (Royal Holloway College, University of London, UK) for
providing us with the micro-dystrophin plasmid (pAAV Spc512).

References

1. Meregalli M, Farini A, Torrente Y. Combining stem cells and exon skipping strategy to treat muscular
dystrophy. Expert Opin Biol Ther. 2008;8(8):1051-61.

2. Mintzer MA, Simanek EE. Nonviral vectors for gene delivery. Chem Rev. 2009;109(2):259-302.

3. lvics Z, Hackett PB, Plasterk RH, Izsvak Z. Molecular reconstruction of Sleeping beauty, a Tc1-like transposon
from fish, and its transposition in human cells. Cell. 1997;91(4):501-10.

4. Wilber A, Frandsen JL, Geurts JL, Largaespada DA, Hackett PB, Mclvor RS. RNA as a source of transposase for
Sleeping Beauty-mediated gene insertion and expression in somatic cells and tissues. Mol Ther. 2006;13(3):625-
30.

5. Ohlfest JR, Frandsen JL, Fritz S, Lobitz PD, Perkinson SG, Clark K], et al. Phenotypic correction and long-term
expression of factor VIII in hemophilic mice by immunotolerization and nonviral gene transfer using the Sleeping
Beauty transposon system. Blood. 2005 Apr 1;105(7):2691-8.

PLOS Currents Muscular Dystrophy 8



6. Aronovich EL, Bell JB, Khan SA, Belur LR, Gunther R, Koniar B, et al. Systemic correction of storage disease in
MPS | NOD/SCID mice using the sleeping beauty transposon system. Mol Ther. 2009;17(7):1136-44.

7. Zhu ], Kren BT, Park CW, Bilgim R, Wong PY, Steer CJ. Erythroid-specific expression of beta-globin by the
sleeping beauty transposon for Sickle cell disease. Biochemistry. 2007 Jun 12;46(23):6844-58.

8. Vigdal TJ, Kaufman CD, Izsvak Z, Voytas DF, Ivics Z. Common physical properties of DNA affecting target site
selection of Sleeping Beauty and other Tcl/mariner transposable elements. Journal of Molecular Biology.
2002;323(3):441-52.

9. Vink CA, Gaspar HB, Gabriel R, Schmidt M, Mclvor RS, Thrasher A, et al. Sleeping Beauty Transposition From
Nonintegrating Lentivirus. Mol Ther. 2009;17(7):1197-204.

10. Huang X, Guo H, Tammana S, Jung YC, Mellgren E, Bassi P, et al. Gene transfer efficiency and genome-wide
integration profiling of Sleeping Beauty, Tol2, and piggyBac transposons in human primary T cells. Mol Ther.
2010;18(10):1803-13. Epub 2010 Jul 6.

11. Foster H, Sharp PS, Athanasopoulos T, Trollet C, Graham IR, Foster K, et al. Codon and mRNA sequence
optimization of microdystrophin transgenes improves expression and physiological outcome in dystrophic mdx
mice following AAV2/8 gene transfer. Mol Ther. 2008;16(11):1825-32.

12. Morgan JE, Beauchamp JR, Pagel CN, Peckham M, Ataliotis P, Jat PS, et al. Myogenic cell lines derived from
transgenic mice carrying a thermolabile T antigen: a model system for the derivation of tissue-specific and
mutation-specific cell lines. Dev Biol. 1994 Apr;162(2):486-98.

13. Jat PS, Noble MD, Ataliotis P, Tanaka Y, Yannoutsos N, Larsen L, et al. Direct derivation of conditionally
immortal cell lines from an H-2Kb-tsA58 transgenic mouse. Proc Natl Acad Sci U S A. 1991 Jun 15;88(12):5096-
100.

14. Bulfield G, Siller WG, Wight PA, Moore K]. X chromosome-linked muscular dystrophy (mdx) in the mouse.
Proc Natl Acad Sci U S A. 1984 Feb;81(4):1189-92.

15. Sicinski P, Geng Y, Ryder-Cook AS, Barnard EA, Darlison MG, Barnard PJ. The molecular basis of muscular
dystrophy in the mdx mouse: a point mutation. Science. 1989;244(4912):1578-80.

16. Muses S, Morgan JE, Wells D). A New Extensively Characterised Conditionally Immortal Muscle Cell-Line for
Investigating Therapeutic Strategies in Muscular Dystrophies. PLoS One. 2011;6(9):e24826.

17. Cui Z, Geurts AM, Liu G, Kaufman CD, Hackett PB. Structure-function analysis of the inverted terminal
repeats of the sleeping beauty transposon. ] Mol Biol. 2002 May 17;318(5):1221-35.

18. Mates L, Chuah MK, Belay E, Jerchow B, Manoj N, Acosta-Sanchez A, et al. Molecular evolution of a novel
hyperactive Sleeping Beauty transposase enables robust stable gene transfer in vertebrates. Nat Genet.
2009;41(6):753-61.

19. Wilber A, Wangensteen K], Chen Y, Zhuo L, Frandsen JL, Bell JB, et al. Messenger RNA as a source of
transposase for sleeping beauty transposon-mediated correction of hereditary tyrosinemia type I. Mol Ther.
2007 Jul;15(7):1280-7.

20. Gross JG, Morgan JE. Muscle precursor cells injected into irradiated mdx mouse muscle persist after serial
injury. Muscle Nerve. 1999;22(2):174-85.

21. Lu QL, Rabinowitz A, Chen YC, Yokota T, Yin H, Alter ], et al. Systemic delivery of antisense
oligoribonucleotide restores dystrophin expression in body-wide skeletal muscles. Proc Natl Acad Sci USA.

PLOS Currents Muscular Dystrophy 9



2005;102(1):198-203.

22. Bartlett R), Stockinger S, Denis MM, Bartlett WT, Inverardi L, Le TT, et al. In vivo targeted repair of a point
mutation in the canine dystrophin gene by a chimeric RNA/DNA oligonucleotide. Nature Biotechnology.
2000;18:615-22.

23. Amalfitano A, Chamberlain JS. The mdx-amplification-resistant mutation system assay, a simple and rapid
polymerase chain reaction-based detection of the mdx allele. Muscle Nerve. 1996;19(12):1549-53.

24. Harper SQ, Hauser MA, DelloRusso C, Duan D, Crawford RW, Phelps SF, et al. Modular flexibility of
dystrophin: implications for gene therapy of Duchenne muscular dystrophy. Nat Med. 2002;8(3):253-61.

25. Lu QL, Morris GE, Wilton SD, Ly T, Artem'yeva OV, Strong P, et al. Massive idiosyncratic exon skipping
corrects the nonsense mutation in dystrophic mouse muscle and produces functional revertant fibers by clonal
expansion. ] Cell Biol. 2000 Mar 6;148(5):985-96.

26. Belur LR, Frandsen JL, Dupuy AJ, Ingbar DH, Largaespada DA, Hackett PB, et al. Gene insertion and long-
term expression in lung mediated by the Sleeping Beauty transposon system. Mol Ther. 2003 Sep;8(3):501-7.

27. Hyland KA, Olson ER, Clark K], Aronovich EL, Hackett PB, Blazar BR, et al. Sleeping Beauty-mediated
correction of Fanconi anemia type C. ] Gene Med. 2011;13(9):462-9. doi: 10.1002/jgm.589.

28. Fan Y, Maley M, Beilharz M, Grounds M. Rapid death of injected myoblasts in myoblast transfer therapy.
Muscle Nerve. 1996 Jul;19(7):853-60.

29. Ito H, Hallauer PL, Hastings KE, Tremblay JP. Prior culture with concanavalin A increases intramuscular
migration of transplanted myoblast. Muscle Nerve. 1998;21(3):291-7.

30. Neumeyer AM, DiGregorio DM, Brown RH, Jr. Arterial delivery of myoblasts to skeletal muscle. Neurology.
1992;42(12):2258-62.

31. Dellavalle A, Sampaolesi M, Tonlorenzi R, Tagliafico E, Sacchetti B, Perani L, et al. Pericytes of human
skeletal muscle are myogenic precursors distinct from satellite cells. Nat Cell Biol. 2007;9(3):255-67.

32. Sampaolesi M, Torrente Y, Innocenzi A, Tonlorenzi R, D'Antona G, Pellegrino MA, et al. Cell therapy of alpha-
sarcoglycan null dystrophic mice through intra-arterial delivery of mesoangioblasts. Science. 2003 Jul
25;301(5632):487-92.

33. Izsvék Z, Ivics Z, Plasterk RH. Sleeping Beauty, a wide host-range transposon vector for genetic
transformation in vertebrates. Journal of Molecular Biology. 2000;302(1):93-102.

34. Zayed H, Izsvak Z, Walisko O, Ivics Z. Development of hyperactive Sleeping Beauty transposon vectors by
mutational analysis. Molecular Therapy. 2004;9(2):292-304.

35. Elick TA, Lobo N, Fraser MJ, Jr. Analysis of the cis-acting DNA elements required for piggyBac transposable
element excision. Mol Gen Genet. 1997;255(6):605-10.

36. Lacoste A, Berenshteyn F, Brivanlou AH. An efficient and reversible transposable system for gene delivery
and lineage-specific differentiation in human embryonic stem cells. Cell Stem Cell. 2009;5(3):332-42.

37. Staunstrup NH, Moldt B, Mates L, Villesen P, Jakobsen M, lvics Z, et al. Hybrid Lentivirus-transposon Vectors
With a Random Integration Profile in Human Cells. Mol Ther. 2009;17(7):1205-14.

PLOS Currents Muscular Dystrophy 10



