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Abstract

Antisense oligonucleotide-mediated exon skipping is a promising therapeutic approach for the 

treatment of various genetic diseases and a therapy which has gained significant traction in recent 

years following FDA approval of new antisense-based drugs. Exon skipping for Duchenne 

muscular dystrophy (DMD) works by modulating dystrophin pre-mRNA splicing, preventing 

incorporation of frame-disrupting exons into the final mRNA product while maintaining the open 

reading frame, to produce a shortened-yet-functional protein as seen in milder Becker muscular 

dystrophy (BMD) patients. Exons 45–55 skipping in dystrophin is potentially applicable to 

approximately 47% of DMD patients because many mutations occur within this “mutation 

hotspot.” In addition, patients naturally harboring a dystrophin exons 45–55 in-frame deletion 

mutation have an asymptomatic or exceptionally mild phenotype compared to shorter in-frame 

deletion mutations in this region. As such, exons 45–55 skipping could transform the DMD 

phenotype into an asymptomatic or very mild BMD phenotype and rescue nearly a half of DMD 

patients. In addition, this strategy is potentially applicable to some BMD patients as well, who 

have in-frame deletion mutations in this region. As the degree of exon skipping correlates with 

therapeutic outcomes, reliable measurements of exon skipping efficiencies are essential to the 

development of novel antisense-mediated exon skipping therapeutics. In the case of DMD, 

researchers have often relied upon human muscle fibers obtained from muscle biopsies for testing; 

however, this method is highly invasive and patient myofibers can display limited proliferative 

ability. To overcome these challenges, researchers can generate myofibers from patient fibroblast 

cells by transducing the cells with a viral vector containing MyoD, a myogenic regulatory factor. 

Here, we describe a methodology for assessing dystrophin exons 45–55 multiple skipping 

efficiency using antisense oligonucleotides in human muscle cells derived from DMD patient 

fibroblast cells.
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1 Introduction

Antisense therapeutics have come a long way since their advent approximately 30 years ago. 

Continuous advancements in anti-sense oligo chemistries have led to the recent FDA 

approval of the first-ever marketable drugs for treating Duchenne muscular dystrophy 

(DMD) [1] and spinal muscular atrophy (SMA) [2–4], two of the most lethal genetic 

diseases among children worldwide. Other antisense drugs have been approved for treating 

age-related macular degeneration [5], familial hypercholesterolemia [6], and veno-occlusive 

disease [7].

Antisense oligonucleotides (AOs) function through a number of mechanisms, including exon 

skipping, exon inclusion, and RNase-H activation. Antisense-mediated exon skipping works 

by modulating pre-mRNA splicing, preventing incorporation of mutation-carrying exons 

and/or adjacent exons into the final mRNA product while maintaining the open reading 

frame, producing a shortened-yet-functional protein [8]. Sarepta Therapeutics’ eteplirsen 

(marketed as Exondys 51) is a 30-nucleotide phosphorodiamidate morpholino oligomer 

(PMO) AO which facilitates skipping of dystrophin exon 51 [9]. Several other PMOs, 

including golodirsen (Sarepta Therapeutics) and NS-065/NCNP-01 (NS-Pharma) targeting 

DMD exon 53, are currently in clinical trials [10].

Crucial to the success of most exon skipping strategies is the degree to which functional 

protein can be restored, such as in the case of DMD where patients lack sufficient levels of 

dystrophin protein [11]. Suitable methods of quantifying exon skipping and protein rescue 

are therefore essential to the development of future exon skipping therapies. The recent 

history of another exon skipping drug candidate, BioMarin’s drisapersen, a 2′O-methyl 

phosphorothioate AO, highlights this principle as it was rejected by the FDA in part due to 

the inability to restore dystrophin protein to therapeutically beneficial levels [12, 13]. 

Likewise, controversy still surrounds the FDA’s approval of eteplirsen as clinical trial data 

showed that the drug was only able to rescue dystrophin protein to 0.2–0.3% of normal [14].

As the clinical severity of DMD and Becker muscular dystrophy (BMD) varies depending 

on mutation pattern [15], it is important to consider which exons to target for exon skipping. 

For example, patients harboring dystrophin exons 45–55 deletion mutations have an 

exceptionally mild phenotype [16, 17], even when compared to other in-frame exon deletion 

patterns [15], suggesting that multiple exon skipping of dystrophin exons 45–55 could be a 

particularly beneficial therapeutic approach [18]. Exon skipping and protein rescue 

quantification in DMD preclinical and clinical studies generally involves the use of muscle 

tissue obtained via patient muscle biopsy [19–21]; this method produces several challenges. 

First, muscle biopsies can be invasive and discomforting for patients. The process of 

obtaining a muscle biopsy can also be complicated, as it requires coordination between 

several health specialists (i.e., surgeon, pathologist, lab personnel) as well as the use of 

specialized cryopreservation techniques, as opposed to preservation in formalin which is 

routinely done with other tissue biopsies [22]. Additionally, the amount of primary muscle 

cells obtained via biopsy is limited and these cells display poor proliferative ability [23], 

resulting in low reproducibility of experimental analysis due to lack of available sample. 

Finally, with the advancement of highly sensitive molecular diagnostic techniques, such as 
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multiplex ligation-dependent probe amplification (MLPA) [24], muscle biopsy is now less 

frequently used for diagnosis [25, 26], further curbing access to patient muscle samples for 

drug discovery.

It is possible to transdifferentiate fibroblasts into myoblasts in vitro via ectopic expression of 

the myogenic regulatory factor, MyoD [27–29]. By utilizing muscle cells obtained via direct 

reprogramming of patient fibroblast cells, one can less invasively obtain a suitable cell 

model for assessing the exon skipping potential of novel antisense drugs, circumventing 

many of the challenges associated with a patient muscle biopsy. In this chapter, we discuss a 

methodology for direct reprogramming of DMD patient fibroblast cells into myoblasts, their 

differentiation into myotubes, and assessment of exon skipping efficiency using 

phosphorodiamidate morpholino oligomer (PMO) antisense drugs which catalyze dystrophin 
exons 45–55 skipping [30, 32].

2 Materials

2.1 Cell Culture

1. Growth Media: DMEM/F-12 (Invitrogen), 10% fetal bovine serum (FBS), 1% 

penicillin/streptomycin. For a T225 cell culture flask, add 36 mL DMEM/F12, 4 

mL FBS, and 400 μL pen/strep. Store at 4 °C.

2. Differentiation Media: DMEM/F-12 (Invitrogen), 2% horse serum, 1× ITS 

Liquid Media Supplement (Sigma-Aldrich), 1% penicillin/streptomycin. Store at 

4 °C.

3. DMD fibroblast cells from patients harboring out-of-frame deletion mutations of 

dystrophin exons 45–50 (GM05017) and exons 46–50 (GM05162) can be 

obtained from Coriell Cell Repository (Camden, NJ, USA).

2.2 MyoD Transduction and FACS

1. Vectors: pRetroX-IRES-ZsGreen1 expression vector (Clontech) containing a 

subcloned pUC57 vector harboring the human MYOD1 coding sequence, pVSV-

G envelope vector, and gap-pol expression vector.

2. Calcium Chloride: 2.5 M solution in water.

3. Polybrene (Sigma-Aldrich): 1:1000 in media, or for a T225 flask, 40 μL in 40 

mL.

4. Hank’s Balanced Salt Solution (HBS).

2.3 Antisense PMO Transfection

1. Morpholinos (PMOs) designed according to the guideline as previously 

published [31]. Purchase from GeneTools LLC, Philomath, Oregon, USA. Exon 

45 PMO: GACAACAGTTTGCCGCTGCCCAATGCCATC; Exon 51 PMO: 

AGGTTGTGTCACCAGAGTAACAGTCTGAGT; Exon 52 PMO; 

GGTAATGAGTTCTTCCAACTGGGGACGCCT; Exon 53 PMO: 

GTTCTTGTACTTCATCCCACTGATTCTGAA; Exon 54 PMO: 
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GAGAAGTTTCAGGGCCAAGTCATTTGCCAC, Exon 55 PMO: 

TCTTCCAAAGCAGCCTCTCGCTCACTCACC.

2. Endo-Porter (GeneTools LLC, Philomath, Oregon, USA).

3. Opti-MEM (Invitrogen, Carlsbad, California, USA): Add 1% pen/strep. Store at 

4 °C.

2.4 RT-PCR and Sequencing of Exon-Skipped Transcripts

1. TRIzol (Invitrogen, Carlsbad, California, USA).

2. SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, California, USA).

3. DMD forward primer: GACAAGGGCGATTTGACAG; DMD reverse primer: 

TCCGAAGTTCACTCCACTTG; GAPDH forward primer: 

TCCCTGAGCTGAACGGGAAG; GAPDH reverse primer: 

GGAGGAGTGGGTGTCGCTGT.

2.5 Immuno-cytochemistry

1. 4% paraformaldehyde in PBS (VWR): store at 2–8 °C.

2. Permeabilizing/Blocking solution: PBS containing 0.5% Triton X-100 and 10% 

goat serum.

3. Anti-dystrophin primary antibody: NCL-DYS1 (Novocastra).

4. Anti-desmin primary antibody: NCL-DES-DERII (Novocastra).

5. Anti-myosin heavy chain primary antibody: NCL-MHCf (Novocastra).

6. Anti-mouse IgG (H + L) highly cross-adsorbed secondary antibody, Alexa Fluor 

546.

7. ProLong Gold Antifade Mountant (Invitrogen, Carlsbad, California, USA).

3 Methods

3.1 Retrovirus Preparation

1. Seed HEK293T cells in a T225 flask and culture in growth media until 70–80% 

confluent. Incubate cells in a CO2 incubator at 37 °C.

2. Wash 70–80% confluent HEK cells with PBS twice and add 40 mL of fresh GM 

1–2 h before adding plasmids (see Note 1).

3. Combine plasmids in a 50-mL tube at a ratio of 1:1:2 (pVSVG: 18.75 μg; pGP: 

18.75 μg; pMyoD: 37.5 μg).

4. Add 400 μL of 2.5 M CaCl2 solution per flask and fill to 4 mL with distilled 

water (DW).

5. Add plasmid solution dropwise into 4 mL of 2× HBS.
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6. Gently aerate the solution using an autopipette, then incubate at room 

temperature for 20 min.

7. Remove 20 mL of growth media from the flask containing HEK cells and place 

it in a 50-mL tube. Add the plasmid solution to the tube containing growth media 

and mix, then add the transfection solution to the flask opposite the cell layer 

side. Incubate overnight.

8. After overnight incubation, replace the transfection solution with fresh growth 

media and culture an additional 2–3 days.

9. Collect viral supernatant in fresh 50 mL tubes and centrifuge at 1000 rpm (215 × 

g) for 3 min at room temp to remove debris.

10. Under a flame, filter viral solution using a Corning bottle-top vacuum filter, then 

prepare aliquots and store at −80 °C.

3.2 MyoD Transduction and FACS

1. Seed patient fibroblast cells in a T225 flask and culture in growth media until 

70–80% confluent. Incubate cells in a CO2 incubator at 37 °C.

2. Add virus solution to 70–80% confluent fibroblasts. If using 40 mL of media in 

T225 flasks, add 40 μL of polybrene to the virus solution. Incubate for 24 h.

3. Replace virus solution with fresh growth media and incubate an additional 48 h, 

or until many GFP+ cells (>50%) are observed.

4. To prepare cells for FACS sorting, rinse cells twice with PBS and detach cells 

with trypsin–EDTA (see Note 2); for a T225 flask, use 5 mL of trypsin–EDTA.

5. Stop the trypsin reaction by adding 40 mL of fresh growth media and centrifuge 

cells at 1000 rpm for 5 min. Discard the supernatant and resuspend the pellet in 1 

mL of PBS.

6. Filter cells using a BD Falcon Tube with cell strainer cap, then add 20 μL of 

propidium iodide solution (see Note 3).

7. Sort cells using flow cytometry.

8. Adjust sorted GFP+ cells to 2 × 105/mL with growth media and seed cells at 1 × 

105 cells in 500 μL of growth media into each well of a collagen-coated 12-well 

plate. Incubate cells for 24 h.

9. Replace growth media with differentiation media and incubate until myotubes 

form. Change media every 2–3 days.

3.3 Antisense PMO Transfection

1. Prepare morpholinos (PMOs) for transfection by warming at 70 °C for 15 min. 

Check to ensure no aggregates remain in the tube; if necessary, warm for an 

additional 10–15 min to remove any aggregates.
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2. Vortex PMO tubes briefly and then spin down. Cool to room temperature before 

transfecting.

3. Prepare PMOs and Endo-Porter transfection reagent in differentiation media 

according to desired final concentration and the number of PMOs used. For 

single exon skipping using one PMO at a final concentration of 10 μM in 500 μL 

of differentiation media, combine 10 μL of PMO, 3 μL of Endo-Porter, and 492 

μL of differentiation media in a tube.

4. Incubate cells with PMO media for 48 h at 37 °C in a CO2 incubator. After 48 h, 

change to fresh differentiation media and incubate an additional 72 h at 37 °C in 

a CO2 incubator, then collect cells for analysis.

3.4 RNA Isolation

1. Remove media from the dish and add 1 mL of TRIzol (Invitrogen) reagent.

2. Using a micropipette, rinse the cells on the dish repeatedly with the 1 mL of 

TRIzol until they become detached and transfer the TRIzol–cell mixture to a 

fresh 1.5 mL microcentrifuge tube (see Note 4). Incubate cells in TRIzol at room 

temperature for 5 min.

3. Add 200 μL of chloroform per 1 mL of TRIzol used.

4. Cap tubes and shake vigorously for 15 s. Incubate at room temperature for 3 min.

5. Centrifuge at 12,000 × g (rcf) for 15 min at 4 °C.

6. Transfer clear aqueous phase into fresh tubes (see Note 5).

7. Add 500 μL of isopropyl alcohol per 1 mL of TRIzol used.

8. Add 2 μL of glycogen and vortex. Incubate at room temperature for 10 min.

9. Centrifuge at 12,000 × g for 10 min at 4 °C.

10. Remove supernatant and wash with 1 mL of 75% ethanol and vortex. Centrifuge 

at 7500 × g for 5 min at 4 °C.

11. Remove supernatant and air-dry pellet for 10–15 min (see Note 6).

12. Dissolve pellet in 35 μL of RNase-free water and incubate at 60 °C for 10 min. 

Store in −80 °C freezer.

3.5 RT-PCR and Sequencing of Exon-Skipped Transcripts

1. Use 200 ng of total RNA and SuperScript III Reverse Transcriptase to generate 

cDNA.

2. Perform RT-PCR reaction using the following settings: 94 °C for 15 s, 60 °C for 

30 s, 68 °C for 75 s, for 35 cycles.

3. Run RT-PCR products on a 1.5% agarose gel—135 V for 5 min, then 100 V for 

35 min.
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4. Excise bands of interest from the gel and use a gel and PCR cleanup kit to 

retrieve RT-PCR products.

5. Prepare RT-PCR products for Sanger Sequencing according to sequencing 

facility instructions.

3.6 Immuno-cytochemistry

1. Discard old media by pipetting and fix cells with 500 μL/well of 4% 

paraformaldehyde (PFA) for 5 min at room temp.

2. Wash cells with 1 mL phosphate buffered saline (PBS) containing 0.1% Triton 

X-100 (0.1% PBST) for 5 min under agitation. Repeat three times.

3. Permeabilize and block with 500 μL/well of PBS containing 0.5% Triton X-100 

(0.5% PBST) and 10% goat serum for 20 min.

4. Incubate each well with 300 μL of 0.5% PBST containing 10% goat serum and 

primary antibody for 1 h at room temperature. Use the following ratios for 

antibodies: anti-desmin (NCL-DES-DERII, Novocastra) 1:30, anti-dystrophin 

(NCL-DYS1, Novocastra) 1:30, anti-myosin heavy chain (NCL-MHCf, 

Novocastra) 1:30.

5. After incubation, wash cells with 1 mL 0.1% PBST for 5 min under agitation. 

Repeat three times.

6. Incubate cells with anti-mouse IgG (H + L) highly cross-adsorbed secondary 

antibody, Alexa Fluor 546 (1:500) in 0.1% PBST for 1 h at room temp.

7. Wash cells with 1 mL of 0.1% PBST for 5 min under agitation. Repeat three 

times.

8. Add 300 μL of aqueous antifade reagent containing DAPI to each well.

9. Incubate for at least 30 min and observe using fluorescence microscope. Store 

plates at 4 °C.

4 Notes

1. When washing cells with PBS, always add PBS to the side of the flask opposite 

the cell layer to avoid sloughing off cells. Using PBS prewarmed in a 37 °C 

water bath is also helpful to reduce cell stress.

2. When performing a trypsin digest to detach cells, placing the flask in a 37 °C 

CO2 incubator can help speed the detachment. Gently tapping the side of the 

flask against a lab bench or table edge can help loosen cell attachment, although 

this can also cause cell clumping and should not be done until the latter part of 

the cell-detachment process.

3. When preparing cells for FACS sorting and using the cell strainer cap, place the 

pipette tip firmly against the straining mesh of the cap, but not so firm as to 

puncture through the mesh. Pipette slowly and smoothly.
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4. When collecting total RNA from cells using TRIzol, gentle scraping of the 

bottom of the dish with the pipette tip can help detach cells. Pipetting should be 

done gently, as vigorous pipetting can cause the liquid streaming from the pipette 

tip to strike the bottom of the dish with such force that splashing can occur; this 

can result in contamination if adjacent wells are being used for other treatment 

groups.

5. When transferring the clear aqueous phase, it is important to pipette very slowly 

and smoothly to avoid pipetting the red phenol phase. If phenol phase 

contamination occurs, another round of centrifugation at 12,000 × g can separate 

out the different phases again.

6. Excess ethanol can be removed via careful pipetting; we do not recommend 

using a micropipette tip larger than 2–20 μL, to avoid aspirating the pellet. 

Alternatively, use a micropipette tip (0.2–2 μL) and capillary action to remove 

excess ethanol.

Acknowledgments

This work was supported by the University of Alberta Faculty of Medicine and Dentistry, Parent Project Muscular 
Dystrophy USA, Canadian Institutes of Health Research (grants FRN134134 and 132574), Friends of Garrett 
Cumming Research Funds, HM Toupin Neurological Science Research Funds, Muscular Dystrophy Canada, 
Canada Foundation for Innovation (grant 30819), Alberta Enterprise and Advanced Education, Women and 
Children’s Health Research Institute, Association Française contre les Myopathies, Alberta Innovates—Health 
Solutions, NIH (grants 5U54HD053177, K26OD011171, and P50AR060836–01), US Department of Defense 
(grants W81XWH-05–1-0616 and W81XWH-11–1-0782), and NIH NIAMS (training grant 5T32AR056993).

References

1. Aartsma-Rus A, Krieg AM (2017) FDA approves eteplirsen for duchenne muscular dystrophy: the 
next chapter in the eteplirsen saga. Nucleic Acid Ther 27(1):1–3. 10.1089/nat.2016.0657 [PubMed: 
27929755] 

2. Stein CA, Castanotto D (2017) FDA-approved oligonucleotide therapies in 2017. Mol Ther 25(5):
1069–1075. 10.1016/j.ymthe.2017.03.023 [PubMed: 28366767] 

3. Finkel RS, Chiriboga CA, Vajsar J et al. (2016) Treatment of infantile-onset spinal muscular atrophy 
with nusinersen: a phase 2, open-label, dose-escalation study. Lancet 388(10063): 3017–3026. 
10.1016/S0140-6736(16)31408-8 [PubMed: 27939059] 

4. Finkel RS, Mercuri E, Darras BT et al. (2017) Nusinersen versus sham control in infantile-onset 
spinal muscular atrophy. N Engl J Med 377(18):1723–1732. 10.1056/NEJMoa1702752 [PubMed: 
29091570] 

5. Gragoudas ES, Adamis AP, Cunningham ET Jr et al. (2004) Pegaptanib for neovascular age-related 
macular degeneration. N Engl J Med 351(27):2805–2816. 10.1056/NEJMoa042760 [PubMed: 
15625332] 

6. Raal FJ, Santos RD, Blom DJ et al. (2010) Mipomersen, an apolipoprotein B synthesis inhibitor, for 
lowering of LDL cholesterol concentrations in patients with homozygous familial 
hypercholesterolaemia: a randomised, double-blind, placebo-controlled trial. Lancet 375(9719):
998–1006. 10.1016/S0140-6736(10)60284-X [PubMed: 20227758] 

7. Stein C, Castanotto D, Krishnan A et al. (2016) Defibrotide (Defitelio): a new addition to the 
stockpile of food and drug administration-approved oligonucleotide drugs. Mol Ther Nucleic Acids 
5:e346 10.1038/mtna.2016.42 [PubMed: 28131276] 

8. Lee JJ, Yokota T (2013) Antisense therapy in neurology. J Pers Med 3(3):144–176. 10.3390/
jpm3030144 [PubMed: 25562650] 

Lee et al. Page 8

Methods Mol Biol. Author manuscript; available in PMC 2019 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Lim KR, Maruyama R, Yokota T (2017) Eteplirsen in the treatment of Duchenne muscular 
dystrophy. Drug Des Devel Ther 11:533–545. 10.2147/DDDT.S97635

10. Nguyen Q, Yokota T (2017) Immortalized muscle cell model to test the exon skipping efficacy for 
Duchenne muscular dystrophy. J Pers Med 7(4). 10.3390/jpm7040013

11. Hoffman EP, Brown RH Jr, Kunkel LM (1987) Dystrophin: the protein product of the Duchenne 
muscular dystrophy locus. Cell 51(6):919–928 [PubMed: 3319190] 

12. Goemans NM, Tulinius M, van den Akker JT et al. (2011) Systemic administration of PR0051 in 
Duchenne’s muscular dystrophy. N Engl J Med 364(16):1513–1522. 10.1056/NEJMoa1011367 
[PubMed: 21428760] 

13. Lu QL, Cirak S, Partridge T (2014) What can we learn from clinical trials of exon skipping for 
DMD? Mol Ther Nucleic Acids 3:e152 10.1038/mtna.2014.6 [PubMed: 24618851] 

14. Kesselheim AS, Avorn J (2016) Approving a problematic muscular dystrophy drug: implications 
for FDA policy. JAMA 316(22):2357–2358. 10.1001/jama.2016.16437 [PubMed: 27775756] 

15. Nakamura A, Shiba N, Miyazaki D et al. (2017) Comparison of the phenotypes of patients 
harboring in-frame deletions starting at exon 45 in the Duchenne muscular dystrophy gene 
indicates potential for the development of exon skipping therapy. J Hum Genet 62(4):459–463. 
10.1038/jhg.2016.152 [PubMed: 27974813] 

16. Nakamura A, Yoshida K, Fukushima K et al. (2008) Follow-up of three patients with a large in-
frame deletion of exons 45–55 in the Duchenne muscular dystrophy (DMD) gene. J Clin Neurosci 
15(7):757–763. 10.1016/j.jocn.2006.12.012 [PubMed: 18261911] 

17. Taglia A, Petillo R, D’Ambrosio P et al. (2015) Clinical features of patients with dystrophinopathy 
sharing the 45–55 exon deletion of DMD gene. Acta Myol 34(1):9–13 [PubMed: 26155064] 

18. Aslesh T, Maruyama R, Yokota T (2018) Skipping multiple exons to treat DMD—promises and 
challenges. Biomedicine 6(1):1

19. Anthony K, Feng L, Arechavala-Gomeza V et al. (2012) Exon skipping quantification by 
quantitative reverse-transcription polymerase chain reaction in Duchenne muscular dystrophy 
patients treated with the antisense oligomer eteplirsen. Hum Gene Ther Methods 23(5):336–345. 
10.1089/hgtb.2012.117 [PubMed: 23075107] 

20. Verheul RC, van Deutekom JC, Datson NA (2016) Digital droplet PCR for the absolute 
quantification of exon skipping induced by antisense oligonucleotides in (pre-)clinical 
development for Duchenne muscular dystrophy. PLoS One 11(9):e0162467 10.1371/journal.pone.
0162467 [PubMed: 27612288] 

21. Anthony K, Arechavala-Gomeza V, Taylor LE et al. (2014) Dystrophin quantification: biological 
and translational research implications. Neurology 83(22):2062–2069. 10.1212/WNL.
0000000000001025 [PubMed: 25355828] 

22. Joyce NC, Oskarsson B, Jin LW (2012) Muscle biopsy evaluation in neuromuscular disorders. 
Phys Med Rehabil Clin N Am 23(3):609–631. 10.1016/j.pmr.2012.06.006 [PubMed: 22938878] 

23. Paasuke R, Eimre M, Piirsoo A et al. (2016) Proliferation of human primary myoblasts is 
associated with altered energy metabolism in dependence on ageing in vivo and in vitro. Oxidative 
Med Cell Longev 2016:8296150 10.1155/2016/8296150

24. Lalic T, Vossen RH, Coffa J et al. (2005) Deletion and duplication screening in the DMD gene 
using MLPA. Eur J Hum Genet 13(11):1231–1234. 10.1038/sj.ejhg.5201465 [PubMed: 16030524] 

25. Muntoni F (2001) Is a muscle biopsy in Duchenne dystrophy really necessary? Neurology 57(4):
574–575 [PubMed: 11524463] 

26. Bushby K, Finkel R, Birnkrant DJ et al. (2010) Diagnosis and management of Duchenne muscular 
dystrophy, part 1: diagnosis, and pharmacological and psychosocial management. Lancet Neurol 
9(1):77–93. 10.1016/S1474-4422(09)70271-6 [PubMed: 19945913] 

27. Liu Z, Fan H, Li Y et al. (2008) Experimental studies on the differentiation of fibroblasts into 
myoblasts induced by MyoD genes in vitro. Int J Biomed Sci 4(1):14–19 [PubMed: 23675061] 

28. Davis RL, Weintraub H, Lassar AB (1987) Expression of a single transfected cDNA converts 
fibroblasts to myoblasts. Cell 51(6): 987–1000 [PubMed: 3690668] 

29. Saito T, Nakamura A, Aoki Y et al. (2010) Antisense PMO found in dystrophic dog model was 
effective in cells from exon 7-deleted DMD patient. PLoS One 5(8):e12239 10.1371/journal.pone.
0012239

Lee et al. Page 9

Methods Mol Biol. Author manuscript; available in PMC 2019 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30. Echigoya Y, Duddy W, Lee J et al. Exons 45–55 skipping of human dystrophin transcripts using 
cocktail antisense oligonucleotides In: Molecular therapy, 2014 Nature publishing group 75 varick 
st, 9th flr, New York, NY 10013–1917, USA, pp S41–S42

31. Shimo T, Maruyama R, Yokota T (2018) Designing effective antisense oligonucleotides for exon 
skipping. Methods Mol Biol 1687:143–155. 10.1007/978-1-4939-7374-3_10 [PubMed: 29067661] 

32. Lee J, Echigoya Y, Duddy W et al. (2018) Antisense PMO cocktails effectively skip dystrophin 
exons 45–55 in myotubes transdifferentiated from DMD patient fibroblasts. PLOS ONE 13 
(5):e0197084

Lee et al. Page 10

Methods Mol Biol. Author manuscript; available in PMC 2019 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials
	Cell Culture
	MyoD Transduction and FACS
	Antisense PMO Transfection
	RT-PCR and Sequencing of Exon-Skipped Transcripts
	Immuno-cytochemistry

	Methods
	Retrovirus Preparation
	MyoD Transduction and FACS
	Antisense PMO Transfection
	RNA Isolation
	RT-PCR and Sequencing of Exon-Skipped Transcripts
	Immuno-cytochemistry

	Notes
	References

