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Duchenne muscular dystrophy (DMD) is an inherited X-linked disease caused by
mutations in the gene encoding dystrophin, a protein required for muscle fiber
integrity. DMD is characterized by progressive muscle weakness and a shortened
life span, and there is no effective treatment. We used CRISPR/Cas9-mediated
genome editing to correct the dystrophin gene (Dmd) mutation in the germline of
mdx mice, a model for DMD, and then monitored muscle structure and function.
Genome editing produced genetically mosaic animals containing 2 to 100%
correction of the Dmd gene. The degree of muscle phenotypic rescue in mosaic
mice exceeded the efficiency of gene correction, likely reflecting an advantage of
the corrected cells and their contribution to regenerating muscle. With the
anticipated technological advances that will facilitate genome editing of postnatal
somatic cells, this strategy may one day allow correction of disease-causing

mutations in the muscle tissue of patients with DMD.

Duchenne muscular dystrophy (DMD) is caused by mutations in the
gene for dystrophin on the X chromosome and affects approximately 1
in 3500 boys. Dystrophin is a large cytoskeletal structural protein essen-
tial for muscle cell membrane integrity. Without it, muscles degenerate,
causing weakness and myopathy (/). Death of DMD patients usually
occurs by age 25, typically from breathing complications and cardiomy-
opathy. Hence, therapy for DMD necessitates sustained rescue of skele-
tal, respiratory and cardiac muscle structure and function. Although the
genetic cause of DMD was identified nearly three decades ago (2), and
several gene- and cell-based therapies have been developed to deliver
functional Dmd alleles or dystrophin-like protein to diseased muscle
tissue, numerous therapeutic challenges have been encountered and no
curative treatment exists (3).

RNA-guided nucleases-mediated genome editing, based on Type II
CRISPR (Clustered Regularly Interspaced Short Palindromic Re-
peat)/Cas (CRISPR Associated) systems, offers a new approach to alter
the genome (4—6). In brief, Cas9, a nuclease guided by single-guide
RNA (sgRNA), binds to a targeted genomic locus next to the protospac-
er adjacent motif (PAM) and generates a double-strand break (DSB).
The DSB is then repaired either by non-homologous end-joining
(NHEJ), which leads to insertion/deletion (indel) mutations, or by ho-
mology-directed repair (HDR), which requires an exogenous template
and can generate a precise modification at a target locus (7). Unlike oth-
er gene therapy methods, which add a functional, or partially functional,
copy of a gene to a patient’s cells but retain the original dysfunctional
copy of the gene, this system can remove the defect. Genetic correction
using engineered nucleases (8§—/2) has been demonstrated in tissue cul-
ture cells (/2) and rodent models of rare diseases (/3), but not yet in
models of relatively common and currently incurable diseases, such as
DMD.

The objective of this study was to
correct the genetic defect in the Dmd
gene of mdx mice by CRISPR/Cas9—
mediated genome editing in vivo. The
mdx mouse (C57BL/10ScSn-Dmd"*/J)
contains a nonsense mutation in exon
23 of the Dmd gene (14, 15) (Fig. 1A).
We injected Cas9, sgRNA and HDR
template into mouse zygotes to correct
the disease-causing gene mutation in
the germ line (/6, 17), a strategy that
has the potential to correct the mutation
in all cells of the body, including myo-
genic progenitors. Safety and efficacy
of CRISPR/Cas9-based gene therapy
was also evaluated.

Initially, we tested the feasibility

and optimized the conditions of
CRISPR/Cas9—mediated Dmd gene
editing in wild-type mice

(C57BL6/C3H and C57BL/6) (see sup-
plementary materials and methods). We
designed a sgRNA to target Dmd exon
23 (fig. S1A) and a single-stranded
oligodeoxynucleotide (ssODN) as a
template for HDR-mediated gene repair
(fig. S1B and table S1). The wild-type
zygotes were co-injected with Cas9
mRNA, sgRNA-DMD and ssODN and
then implanted into pseudopregnant
female mice. Polymerase chain reaction
(PCR) products corresponding to Dmd
exon 23 from progeny mice were se-
quenced (fig. S1, C to E). Efficiency of CRISPR/Cas9—mediated Dmd
gene editing is shown in table S2.

We next applied the optimized CRISPR/Cas9—mediated genomic ed-
iting method to mdx mice (Fig. 1B). The CRISPR/Cas9—mediated ge-
nomic editing system will correct the point mutation in mdx mice during
embryonic development via HDR or NHEJ (Fig. 1, C and D, and fig.
S2A). “Corrected” mdx progeny (termed mdx-C) were identified by Re-
striction Fragment Length Polymorphism (RFLP) analysis and the mis-
match-specific T7 endonuclease I (T7E1) assay (Fig. 1E, table S2, and
supplementary materials and methods). We analyzed a total of eleven
different mdx-C mice. PCR products of Dmd exon 23 from seven mdx-C
mice with HDR-mediated gene correction (termed mdx-C1 to C7) and
four mdx-C mice containing NHEJ-mediated in-frame deletions of the
stop codon (termed mdx-N1 to N4) were sequenced. Sequencing results
revealed that CRISPR/Cas9—mediated germline editing produced genet-
ically mosaic mdx-C mice displaying from 2 to 100% correction of the
Dmd gene (Fig. 1E and fig. S2, B and C). A wide range of mosaicism
occurs if CRISPR/Cas9-mediated repair occurs after the zygote stage,
resulting in genomic editing in a subset of embryonic cells (/8). All
mouse progeny developed to adults without signs of tumor growth or
other abnormal phenotypes.

We tested four different mouse groups for possible off-target effects
of CRISPR/Cas9-mediated genome editing: (A) mdx mice without
treatment (termed mdx), (B) CRISPR/Cas9—edited mdx mice (termed
mdx+Cas9), (C) Wild-type control mice (C57BL6/C3H) without treat-
ment (termed WT) and (D) CRISPR/Cas9-edited wild-type mice (termed
WT+Cas9) (fig. S3A). Sequences of the target site (Dmd exon 23) and a
total of 32 potential off-target (OT) sites in the mouse genome were
predicted by CRISPR design tool (http://crispr.mit.edu/) and are listed in
table S3. Ten of the 32 sites, termed OT-01 through OT-10 represent the
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genome-wide top-ten hits. Twenty-two of the 32, termed OTE-01
through OTE-22 are located within exons.

Deep sequencing of PCR products corresponding to Dmd exon 23
revealed high ratios of HDR and NHEJ-mediated genetic modification in
groups B and D but not in control groups A and C (fig. S3A and table
S4). There was no difference in the frequency of indel mutations in the
32 potential off-target regions among the different groups (fig. S3, B and
C, table S5, and supplementary materials and methods). These results are
also consistent with recent genome-wide studies showing that DNA
cleavage by Cas9 is not promiscuous (/9-21). Thus, off-target effects
may be less of a concern in vivo than previously observed in vitro (22,
23).

To analyze the effect of CRISPR/Cas9-mediated genomic editing on
the development of muscular dystrophy, we performed histological anal-
yses of four different muscle types [quadriceps, soleus (hindlimb mus-
cle), diaphragm (respiratory muscle) and heart muscle] from wild-type
mice, mdx mice, and three chosen mdx-C mice with different percent-
ages of Dmd gene correction at 7-9 weeks old age. mdx muscle showed
histopathologic hallmarks of muscular dystrophy, including variation in
fiber diameter, centralized nuclei, degenerating fibers, necrotic fibers,
and mineralized fibers, as well as interstitial fibrosis (Fig. 2 and figs.
S4A and S5A). Immunohistochemistry showed no dystrophin expression
in skeletal muscle or heart of mdx mice, while wild-type mice showed
dystrophin expression in the subsarcolemmal region of the fibers and the
heart (Fig. 2). Although mdx mice carry a stop mutation in the Dmd
gene, we observed 0.2-0.6% revertant fibers, consistent with a previous
report (24). mdx-C mice with 41% of the mdx alleles corrected by HDR
(termed HDR-41%) or with 83% correction by in-frame NHEJ (termed
NHEJ-83%) showed complete absence of the dystrophic muscle pheno-
type and restoration of dystrophin expression in the subsarcolemmal
region of all myofibers (Fig. 2). Strikingly, correction of only 17% of the
mutant Dmd alleles (termed HDR-17%) was sufficient to allow dystro-
phin expression in a majority of myofibers at a level of intensity compa-
rable to that of wild-type mice, and the muscle exhibited fewer
histopathologic hallmarks of muscular dystrophy than mdx muscle (fig.
S4A). The substantially higher percentage (47-60%) of dystrophin-
positive fibers associated with only 17% gene correction (fig. S6, A and
B) suggests a selective advantage of the corrected skeletal muscle cells.
Western blot analysis showed restored dystrophin protein in skeletal
muscle (quadriceps) and heart of mdx-C mice to levels consistent with
percentages of dystrophin-positive fibers (figs. S4B and S6B).

To compare the efficiency of rescue over time, we chose mdx-C
mice with comparable mosaicism of rescue of approximately 40%. As
shown in fig. S7A, a 3-week mdx-C mouse with ~40% HDR-mediated
gene correction (termed HDR-40%-3wks) showed occasional dystro-
phin-negative myofibers amongst a majority of dystrophin-positive fi-
bers. In contrast, no dystrophin-negative fibers were seen in a mouse
with comparable gene correction at 9 weeks of age, suggesting progres-
sive rescue with age in skeletal muscle. In mdx-C mice with comparable
mosaicism, we did not observe a significant difference in dystrophin
expression in the heart between 3 and 9 weeks of age (fig. S7B), sug-
gesting that age-dependent improvement may be restricted to skeletal
muscle.

The widespread and progressive rescue of dystrophin expression in
skeletal muscle might reflect the multi-nucleated structure of myofibers,
such that a subset of nuclei with corrected Dmd genes can compensate
for nuclei with Dmd mutations. Fusion of corrected satellite cells (the
stem cell population of skeletal muscle) with dystrophic fibers might
also progressively contribute to the regeneration of dystrophic muscle
(25). To investigate this possibility, we identified satellite cells in muscle
sections of mdx-C mice by immunostaining with Pax-7, a specific-
marker for satellite cells (fig. S8A). Using laser microdissection (see
supplementary materials and methods), we dissected Pax-7 positive sat-

ellite cells and isolated genomic DNA for PCR analysis (Fig. 3A and fig.
S8B). Sequencing results of PCR products corresponding to Dmd exon
23 from these isolated satellite cells showed the corrected Dmd gene
(Fig. 3B). These results indicate that CRISPR/Cas9 genomic editing
corrected the mutation in satellite cells allowing these muscle stem cells
to rescue the dystrophic muscle (Fig. 3C and fig. S8C).

Serum creatine kinase (CK), a diagnostic marker for muscular dys-
trophy that reflects muscle leakage, was measured in wild-type, mdx and
mdx-C mice. Consistent with the histological results, serum CK levels of
the mdx-C mice were substantially decreased compared to mdx mice and
were inversely proportional to the percentage of genomic correction
(Table 1). Wild-type, mdx, and mdx-C mice were also subjected to grip
strength testing to measure muscle performance, and the mdx-C mice
showed enhanced muscle performance compared to mdx mice (Table 1).

Our results show that CRISPR/Cas9-mediated genomic editing is
capable of correcting the primary genetic lesion responsible for muscular
dystrophy (DMD) and preventing development of characteristic features
of this disease in mdx mice. Because genome editing in the germline
produced genetically corrected animals with a wide range of mosaicism
(2 to 100%), we were able to compare the percent genomic correction
with the extent of rescue of normal muscle structure and function. We
observed that only a subset of corrected cells in vivo is sufficient for
complete phenotypic rescue. As schematized in Fig. 3C, histological
analysis of partially corrected mdx mice revealed three types of myofi-
bers: 1) Normal dystrophin-positive myofibers; 2) dystrophic dystro-
phin-negative myofibers; and 3) mosaic dystrophin-positive myofibers
containing centralized nuclei, indicative of muscle regeneration. We
propose that the latter type of myofiber arises from the recruitment of
corrected satellite cells into damaged myofibers, forming mosaic myofi-
bers with centralized nuclei. Efforts to expand satellite cells ex vivo as a
source of cells for in vivo engraftment have been hindered by the loss of
proliferative potential and regenerative capacity of these cells in culture
(26). Thus, direct editing of satellite cells in vivo by CRISPR/Cas9 sys-
tem represents a potentially promising alternative approach to promote
muscle repair in DMD.

Genomic editing within the germline is not currently feasible in hu-
mans. However, genomic editing could, in principle, be envisioned with-
in postnatal cells in vivo if certain technical challenges could be
overcome. For example, there is a need for appropriate somatic cell de-
livery systems capable of directing the components of the CRISPR/Cas9
system to dystrophic muscle or satellite cells in vivo. In this regard, the
adeno-associated virus (AAV) delivery system has proven to be safe and
effective and has already been advanced in clinical trials for gene thera-
py (27, 28). Moreover, the AAV9 serotype has been shown to provide
robust expression in skeletal muscle, heart and brain, the major tissues
affected in DMD patients. Other non-viral gene delivery methods, in-
cluding injection of naked plasmid DNA (29), chemically modified
mRNA (30, 31), and nanoparticles containing nucleic acid (32) also
warrant consideration. Another challenge with respect to the feasibility
of clinical application of the CRISPR/Cas9 system is the increase in
body size between rodents and humans, requiring substantial scale-up.
More efficient genome editing in post-natal somatic tissues is also need-
ed for the advancement of the CRISPR/Cas9 system into clinical use.
Although CRISPR/Cas9 can effectively generate NHEJ-mediated indel
mutations in somatic cells, HDR-mediated correction is relatively inef-
fective in postmitotic cells, such as myofibers and cardiomyocytes, be-
cause these cells lack the proteins essential for homologous
recombination (33). Co-expression of components of the HDR pathway
with the CRISPR/Cas9 system might enhance HDR-mediated gene re-
pair. Finally, safety issues of the CRISPR/Cas9 system, especially for
long-term use, need to be evaluated in preclinical studies in large animal
models of disease. Despite the challenges listed above, with rapid tech-
nological advances of gene delivery systems and improvements to the
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CRISPR/Cas9 editing system (33), the approach we describe could ulti-
mately offer therapeutic benefit to DMD and other human genetic dis-
eases in the future.

References and Notes
1. R. J. Fairclough, M. J. Wood, K. E. Davies, Therapy for Duchenne muscular

dystrophy: Renewed optimism from genetic approaches. Nat. Rev. Genet. 14,
373-378 (2013). Medline doi:10.1038/nrg3460

2. R. G. Worton, M. W. Thompson, Genetics of Duchenne muscular dystrophy.

Annu. Rev. Genet. 22,
doi:10.1146/annurev.ge.22.120188.003125

601-629 (1988). Medline

3. J. C. van Deutekom, G. J. van Ommen, Advances in Duchenne muscular

dystrophy gene therapy. Nat. Rev. Genet. 4, 774-783 (2003). Medline
doi:10.1038/nrg1180

4. M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna, E. Charpentier, A

programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science 337, 816-821 (2012). Medline
doi:10.1126/science.1225829

5. L. Cong, F. A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P. D. Hsu, X. Wu,

W. Jiang, L. A. Marraffini, F. Zhang, Multiplex genome engineering using
CRISPR/Cas  systems. Science 339, 819-823 (2013). Medline
doi:10.1126/science.1231143

6. P. Mali, L. Yang, K. M. Esvelt, J. Aach, M. Guell, J. E. DiCarlo, J. E. Norville,

G. M. Church, RNA-guided human genome engineering via Cas9. Science
339, 823-826 (2013). Medline doi:10.1126/science.1232033

7. P. Mali, K. M. Esvelt, G. M. Church, Cas9 as a versatile tool for engineering

biology. Nat. Methods 10, 957-963 (2013). Medline doi:10.1038/nmeth.2649

8. F. D. Urnov, J. C. Miller, Y. L. Lee, C. M. Beausejour, J. M. Rock, S.

Augustus, A. C. Jamieson, M. H. Porteus, P. D. Gregory, M. C. Holmes,
Highly efficient endogenous human gene correction using designed zinc-
finger  nucleases. Nature 435, 646651 (2005). Medline
doi:10.1038/nature03556

9. D. G. Ousterout, P. Perez-Pinera, P. I. Thakore, A. M. Kabadi, M. T. Brown, X.

10.

11.

12.

13.

14.

15.

16.

Qin, O. Fedrigo, V. Mouly, J. P. Tremblay, C. A. Gersbach, Reading frame
correction by targeted genome editing restores dystrophin expression in cells
from Duchenne muscular dystrophy patients. Mol. Ther. 21, 1718-1726
(2013). Medline doi:10.1038/mt.2013.111

M. J. Osborn, C. G. Starker, A. N. McElroy, B. R. Webber, M. J. Riddle, L.
Xia, A. P. DeFeo, R. Gabriel, M. Schmidt, C. von Kalle, D. F. Carlson, M. L.
Maeder, J. K. Joung, J. E. Wagner, D. F. Voytas, B. R. Blazar, J. Tolar,
TALEN-based gene correction for epidermolysis bullosa. Mol. Ther. 21,
1151-1159 (2013). Medline doi:10.1038/mt.2013.56

Y. Wu, D. Liang, Y. Wang, M. Bai, W. Tang, S. Bao, Z. Yan, D. Li, J. Li,
Correction of a genetic disease in mouse via use of CRISPR-Cas9. Cell Stem
Cell 13, 659-662 (2013). Medline doi:10.1016/j.stem.2013.10.016

G. Schwank, B. K. Koo, V. Sasselli, J. F. Dekkers, I. Heo, T. Demircan, N.
Sasaki, S. Boymans, E. Cuppen, C. K. van der Ent, E. E. Nieuwenhuis, J. M.
Beekman, H. Clevers, Functional repair of CFTR by CRISPR/Cas9 in
intestinal stem cell organoids of cystic fibrosis patients. Cell Stem Cell 13,
653-658 (2013). Medline doi:10.1016/j.stem.2013.11.002

H. Yin, W. Xue, S. Chen, R. L. Bogorad, E. Benedetti, M. Grompe, V.
Koteliansky, P. A. Sharp, T. Jacks, D. G. Anderson, Genome editing with
Cas9 in adult mice corrects a disease mutation and phenotype. Nat.
Biotechnol. 32, 551-553 (2014). Medline doi:10.1038/nbt.2884

G. Bulfield, W. G. Siller, P. A. Wight, K. J. Moore, X chromosome-linked
muscular dystrophy (mdx) in the mouse. Proc. Natl. Acad. Sci. U.S.A. 81,
1189-1192 (1984). Medline doi:10.1073/pnas.81.4.1189

P. Sicinski, Y. Geng, A. S. Ryder-Cook, E. A. Barnard, M. G. Darlison, P. J.
Barnard, The molecular basis of muscular dystrophy in the mdx mouse: A
point  mutation.  Science 244, 1578-1580  (1989).  Medline
doi:10.1126/science.2662404

H. Wang, H. Yang, C. S. Shivalila, M. M. Dawlaty, A. W. Cheng, F. Zhang,
R. Jaenisch, One-step generation of mice carrying mutations in multiple genes
by CRISPR/Cas-mediated genome engineering. Cell 153, 910-918 (2013).
Medline doi:10.1016/j.cell.2013.04.025

. H. Yang, H. Wang, C. S. Shivalila, A. W. Cheng, L. Shi, R. Jaenisch, One-

step generation of mice carrying reporter and conditional alleles by
CRISPR/Cas-mediated genome engineering. Cell 154, 1370-1379 (2013).
Medline doi:10.1016/j.cell.2013.08.022

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. S. T. Yen, M. Zhang, J. M. Deng, S. J. Usman, C. N. Smith, J. Parker-
Thornburg, P. G. Swinton, J. F. Martina, R. R. Behringer, Somatic mosaicism
and allele complexity induced by CRISPR/Cas9 RNA injections in mouse
zygotes. Dev. Biol. 10.1016/j.ydbio.2014.06.017 (2014).
doi:10.1016/j.ydbi0.2014.06.017

. X. Wu, D. A. Scott, A. J. Kriz, A. C. Chiu, P. D. Hsu, D. B. Dadon, A. W.

Cheng, A. E. Trevino, S. Konermann, S. Chen, R. Jaenisch, F. Zhang, P. A.

Sharp, Genome-wide binding of the CRISPR endonuclease Cas9 in

mammalian cells. Nat. Biotechnol. 32, 670-676 (2014). Medline

doi:10.1038/nbt.2889

C. Kuscu, S. Arslan, R. Singh, J. Thorpe, M. Adli, Genome-wide analysis

reveals characteristics of off-target sites bound by the Cas9 endonuclease.

Nat. Biotechnol. 32, 677-683 (2014). Medline doi:10.1038/nbt.2916
J. Duan, G. Lu, Z. Xie, M. Lou, J. Luo, L. Guo, Y. Zhang, Genome-wide

identification of CRISPR/Cas9 off-targets in human genome. Cell Res. 24,
1009-1012 (2014). Medline doi:10.1038/cr.2014.87

V. Pattanayak, S. Lin, J. P. Guilinger, E. Ma, J. A. Doudna, D. R. Liu, High-

throughput profiling of off-target DNA cleavage reveals RNA-programmed

Cas9 nuclease specificity. Nat. Biotechnol. 31, 839-843 (2013). Medline

doi:10.1038/nbt.2673

Y. Fu, J. A. Foden, C. Khayter, M. L. Maeder, D. Reyon, J. K. Joung, J. D.

Sander, High-frequency off-target mutagenesis induced by CRISPR-Cas

nucleases in human cells. Nat. Biotechnol. 31, 822-826 (2013). Medline

doi:10.1038/nbt.2623

S. R. Pigozzo, L. Da Re, C. Romualdi, P. G. Mazzara, E. Galletta, S. Fletcher,

S. D. Wilton, L. Vitiello, Revertant fibers in the mdx murine model of

Duchenne muscular dystrophy: An age- and muscle-related reappraisal. PLOS

ONE 8, 72147 (2013). Medline doi:10.1371/journal.pone.0072147
H. Yin, F. Price, M. A. Rudnicki, Satellite cells and the muscle stem cell

niche. Physiol. Rev. 93, 23-67 (2013). Medline

doi:10.1152/physrev.00043.2011

D. Montarras, J. Morgan, C. Collins, F. Relaix, S. Zaffran, A. Cumano, T.

Partridge, M. Buckingham, Direct isolation of satellite cells for skeletal

muscle regeneration. Science 309, 2064-2067 (2005). Medline

doi:10.1126/science.1114758

A. C. Nathwani, C. Rosales, J. McIntosh, G. Rastegarlari, D. Nathwani, D.

Raj, S. Nawathe, S. N. Waddington, R. Bronson, S. Jackson, R. E. Donahue,

K. A. High, F. Mingozzi, C. Y. Ng, J. Zhou, Y. Spence, M. B. McCarville, M.

Valentine, J. Allay, J. Coleman, S. Sleep, J. T. Gray, A. W. Nienhuis, A. M.

Davidoff, Long-term safety and efficacy following systemic administration of

a self-complementary AAV vector encoding human FIX pseudotyped with

serotype 5 and 8 capsid proteins. Mol. Ther. 19, 876-885 (2011). Medline

doi:10.1038/mt.2010.274

M. A. Kotterman, D. V. Schaffer, Engineering adeno-associated viruses for

clinical gene therapy. Nat. Rev. Genet. 15, 445-451 (2014). Medline

doi:10.1038/nrg3742

B. Peng, Y. Zhao, H. Lu, W. Pang, Y. Xu, In vivo plasmid DNA
electroporation resulted in transfection of satellite cells and lasting transgene
expression in regenerated muscle fibers. Biochem. Biophys. Res. Commun.

338, 14901498 (2005). Medline doi:10.1016/j.bbrc.2005.10.111
M. S. Kormann, G. Hasenpusch, M. K. Aneja, G. Nica, A. W. Flemmer, S.

Herber-Jonat, M. Huppmann, L. E. Mays, M. Illenyi, A. Schams, M. Griese, I.

Bittmann, R. Handgretinger, D. Hartl, J. Rosenecker, C. Rudolph, Expression

of therapeutic proteins after delivery of chemically modified mRNA in mice.

Nat. Biotechnol. 29, 154-157 (2011). Medline doi:10.1038/nbt.1733

L. Zangi, K. O. Lui, A. von Gise, Q. Ma, W. Ebina, L. M. Ptaszek, D. Spéter,

H. Xu, M. Tabebordbar, R. Gorbatov, B. Sena, M. Nahrendorf, D. M. Briscoe,

R. A. Li, A. J. Wagers, D. J. Rossi, W. T. Pu, K. R. Chien, Modified mRNA

directs the fate of heart progenitor cells and induces vascular regeneration

after myocardial infarction. Nat. Biotechnol. 31, 898-907 (2013). Medline
doi:10.1038/nbt.2682

T. J. Harris, J. J. Green, P. W. Fung, R. Langer, D. G. Anderson, S. N. Bhatia,

Tissue-specific gene delivery via nanoparticle coating. Biomaterials 31, 998—
1006 (2010). Medline doi:10.1016/j.biomaterials.2009.10.012

P.D. Hsu, E. S. Lander, F. Zhang, Development and applications of CRISPR-

Cas9 for genome engineering. Cell 157, 1262-1278 (2014). Medline

doi:10.1016/j.cell.2014.05.010

. L. V. Nicholson, K. Davison, G. Falkous, C. Harwood, E. O’Donnell, C. R.
Slater, J. B. Harris, Dystrophin in skeletal muscle. I. Western blot analysis

Sciencexpress/ http:/www.sciencemag.org/content/early/recent / 14 August 2014 / Page 3 / 10.1126/science.1254445



http://www.sciencemag.org/content/early/recent
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23609411&dopt=Abstract
http://dx.doi.org/10.1038/nrg3460
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3071259&dopt=Abstract
http://dx.doi.org/10.1146/annurev.ge.22.120188.003125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14526374&dopt=Abstract
http://dx.doi.org/10.1038/nrg1180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22745249&dopt=Abstract
http://dx.doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23287718&dopt=Abstract
http://dx.doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23287722&dopt=Abstract
http://dx.doi.org/10.1126/science.1232033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24076990&dopt=Abstract
http://dx.doi.org/10.1038/nmeth.2649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15806097&dopt=Abstract
http://dx.doi.org/10.1038/nature03556
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23732986&dopt=Abstract
http://dx.doi.org/10.1038/mt.2013.111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23546300&dopt=Abstract
http://dx.doi.org/10.1038/mt.2013.56
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24315440&dopt=Abstract
http://dx.doi.org/10.1016/j.stem.2013.10.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24315439&dopt=Abstract
http://dx.doi.org/10.1016/j.stem.2013.11.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24681508&dopt=Abstract
http://dx.doi.org/10.1038/nbt.2884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6583703&dopt=Abstract
http://dx.doi.org/10.1073/pnas.81.4.1189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2662404&dopt=Abstract
http://dx.doi.org/10.1126/science.2662404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23643243&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23643243&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2013.04.025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23992847&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23992847&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2013.08.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24752079&dopt=Abstract
http://dx.doi.org/10.1038/nbt.2889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24837660&dopt=Abstract
http://dx.doi.org/10.1038/nbt.2916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24980957&dopt=Abstract
http://dx.doi.org/10.1038/cr.2014.87
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23934178&dopt=Abstract
http://dx.doi.org/10.1038/nbt.2673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23792628&dopt=Abstract
http://dx.doi.org/10.1038/nbt.2623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24015212&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0072147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23303905&dopt=Abstract
http://dx.doi.org/10.1152/physrev.00043.2011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16141372&dopt=Abstract
http://dx.doi.org/10.1126/science.1114758
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21245849&dopt=Abstract
http://dx.doi.org/10.1038/mt.2010.274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24840552&dopt=Abstract
http://dx.doi.org/10.1038/nrg3742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16271701&dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2005.10.111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21217696&dopt=Abstract
http://dx.doi.org/10.1038/nbt.1733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24013197&dopt=Abstract
http://dx.doi.org/10.1038/nbt.2682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19850333&dopt=Abstract
http://dx.doi.org/10.1016/j.biomaterials.2009.10.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24906146&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2014.05.010

using a monoclonal antibody. J. Neurol. Sci. 94, 125-136 (1989). Medline
doi:10.1016/0022-510X(89)90223-2

35. K. Kodippili, L. Vince, J. H. Shin, Y. Yue, G. E. Morris, M. A. Mclntosh, D.
Duan, Characterization of 65 epitope-specific dystrophin monoclonal
antibodies in canine and murine models of Duchenne muscular dystrophy by
immunostaining and western blot. PLOS ONE 9, ¢88280 (2014). Medline
doi:10.1371/journal.pone.0088280

36. M. M. Murphy, J. A. Lawson, S. J. Mathew, D. A. Hutcheson, G. Kardon,
Satellite cells, connective tissue fibroblasts and their interactions are crucial
for muscle regeneration. Development 138, 3625-3637 (2011). Medline
doi:10.1242/dev.064162

37. L. M. Gjerdrum, 1. Lielpetere, L. M. Rasmussen, K. Bendix, S. Hamilton-
Dutoit, Laser-assisted microdissection of membrane-mounted paraffin
sections for polymerase chain reaction analysis: Identification of cell
populations using immunohistochemistry and in situ hybridization. J. Mol.
Diagn. 3, 105-110 (2001). Medline doi:10.1016/S1525-1578(10)60659-9

Acknowledgments

We thank Z. Wang and B. Nelson for advice and constructive criticism; L.
Sutherland, H. Zhou, and J. Ren for discussions and technical help; C. Xing
and R. Kittler for analysis of off-target effects; S. Rovinsky and E. Plautz for
grip strength testing; and R. Hammer, J. Ritter, and J. Richardson for advice.
We thank G. Church for hCas9 and the gRNA Cloning Vector plasmids.
Supported by grants from NIH (HL-077439, HL-111665, HL-093039, DK-
099653, and UO1-HL-100401) and the Robert A. Welch Foundation (grant 1-
0025 to ENN.O.).

Supplementary Materials
www.sciencemag.org/cgi/content/full/science.1254445/DC1
Materials and Methods

Figs. S1to S8

Tables S1 to S5

References (34-37)

7 April 2014; accepted 1 August 2014

Published online 14 August 2014
10.1126/science.1254445

Sciencexpress/ http:/www.sciencemag.org/content/early/recent / 14 August 2014 / Page 4 / 10.1126/science.1254445



http://www.sciencemag.org/content/early/recent
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2693617&dopt=Abstract
http://dx.doi.org/10.1016/0022-510X(89)90223-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24516626&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0088280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21828091&dopt=Abstract
http://dx.doi.org/10.1242/dev.064162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11486049&dopt=Abstract
http://dx.doi.org/10.1016/S1525-1578(10)60659-9

A D 2
Dmd F———+—-—{H~+-HFH+HHHHH—-—I-}—HH+-H+——IH+—H—HHH A Pcaso @OSQRNA
SR e ssODN
s Ex22 Ex23 Ex24 Ex25 ~Tte--eall . = max/Y
L
% — — 3> %
WT 5 ...TTG AAA GAG CAA CAA AAT GGC... 3’ Reimplantation
mdx 5' ...TTG AAA GAG CAA TAA AAT GGC... 3’ 9 Forat / *\
max b -
(step) max/mdx v /2 £ | -
B ' ¢ @ ©
target-madx PAM Donor Mutant Corrected Mice (mdx-C)
mdx 5' ...AGT TCT TTG ARA GAG CAA TAA AAT GGC TTC... 3’
ssODN 5’ ...AGT TCT TTA AAG GAG CAG_CAG AAT GGC TTC... 3’ E ,d‘ ‘OQ/ ,OQ’ ,Ob‘ ,OCD ,QQ’
Tsel & o o oF o & e
bp M & & & I\ & [\ 3
I p—p— - mﬂ-‘----.‘g
% F primer R primer 600- ; A 2 - r %
4 -— i g
— " Sl pun e
4%_ soo—_—;‘--'--ﬂ mmmamsEe . -
. - - . oh

+

SNo 600— = - 4§

HDR-mediated correction Cd 9 NHEJ-mediated correction - . =
a3 HDR(%) 41 2 17 16 40 100

—TE— 800-— , ; B
‘ S ERENRCE TRRRRER T TR

Tsel In-frame deletion of = — ' L
Corrected gene premature stop codon 300 = . - ‘

Fig. 1. CRISPR/Cas9-mediated Dmd correction in mdx mice. (A) Schematic of the targeted exon of mouse Dmd and
sequence from wild-type (upper) and mdx mice (lower). The mdx point mutation (C to T) is marked in red and the
premature stop codon is underlined. (B) Schematic of the 20-nt sgRNA target sequence of the mdx allele (blue) and the
PAM (red). Red arrowhead indicates Cas9 cleavage site. ssODN, which contains 90 bp of homology sequence flanking
each side of the target site was used as HDR template. ssODN incorporates four silent mutations (green) and adds a
Tsel restriction enzyme site (underlined) for genotyping and quantification of HDR-mediated gene editing (fig. S1B). (C)
Schematic for the gene correction by HDR or NHEJ. The corresponding DNA and protein sequences are shown in fig.
S2A. (D) Strategy of the gene correction in mdx mice via germ line gene therapy. (E) Genotyping results of mdx-C mice
with mosaicism of 2-100% corrected Dmd gene. Undigested PCR product (upper panel), Tsel digestion (middle panel)
and T7E1 digestion (lower panel) on a 2% agarose gel. The red arrowhead in the middle panel marks the DNA band
indicating HDR-mediated correction generated by Tsel digestion. The blue arrowhead marks the DNA band of the
uncorrected mdx allele. The relative intensity of the DNA bands (indicated by blue and red arrowheads) reflects the
percentage of HDR in the genomic DNA. The percent of HDR is located under the middle panel. The band intensity was
quantified by ImagedJ (NIH). The blue and red arrowheads in the lower panel indicate uncut and cut bands by T7E1. M
denotes size marker lane. bp indicates the base pair length of the marker bands.
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Fig. 2. Histological analysis of muscles from wild-type, mdx and mdx-C mice. Immunostaining and
histological analysis of muscles from 7-9 week old wild-type, mdx and mdx-C mice (HDR-17%, HDR-41% or
NHEJ-83%). Dystrophin immunofluorescence (green) in wild-type mice is present in all muscles, including
quadriceps, soleus, diaphragm and heart and is absent in mdx mice, except for a single revertant fiber in
skeletal muscle. Skeletal muscle from the HDR-17% mouse has a unique pattern of clusters of dystrophin-
positive fibers adjacent to clusters of dystrophin-negative fibers, while HDR-41% or NHEJ-83% mdx-C skeletal
muscle is composed of dystrophin-positive myofibers only. White arrows indicate the adjacent clusters of
dystrophin-positive fibers. Scale bar, 100 microns.
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Fig. 3. Analysis of satellite cells from mdx-C mice and a
model for rescue of muscular dystrophy by
CRISPR/Cas9-mediated genomic correction. (A) Frozen
sections of mdx-C gastrocnemius were mounted onto
polyethylene membrane frame slides and
immunohistochemically stained for Pax-7, a marker for
satellite cells. Cross-section of muscle before (left) and after
(right) laser dissection shows the precise isolation of satellite
cells (brown, in red circle). Scale bar, 25 microns. (B) PCR
products corresponding to Dmd exon 23 were generated
from genomic DNA isolated from satellite cells of mdx-C
mice. PCR products were sequenced and show that
CRISPR/Cas9-mediated genomic editing corrected a subset
of satellite cells in vivo. Purple arrow indicates the corrected
allele mediated by HDR. Green arrows indicate the silent
mutation sites. The corresponding amino acid residues are
shown under the DNA sequence. Red box indicates the
corrected site. (C) A model for rescue of muscular dystrophy
by CRISPR/Cas9—mediated genomic correction. There are
three types of myofibers in mdx-C mice: 1) normal
dystrophin-positive myofibers (green membrane) and
satellite cells originating from corrected progenitors (green
nuclei); 2) dystrophic dystrophin-negative myofibers (brown
membrane) and satellite cells originating from mdx
progenitors (brown nuclei); 3) mosaic dystrophin-positive
myofibers with centralized nuclei (green and brown nuclei)
generated by fusion of corrected and mdx progenitors or by
fusion of corrected satellite cells with pre-existing dystrophic
fibers. Immunostaining of the three types of myofibers in
mdx-C mice is shown in fig. S8C.
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Table 1. Serum creatine kinase (CK) levels and forelimb grip strength of wild-type,
mdx, and mdx-C mice.

. Percent of Forelimb grip strength (grams of force

Litter — Mouse#  oorrection > CKUL | 1o Trial2 'Iqri:IS Tgal4(g Trials Av)g.iSD

#1 WT - M 318 170 163 140 132 169 154.8+17.5
mdx-04 0 M 6,366 64 56 52 59 57 57.6+4.3
mdx-06 0 M 7,118 102 123 109 79 97 102.0x16.1
mdx-C1 HDR-41% M 350 141 150 154 143 133 144.2+8.1

#2 WT - F 449 128 116 109 102 103 111.6+10.7
mdx-20 0 F 30,996 107 105 92 78 61 88.6+19.3
mdx-10 0 F 38,715 84 64 67 62 53 66.0+11.3
mdx-C3 HDR-17% F 4,290 123 126 101 107 102 111.8+11.8

#25 mdx-02 0 M 14,059 54 64 47 41 52 51.6%12.1
mdx-03 0 M 4,789 129 120 116 104 92 112.2+35.6
mdx-05 0 M 11,841 91 94 54 64 54 71.4%24.0
mdx-N1 NHEJ-83% M 240 145 154 147 138 133  143.4+44.8
mdx-01 0 F 7,241 108 95 103 105 85 99.2+305
mdx-04 0 F 5,730 100 112 103 114 100 105.8+32.3
mdx-07 0 F 6,987 74 73 73 73 70 72.6%+19.6
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