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Abstract Duchenne muscular dystrophy (DMD) is a devastating, degenerative mus-
cle disease that affects ~1 in every 3500 male births. DMD arises from mutations in the
DMD gene that prevent expression of its encoded protein, Dystrophin (Burghes et al.
Nature 328:434-437, 1987). Interestingly, patients with Dmd mutations that delete
certain segments of the Dystrophin coding region, but maintain protein reading frame,
have a much milder form of the disease, known as Becker Muscular Dystrophy (BMD).
This observation has spurred interest in developing “exon skipping” strategies in which
certain mutation-containing or mutation-adjacent Dmd exons are intentionally removed
in order to restore protein reading frame, and thereby Dystrophin expression, in DMD
patients (Beroud et al. Hum Mutat 28:196-202, 2007; Yokota et al. Expert Opin Biol
Ther 7:831-842, 2007).

Recently our lab (Tabebordbar et al. 2015) and others (Long et al. 2015; Nelson et al.
2015) reported a novel strategy to accomplish permanent sequence-specific modi-
fication of the Dmd gene in vivo in the mdx mouse model of DMD. This strategy
utilizes the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-
Cas9 RNA guided gene editing system, delivered using adeno-associated virus
(AAYV) vectors. We showed that, when administered systemically, AAV-Dmd-
CRISPR enables sequence-targeted genome modification in each of the key affected
cell types and organs of DMD model mdx mice, including cardiomyocytes, skeletal
muscle fibers and endogenous muscle stem cells (Tabebordbar et al. 2015). Gene
editing in these cells restores Dystrophin protein reading frame and expression,
recovers muscle contractile function, enhances muscle resilience in the face of
controlled muscle damage, and establishes a pool of therapeutically modified pro-
genitors that can participate in subsequent muscle regenerative events.

These studies provided a critical advance in allowing programmable genome editing
that can irreversibly modify disease-causing mutations in the affected tissues of dystro-
phic individuals. Moreover, the results represent critical proof-of-concept evidence
demonstrating the feasibility of systemic gene editing in vivo, which has the potential
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to recover Dystrophin expression in up to 80% of patients with DMD (Beroud et al. 2007;
Yokota et al. 2007). Yet, important challenges remain for the future therapeutic applica-
tion of Dmd-CRISPR gene editing, including enhancing the efficiencies with which gene
editing may be accomplished in muscle fibers and satellite cells and circumventing the
possible emergence of a host immune response to the bacterial Cas9 endonuclease, which
could interfere with gene editing and/or lead to elimination of gene-edited cells. Over-
coming these challenges will be crucial for developing clinically relevant strategies to
accomplish safe, efficient and durable in vivo gene editing for DMD.

Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is one of the most common X-linked genetic
disorders in humans; it arises from point mutations, deletions or duplications in the
DMD gene that prevent expression of its encoded protein, Dystrophin (Burghes et al.
1987; Koenig et al. 1987). Dystrophin is an essential structural protein in skeletal and
cardiac muscle (Ervasti and Campbell 1991). Its primary function is to link the
cytoskeleton of muscle fibers to the extracellular matrix and thereby stabilize the
muscle fiber membrane (Straub et al. 1992). Absence of functional Dystrophin protein
increases the susceptibility of dystrophic muscle fibers to contraction-induced injury
(Campbell and Kahl 1989). Increased cytosolic calcium following mechanical stress,
activation of proteases (particularly calpains), destruction of membrane constituents
and ultimately muscle fiber necrosis occur frequently in dystrophic muscles (reviewed
in Tabebordbar et al. 2013). Due to continual myofiber destruction in dystrophic
muscle, the resident pool of regenerative muscle stem cells (known as ‘“satellite
cells”) must support repeated rounds of activation and regeneration in an attempt to
compensate for ongoing damage. As the disease advances, satellite cells show reduced
capacity to regenerate muscle, possibly due to cell-intrinsic defects (Dumont et al.
2015) or proliferation-induced reductions in telomere length (Sacco et al. 2010). Absent
an adequate regenerative response, fat and fibrotic tissue replace muscle fibers, leading
to further weakening and wasting (Wallace and McNally 2009).

Current Gene-Targeted Therapeutic Strategies for DMD

Current treatment options for DMD are disappointingly limited and focus mainly
on managing symptoms and suppressing the immune and inflammatory response
(Muir and Chamberlain 2009; Partridge 2011). Patients are typically diagnosed at
3-5 years of age, they are wheelchair-bound in their second decade, and they have
an average life expectancy of only about 30 years. In contrast, a related group of
patients with mutations that impact this same gene but maintain its open reading
frame produce an internally deleted but still partially functional Dystrophin protein
that results in a markedly less severe disease known as Becker Muscular Dystrophy
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(BMD; England et al. 1990; Nakamura et al. 2008; Taglia et al. 2015). Many BMD
patients are not diagnosed until adolescence or even adulthood and some enjoy a
normal life span. These observations have provided motivation for the generation of
rationally modified, truncated versions of Dystrophin for therapeutic application in
DMD, including engineered “microdystrophins” and endogenous exon “skipped”
DMD mRNAs.

The extremely large size of the DMD gene (2.4 Mb) and its encoded mRNA (14 kb)
makes it very difficult, if not impossible, to package full-length dystrophin expression
cassettes into clinically relevant viral vectors such as Adeno-associated viruses (AAVs),
which have a packaging capacity of <5 kb. This limitation has propelled the generation
of truncated mini- (68 kb) and microdystrophin (<4 kb) genes (Harper et al. 2002),
which reduce the Dystrophin protein to its most essential functional elements. These
rationally designed microgenes delete large regions of the internal Rod domain of
Dystrophin, which contains 24 spectrin-like repeats and comprises 80% of the overall
protein (Chamberlain 2002), while maintaining much of its functional integrity.
Microdystrophin genes can be packaged into viral vectors for exogenous delivery and
ectopic expression from ubiquitous or muscle-specific promoters (Fabb et al. 2002;
Gregorevic et al. 2004), and delivery by AAVs results in effective expression of protein
products that correctly localize to the sarcolemma and recruit other dystrophin glycopro-
tein complex (DGC) proteins. Importantly, while microdystrophins are not equivalent in
function to full-length Dystrophin, they have been shown to ameliorate DMD pathologies
in mdx mice (Harper et al. 2002; Wang et al. 2000) and dystrophin-deficient canine
models (Shin et al. 2013). A related approach—exon skipping—similarly generates a
modified Dystrophin protein product, but in this case the endogenous Dmd pre-mRNA
transcript is targeted to remove mutation-carrying and/or mutation-adjacent exons from
the mRNA. By choosing specific exons for removal, exon skipping approaches are able
to generate Dmd mRNAs with restored reading frame.

In both gene complementation by microdystrophin and exon skipping approaches,
the overall goal is to convert a severe DMD mutation, lacking Dystrophin protein
expression entirely, into a milder BMD-like one, via expression of a truncated but still
partially functional protein. It has been estimated that exon skipping strategies for Dmd
could ultimately provide significant therapeutic benefit to the majority (~80%) of
existing DMD patients (Beroud et al. 2007; Yokota et al. 2007), while complementa-
tion by ectopic expression of microdystrophin could in theory be useful for any
mutation that abrogates Dystrophin protein production.

Challenges for Therapeutic Exon SKkipping
and Microdystrophin Delivery Strategies

Clinical application of exon skipping approaches to date has relied on antisense
oligonucleotides (AONs) designed to mask splice donor and acceptor sequences in
mutation-affected or mutation-adjacent exons. However, for many of the therapeuti-
cally relevant Dmd exons, exon-skipping AONs have not yet been developed or have
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not progressed to clinical trials (https://www.sarepta.com/our-pipeline). In addition, in
a recent clinical trial, AON-mediated skipping of Dmd exon 51 failed to achieve
sufficient rescue of Dystrophin protein to meet predetermined clinical endpoints
(Lu et al. 2014). Importantly, even with relatively stable chemistries (Goyenvalle
et al. 2015), AONSs have a defined half-life (Goyenvalle et al. 2015; Vila et al. 2015)
and require repeated (weekly) administration. This need for recurrent treatment
increases the cost and potential side effects of AON therapy. Also, delivery of AONs
to cardiac muscle has been more challenging than delivery to skeletal muscle, and
delivery to resident muscle stem cells, if it occurs, is unlikely to be effective due to the
dilution of AONSs that occurs during cell proliferation. Thus, any benefit from AON
therapy in satellite cells would be lost during muscle regenerative responses, which
require proliferation of satellite cells and their progeny. Strategies in which AONs are
delivered virally, by embedding within small nuclear RNAs, appear to suffer from
similar progressive loss of the viral genome and its encoded AONs from dystrophic
muscles (Vulin et al. 2012; Le Hir et al. 2013).

Relatedly, exogenous gene supplementation therapies using partially functional
engineered microdystrophin constructs have encountered some challenges in clinical
application. An initial Phase I clinical trial of microdystrophin gene therapies in human
DMD patients yielded suboptimal transgene expression despite continued presence of
vector genomes, possibly due to pre-existing or acquired T cell-mediated immune
responses to dystrophin epitopes or AAV capsid proteins (see below), disease-associated
inflammatory responses, CMV promoter silencing, or low AAV tropism (Bowles et al.
2012; Mendell et al. 2010). Additional Phase I trials of microdystrophin therapies
utilizing different gene regulatory elements and AAV serotypes are currently underway
(ClinicalTrials.gov Identifier: NCT02376816), and may mitigate these concerns; how-
ever, similar to AON delivery, delivery of AAV-microdystrophin to muscle satellite
cells is unlikely to result in sustained transgene production, as the episomal AAV
genome will be diluted with successive cell divisions. These challenges that have
been encountered in the development of effective AON and microdystrophin therapies
highlight the need for further evaluation of alternative strategies that could provide an
efficient, permanent, one-time, systemic treatment to restore expression of Dystrophin in
skeletal and cardiac muscles, as well as muscle satellite cells, of DMD patients.

Gene-Editing Approaches to Restore Dystrophin Function
in DMD

In a recent report (Tabebordbar et al. 2015), we described a novel genome-targeted
editing approach (Fig. 1), based on Dmad exon skipping approaches, that was designed
to accomplish irreversible removal of a mutated segment of the Dmd gene in the
affected tissues of mdx mice, an animal model of human DMD (Sicinski et al. 1989).
We further showed that this approach resulted in production of functional Dystrophin
protein and improved muscle stability and contractility (Tabebordbar et al. 2015). Our
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Fig. 1 Gene-editing strategy for recovery of Dystrophin expression in DMD model mice. Mdx
mice with a mutation in the Dmd gene were injected with AAV particles carrying clustered
regularly interspaced short palindromic repeats (CRISPR)-Cas9 endonucleases and paired guide
RNAs targeting the mutated Dmd exon23. This procedure led to excision of the targeted DNA and
restored Dmd gene reading frame and Dystrophin expression in gene-edited skeletal muscle fibers,
cardiomyocytes and muscle stem cells following local delivery or delivery via the bloodstream, in
dystrophic mice. Gene-edited nuclei are shown in green and non-edited nuclei are shown in blue.
The mutated Dmd mRNA is degraded and Dystrophin expression is lacking in the dystrophic
tissues of untreated mice (graphical summary describes data reported in Tabebordbar et al. 2015.
See text for details)

approach made use of the CRISPR-Cas9 gene editing system, which allows the
introduction of user-defined “cuts” in the genome. Each CRISPR-Cas9 gene editing
complex consists of a Cas9 endonuclease and a programmable guide RNA (gRNA)
that probes the genome for protospacer-adjacent motifs (PAM) [e.g., -NGG (Ran et al.
2013a) or -NNGRR(T) (Ran et al. 2015)]. Upon PAM recognition and base-pairing of
the gRNA with an adjacent complementary DNA sequence, Cas9 creates a double-
strand break (DSB) in the genomic DNA. Introduction of DSBs at two sites in the same
linear stretch of DNA favors excision of the intervening sequence, and repair of this
lesion by non-homologous end joining (NHEJ) juxtaposes the remaining 5 and 3’
sequences (Canver et al. 2014; Tabebordbar et al. 2015). Alternatively, inclusion of a
homologous donor template enables repair by homology directed recombination
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(HDR), leading to incorporation of precise nucleotide changes, encoded in the donor
template, at the site of the DSB. Changes introduced by HDR can range from a single
base pair to insertions of entire genes or even large cassettes of multiple genes (Urnov
et al. 2005; Ding et al. 2013; Voit et al. 2014). Significantly, the relative activity of
NHEJ and HDR repair mechanisms can vary with cell type, cell cycle and develop-
mental stage, which can have important ramifications for the efficacy and outcome of
therapeutic genome modification (Yang et al. 2016).

CRISPR-Cas9 RNA guided endonucleases (RGENSs) have been used to target both
expressed and non-expressed genes in multiple cell types from multiple organisms both
in vitro (Cho et al. 2013; Cong et al. 2013; DiCarlo et al. 2013; Ding et al. 2013;
Friedland et al. 2013; Hwang et al. 2013; Mali et al. 2013; Wu et al. 2016) and in vivo
(Ding et al. 2014; Xue et al. 2014; Yin et al. 2014; Ran et al. 2015; Yang et al. 2016).
Published data demonstrate the utility of this system for multi-organ gene targeting of
many distinct cell lineages, including hepatocytes, muscle fibers, cardiomyocytes, and
muscle regenerative stem cells (Long et al. 2015; Nelson et al. 2015; Ran et al. 2015;
Tabebordbar et al. 2015; Yang et al. 2016). We adapted the CRISPR-Cas9 system for
Dmd editing in cardiac and skeletal muscle in vivo by utilizing a smaller Cas9 ortholog
from Staphyloccocus aureus (SaCas9), which could be packaged into recombinant
AAV particles using the muscle-tropic serotype 9 (Zincarelli et al. 2008). Our strategy
(Fig. 1) employed a dual AAV system (termed “AAV-Dmd-CRISPR”), which, due to
AAV packaging limitations, was superior to single vector systems in terms of gene
editing efficiency (Tabebordbar et al. 2015). In the dual system (Tabebordbar et al.
2015), the first AAV delivers SaCas9, driven by a strong CMV promoter, whereas the
second AAV carries two gRNAs that target sequences in the introns flanking mouse
Dmd exon 23 (“Dmd23 gRNAs”), each driven by a U6 promoter. This targeting of
intronic sequences is important because it allows for tolerance of small insertions and
deletions that are common with NHEJ-mediated repair of DNA DSBs (Symington and
Gautier 2011). When injected intramuscularly or systemically into adult (P42) or early
postnatal (P3) recipient mice, which carry a nonsense mutation (mdx) in Dmd exon
23, AAV-Dmd-CRISPR caused excision of exon 23 in heart cells (cardiomyocytes),
skeletal muscle fibers and muscle stem cells [satellite cells, marked by transgenic
expression of the fluorescent zsGreen protein from the Pax7 promoter (Bosnakovski
et al. 2008)], producing an exon 23-deleted Dystrophin mRNA that, when translated,
generated a truncated but functional Dystrophin protein (Tabebordbar et al. 2015;
Fig. 1). Dystrophin protein restoration in AAV-Dmd-CRISPR treated mdx mice
improved structural and functional aspects of the muscle, increased muscle strength
and improved resistance to eccentric contraction-induced damage. Importantly,
AAV-Dmd-CRISPR gene editing complexes could be disseminated systemically and
were functional in both neonatal and adult mice. Exon-deleted transcripts represented
almost 50% of total Dmd mRNA in muscle after intramuscular delivery in adults and
5-15% in skeletal and cardiac muscles after systemic delivery in neonates
(Tabebordbar et al. 2015).

Importantly, and emphasizing the robustness and reproducibility of these results,
similar outcomes were reported simultaneously by two other groups (Long et al. 2015;
Nelson et al. 2015) using different Cas9 proteins and regulatory elements (Long et al.
2015), different AAV serotypes (Nelson et al. 2015), different routes of systemic
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administration (Long et al. 2015), and different gRNAs (Long et al. 2015; Nelson et al.
2015). All three groups reported gene editing in skeletal muscle fibers and
cardiomyocytes, with efficiencies in skeletal muscle reported by Long et al. and Nelson
et al. to vary from 1 to 67% Dystrophin + fibers, depending on the delivery approach
used (local vs. systemic), dose of virus and age of the recipient animals. Long et al. also
documented Dmd modification in vascular smooth muscle cells but not in brain, and
our group, as discussed above, demonstrated detectable editing in endogenous muscle
satellite cells (Tabebordbar et al. 2015). Finally, by analyzing treated muscle tissues at
4, 8, and 12 weeks after AAV injection, Long et al. ascertained that the percentage of
dystrophin-positive myofibers might increase over time, and Nelson et al. observed that
dystrophin restoration could be maintained for at least 6 months after treatment,
indicating the potential long-term efficacy of AAV-Dmd-CRISPR therapies. Promis-
ingly, differences in experimental design among the three studies and the varying
efficiencies obtained suggest that multiple parameters may be adjusted and optimized
to enhance genomic editing and increase dystrophin protein expression levels for more
effective treatment of disease phenotypes by Dmd-CRISPR.

In summary, published work from our lab and others provides strong evidence
supporting the efficacy of in vivo genome editing to correct disruptive mutations in
DMD in a relevant dystrophic mouse model (Long et al. 2015; Nelson et al. 2015;
Tabebordbar et al. 2015). These data indicate that programmable CRISPR com-
plexes can be delivered locally and systemically to terminally differentiated skel-
etal muscle fibers, cardiomyocytes and smooth muscle cells, as well as regenerative
muscle satellite cells, in neonatal and adult mice, where they mediate targeted gene
modification, restore Dystrophin expression and partially recover functional defi-
ciencies of dystrophic muscle. As prior studies in mice and humans indicate that
Dystrophin levels as low as 3-15% of wild type are sufficient to ameliorate
pathologic symptoms in the heart and skeletal muscle (van Putten et al. 2012,
2013, 2014; Long et al. 2014), and levels as low as 30% can completely suppress
the dystrophic phenotype (Neri et al. 2007), the level of Dystrophin expression that
is potentially achievable by one-time administration of AAV-Dmd-CRISPR urges
further development of this system, which could be used independently or together
with other therapies, including AON-mediated exon skipping (Aartsma-Rus et al.
2009) and AAV-mediated delivery of engineered “microdystrophins” (Harper et al.
2002; Ramos and Chamberlain 2015), as discussed above.

Remaining Challenges for Therapeutic Development
of DMD-CRISPR

Taken together, the rodent studies described above provide strong pre-clinical proof-of-
concept data that should inspire further evaluation and optimization of AAV-CRISPR
as a new therapeutic option for DMD patients, either as a stand-alone intervention or in
conjunction with other existing DMD therapies. Below, we discuss a number of
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challenges that remain to be overcome before realizing the potential of this approach in
human patients.

Challenges of DMD-CRISPR Delivery

Engineered recombinant AAVs are particularly attractive vectors for both local and
systemic delivery of gene editing complexes due to their general non-pathogenicity in
human populations, their relatively low immunogenicity, and their inability to integrate
efficiently into the genome (Gao et al. 2004; Boutin et al. 2010). Because of these traits,
AAVs are currently in use in several human clinical trials (Mingozzi and High 2011;
Kotterman and Schaffer 2014), and the immune response to AAV vectors has been
extensively studied in both animal models and humans. Because engineered AAV
vectors do not replicate and do not encode viral proteins, immune responses to AAVs
are directed solely at the viral capsid and exhibit a relatively low pro-inflammatory
profile (Mingozzi and High 2011). While pre-existing and acquired immunity to AAV
remains a challenge for systemic, and repeated, administration of AAV vectors in
human populations, these issues have been investigated for several decades and
promising pharmacologic and physical strategies have emerged (Mingozzi and High
2011). In addition, clinical responses to AAV administration have been monitored in
hundreds of human subjects, with little evidence as yet of acute adverse events
(Mingozzi and High 2011). Thus, the successful application of AAV-mediated therapy
in multiple human trials suggests that the immune response to AAV itself is unlikely to
preclude gene editing therapies based on AAV delivery.

Still, a clear limitation of current AAV systems is that levels of gene targeting
achieved in mouse models by AAV-mediated delivery of CRISPR-Cas9 to muscle
satellite cells are rather low (<5% of satellite cells targeted; Tabebordbar et al. 2015),
suggesting a need to investigate additional AAV serotypes to identify those with
optimal tropism for satellite cells. Directed evolution and in vivo selection have been
used recently to engineer novel AAV capsids with high tropism for tissues that are
difficult to transduce with naturally occurring AAVs, such as human hepatocytes in a
xenograft liver model (Lisowski et al. 2014) and the outer retina after injection into the
eye’s vitreous humor (Dalkara et al. 2013). In addition, transduction rates of blood-
forming hematopoietic stem cells have been improved through incorporation of novel
amino acid substitutions in capsids (Song et al. 2013a, b). Thus, the application of
directed evolution and in vivo selection strategies for generating novel AAV serotypes
with high tropism for satellite cells represents an exciting future direction for increasing
gene-editing efficiencies in these cells in vivo.

On the other hand, the development of alternative delivery strategies that enable
transient expression of DMD-CRISPR may hold some advantages, particularly since
the therapeutic effect of gene-editing approaches does not depend on persistent expres-
sion of Cas9 and gRNAs. Transient expression of CRISPR components could mitigate
several of the possible adverse effects associated with prolonged Cas9 exposure,
including potential genomic toxicity and immunogenicity (Wang et al. 2015). Indeed,
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in vitro experiments indicate that transient expression of Cas9 does produce lower
off-target effects (Kim et al. 2014; Zuris et al. 2015).

Recent advances in lipid nanoparticle-mediated delivery of Cas9:gRNA com-
plexes in vitro (Kim et al. 2014; Woo et al. 2015; Zuris et al. 2015) and Cas9 mRNA
in vivo (Yin et al. 2016) provide additional promising avenues that may circumvent
the challenges of AAV immunity. Delivering Cas9 and gRNAs conjugated with cell
penetrating peptides (CPPs) has also been useful in targeting gene-editing com-
plexes to human cell lines in culture (Ramakrishna et al. 2014), and combining this
approach with incorporation of novel muscle-homing peptides (Gao et al. 2014)
could potentially be effective for in vivo delivery of DMD-CRISPR.

Potential Inmune Response to Restored Dystrophin Protein

A possible immune response to the repaired DMD protein is also of potential
concern for clinical application of DMD-CRISPR-mediated gene editing; however,
due to large variations in the types of DM D mutations seen in patients (Aartsma-Rus
etal. 2009), it is likely that the nature of individual immune responses to Dystrophin
protein will vary as well and will depend at least in part on the nature of the mutation
and the frequency with which “natural” exon skipping, which gives rise to revertant
fibers in both DMD patients and mdx mice (Hoffman et al. 1990; Burrow et al. 1991;
Klein et al. 1992; Nicholson et al. 1993; Fanin et al. 1995; Uchino et al. 1995; Lu
et al. 2000), may allow for endogenous exposure and tolerance to near-full length
Dystrophin. Interestingly, in gene therapy trials for hemophilia B, in which AAV
vectors were used to deliver Factor IX (F. IX), no subjects developed immune
responses against the F.IX transgene, even though some carried null mutations in
the F.IX gene (Manno et al. 2006; Nathwani et al. 2011). Similarly, promising results
from studies using “microdystrophin” in mice and primates suggest that this protein
is effectively expressed for up to 5 months without overt T cell or cytokine responses
(Rodino-Klapac et al. 2010). These data argue that acquired immunity against the
therapeutic protein also may not be therapy limiting. On the other hand, results from
a clinical trial using intramuscular AAV-mediated delivery of microdystrophin,
expressed under the control of a ubiquitous CMV promoter, revealed the presence
in some patients of T cells recognizing self and non-self Dystrophin epitopes
(Mendell et al. 2010). Interestingly, these T cells were present both before and
after vector injection in two of the six patients, raising the possibility that screening
for pre-existing immunity to Dystrophin protein in larger cohorts of DMD patients
could provide useful information relevant to patient inclusion and exclusion criteria
in future trials. Anti-Dystrophin antibodies were not detected in any of the treated
patients; however, detection of Dystrophin-specific T cells and a lack of transgene
expression in muscles of patients injected with AAV-microdystrophin (with the
exception of two patients analyzed 6 weeks after injection) may suggest a cytotoxic
response against fibers expressing microdystrophin. Thus, currently available data
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point to a compelling need for further studies to investigate more deeply the potential
immune response to restored Dystrophin expression in dystrophic muscle.

Pre-existing and Acquired Immunity to Cas9

Potential immunity to the Cas9 endonuclease is also a significant consideration for
therapeutics development in humans. An essential component of the CRISPR-
based gene-editing machinery, Cas9 is a bacterially derived protein whose expres-
sion in transduced cells can evoke both humoral and cellular responses (Wang et al.
2015; and see below). Additionally, about 20% of individuals in the human
population are persistent carriers of Staphylococcus aureus and another 60% have
been periodic carriers at some point in their lives (Kluytmans et al. 1997). Thus, a
significant fraction of potential patients is likely to have been exposed to the Cas9
protein from this species, raising the possibility that a pre-existing anti-Cas9
immune response could modulate the efficacy of CRISPR-mediated gene editing
for recovery of Dystrophin expression in dystrophic muscles. Moreover, as emerg-
ing data suggest that the immune system and its products can modulate the
expression of AAV-encoded transgenes (Mingozzi and High 2011), as well as
components of cellular DNA damage response pathways (Jackson and Bartek
2009; Calvo et al. 2012), Cas9-induced immune responses could potentially alter
both the degree of on-target DMD editing and the frequency and types of off-target
modifications induced. Thus, while studies in our lab and others (Long et al. 2015;
Nelson et al. 2015; Tabebordbar et al. 2015) clearly demonstrate that anti-Cas9
immunity does not preclude gene editing in vivo, Cas9 immune responses could,
nevertheless, have profound implications for the persistence of therapeutic benefit
in the muscle and other tissues. We therefore believe that it is particularly important
at this juncture to begin to assess the nature and consequences of the immune
response to the foreign Cas9 protein itself and to determine whether preventing or
ameliorating this response might improve the efficiency, durability, repeatability
and/or safety of Cas9-mediated therapeutic gene editing.

Assessing Mutagenic Events at On-Target and Off-Target
Sites

Off-target modifications pose a potential threat for gene editing approaches because
the unintended activity of CRISPR-Cas9 at these locations can cause pathogenic
modifications that impair cellular function or promote tumorigenesis. Furthermore,
because in general Cas9-induced DNA DSBs can be repaired by either HDR or
NHE], editing can result in different outcomes, depending on the number of alleles
affected and the type of modification introduced. Thus, it is critical to develop tools
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that enable facile assessment of mutagenic potential in an un-biased genome-wide
manner, since such evaluations are likely to show patient- and gRNA-specific
variation.

Recent advances have developed several different strategies to reduce genome-wide
off-target mutations of Streptococcus pyogenes Cas9 (SpCas9). These strategies
include use of paired SpCas9 nickases (Ran et al. 2013b), gRNAs with reduced length
of the guide sequence (Fu et al. 2014) and the engineering of SpCas9 variants with
amino acid substitutions in the DNA binding domain that reduce off-target rates
(Kleinstiver et al. 2016; Slaymaker et al. 2016). Yet, there is still need for improving
the specificity of SpCas9 and its smaller orthologs (e.g., SaCas9), and this issue is
particularly important for the targeting of muscle stem cells, which have substantial
proliferative capacity. The risk of generating undesired and deleterious mutations at
proto-oncogene loci or at loci critical to stem cell function by CRISPR-Cas9 transduc-
tion of these cells must be rigorously analyzed before proceeding further with clinical
translation of gene editing for DMD.

Enabling HR for Precise Repair of Dmd

Prior work in mice demonstrates that DMD pathology in skeletal muscle can be
reversed by transplantation of sorted muscle stem cells isolated from wild-type
animals (carrying a normal copy of the Dmd gene; Cerletti et al. 2008; Sacco et al.
2010). However, muscle stem cells are extremely rare, cannot be expanded effec-
tively ex vivo, must be delivered by intramuscular injection (as they fail to migrate
to muscle tissue when injected intravenously), and do not engraft cardiac muscle,
which also is affected by Dmd mutation. These significant complications have
limited the application of stem cell transplantation therapy to DMD, despite
promising results in individually injected muscle groups.

Likewise, as discussed above, recent reports document the feasibility of
AAV-based delivery of gene-editing complexes into cardiac and skeletal muscle
in vivo and demonstrate that this system could be used to specifically excise a mutated
segment of the Dmd gene in mdx mice to restore Dmd reading frame and allow
production of a partially functional Dystrophin protein that improves muscle stability
and contractility (Long et al. 2015; Nelson et al. 2015; Tabebordbar et al. 2015).
However, it is important to note that the “first-generation” gene-editing strategies
applied in these studies do not produce a full length Dystrophin. Instead, these
approaches generate an internally truncated protein analogous to that seen in patients
with BMD. While BMD is a markedly less severe disease compared to DMD, BMD
patients still experience muscle pathology, and so, while clearly providing a potential
clinical benefit, this approach is not fully curative for DMD. For this reason, future
studies should be aimed at achieving full restitution of Dystrophin protein expression
through precise gene editing to restore the normal Dmd gene sequence. Importantly, as
conventional wisdom holds that HDR is limited to proliferative cells and DSBs
introduced into post-mitotic cells (e.g., muscle fibers) will be repaired instead by



114 M. Tabebordbar et al.

NHE]J, it is likely that achieving precise repair of the Dmd gene will require efficient
co-delivery into muscle satellite cells of CRISPR/Cas9, Dmd-targeting guide RNAs,
and donor DNA template to direct HDR. Such a feat will, in turn, likely necessitate the
identification of novel or optimized delivery vehicles that exhibit high satellite cell
tropism (see above). While certainly challenging, success in such an approach would
represent a very promising treatment strategy for DMD.

Gene-Editing Therapy in Combination with AONs
or Microdystrophin

AAV-mediated delivery of expression constructs encoding for AONs has been
shown to enable widespread exon skipping, restoration of Dystrophin protein
production and improvement of muscle function in short-term animal studies
(Goyenvalle et al. 2004, 2012; Denti et al. 2006; Le Guiner et al. 2014); however,
long-term studies in a more severe mouse model (Le Hir et al. 2013) and also in the
Golden retriever model of DMD (Vulin et al. 2012) revealed that vector genomes
are lost from dystrophic muscle upon muscle damage and also over time. This
observation can be explained by injury-induced loss or degeneration of muscle
fibers that previously were transduced by the AAV vector and subsequent incorpo-
ration of new satellite cell-derived nuclei to the muscle. Importantly, as noted
above, the low rate of satellite cell transduction with the AAV serotypes tested
thus far, together with the likelihood that these cells and their progeny proliferate
prior to incorporation into muscle fibers, makes it doubtful that additional vector
genomes are delivered to muscle via fusion of satellite cell progeny in this system.
Consistent with this, acute muscle damage by cardiotoxin injury of AAV injected
mouse dystrophic muscle results in rapid loss of vector genome from the muscle
(Le Hir et al. 2013). Irreversible gene correction of regenerating satellite cells and
their progeny, achieved by gene editing, has the potential to overcome this chal-
lenge. Moreover, to avoid immune response complications related to
re-administration of AAV, non-viral delivery of DMD-CRISPR to dystrophic
muscle could potentially be used to complement viral delivery of AONs or
microdystrophin to achieve long-term and persistent Dystrophin restoration.

Possible Application of CRISPR-mediated gene editing
Strategies in Other Diseases

The reprogrammable targeting of the Cas9 endonuclease via easily constructed
gRNAs presents the exciting possibility of utilizing this system to treat a wide
range of genetic diseases. Results from Dmd targeting by AAV-CRISPR in mdx
mice are most immediately pertinent to other muscle disorders that are likewise
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amenable to mRNA splicing modulation, i.e., exon skipping or exon retention
strategies, conventionally achieved by AONSs. These disorders include primary
dysferlinopathies, such as limb-girdle muscular dystrophy type 2B, resulting from
mutations in the large dysferlin protein coding region that may be skipped
inconsequentially if contained in redundant C2 domains (Wein et al. 2010).
AONSs also have been used in spinal muscular atrophy (SMA) to interrupt the
function of an intronic splicing silencer that would otherwise result in the
omission of exon 7 of the survival motor neuron 2 (SMN2) protein product,
thereby allowing compensation for the loss-of-function of its paralog, survival
motor neuron 1 (SMN1) in SMA patients (Burghes and McGovern 2010). Fur-
thermore, the use of AAV-CRISPR as an AON alternative is suitable for
non-muscle specific diseases like Leber congenital amaurosis (Maeder and
Gersbach 2016).

Aside from complementing and potentially superseding the use of AONs in exon
exclusion strategies, NHEJ-mediated DNA excision is applicable more generally for
the targeted removal of specific genomic elements associated with disease. For
example, chemokine receptor 5 (CCRS5) is a critical human immunodeficiency
virus type 1 (HIV-1) co-receptor that is necessary for the fusion to and infection of
cells by CCR5-tropic virions (Broder and Collman 1997). Mutations in the CCRS
gene can confer immunity to HIV-1 infection, and transplantation of hematopoietic
stem cells carrying the same mutated gene has been aggressively pursued as a
possible curative treatment (Allers et al. 2011). By using Cas9 and paired gRNAs,
researchers have been able recently to selectively mutate the CCRS5 gene and thereby
provide resistance of immune cells to HIV-1 infection (Kang et al. 2015; Mandal
et al. 2014). Moreover, CRISPR-Cas9 can be used to directly target and disrupt
integrated proviral genomes (Vulin et al. 2012; Ebina et al. 2013; Kennedy and
Cullen 2015; Wang et al. 2015). Other uses may include the removal of excess
nucleotides in trinucleotide repeat disorders (Park et al. 2015) and the knock-out of
proprotein convertase subtilisin/kexin type 9 (PCSK9) involved in hypercholesterol-
emia (Ding et al. 2014; Ran et al. 2015; Wang et al. 2016). Finally, approaches
utilizing co-delivery of CRISPR components with a donor DNA template to correct
mutations via activation of the HDR pathway are also currently under development to
treat cystic fibrosis (Schwank et al. 2013), hemophilia A (Park et al. 2015), hereditary
tyrosinemia (Yin et al. 2014), sickle cell disease (Orkin 2016), severe combined
immunodeficiency (Booth et al. 2016), and other, predominantly loss-of-function
genetic diseases.

Conclusions and Perspective

Three independent studies have provided evidence for AAV-mediated delivery of
CRISPR components targeting Dmd and restoring Dystrophin expression in
dystrophic cardiac and skeletal muscle (Long et al. 2015; Nelson et al. 2015;
Tabebordbar et al. 2015). One study (Tabebordbar et al. 2015) also showed Dmd
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gene targeting in dystrophic muscle stem cells. Correction of Dmd in dystrophic
satellite cells provides a critical reservoir of myogenic progenitors capable of
producing Dystrophin-expressing muscle fibers and represents a potential advan-
tage compared to conventional transgene-mediated gene therapy. Transgenes
delivered by AAV are generally maintained as non-replicating episomes and
thus are diluted during expansion of satellite cells and their myoblast progeny.
In contrast, CRISPR-mediated gene editing allows for irreversible modification of
Dmd in satellite cells and their progeny, a result that is even more advantageous if
the gene-corrected cells are selected for, or enriched, in dystrophic tissue. Expan-
sion of clusters of naturally occurring Dystrophin-expressing revertant fibers in
mdx muscle, which depends on muscle regeneration, suggests that such a selec-
tive advantage may exist for Dystrophin-expressing satellite cells in dystrophic
muscle (Yokota et al. 2006). It would be interesting to test if gene-corrected
satellite cells are selectively enriched in dystrophic muscles after induced muscle
degeneration and regeneration. Furthermore, it would be informative to examine
whether permanent gene correction of dystrophic satellite cells (and their prog-
eny) prevents the loss of Dystrophin-expressing nuclei in muscle fibers, which is
typically seen with traditional gene therapy approaches (Vulin et al. 2012; Le Hir
et al. 2013). Minimizing off-target activity of Cas9 nuclease, analyzing potential
immune responses against CRISPR components and therapeutic gene products
and developing non-viral delivery approaches for transient expression of DMD-
CRISPR in dystrophic muscle will also be important to help to move gene editing
technology towards clinical application for DMD. In addition, it is important to
keep in mind that the efficacy and safety of this approach in non-rodent dystrophy
models is yet to be studied. Canine models of DMD, including the golden
retriever muscular dystrophy (GRMD) model, exhibit more severe dystrophic
phenotypes that show greater similarity to human DMD phenotypes than the
mdx mouse model (Kornegay et al. 2012). Therefore, preclinical studies in dog
models might better indicate the therapeutic potential of in vivo gene editing for
DMD. The recently developed human muscle xenograft model also provides a
unique and informative opportunity for studying the efficacy of DMD-CRISPR in
correcting mutations in human dystrophic muscle fibers and satellite cells in vivo
(Zhang et al. 2014). Finally, to assess the likelihood of vertical transfer of gene-
editing events to the next generation after systemic gene editing, germline and
also transplacental transmission of AAV-CRISPR should be rigorously analyzed.
AAV9 has been shown to penetrate the placenta (Picconi et al. 2014) in mice, a
finding that should be taken into consideration for planning clinical application of
this technology. Still, the possibility to directly modify the human genome to
correct deleterious mutations that lead to devastating human diseases, such as
DMD, presents unprecedented promise for the future of regenerative medicine.
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