frontiers in
PHYSIOLOGY

REVIEW ARTICLE
published: 21 April 2014
doi: 10.3389/fphys.2014.00148

=

Emerging gene editing strategies for Duchenne muscular
dystrophy targeting stem cells

Carmen Bertoni *

Department of Neurology, David Geffen School of Medicine, University of California Los Angeles, CA, USA

Edited by:
Carlos Hermano J. Pinheiro,
University of Sao Paulo, Brazil

Reviewed by:

Pier Lorenzo Puri, Sanford-Burnham
Medical Research Institute, USA
Francesco Saverio Tedesco,
University College London, UK

*Correspondence:

Carmen Bertoni, Department of
Neurology, University of California
Los Angeles, 710 Westwood Plaza,
4145 RNRC, Los Angeles,

CA 90095, USA

e-mail: cbertoni@ucla.edu

The progressive loss of muscle mass characteristic of many muscular dystrophies impairs
the efficacy of most of the gene and molecular therapies currently being pursued for
the treatment of those disorders. It is becoming increasingly evident that a therapeutic
application, to be effective, needs to target not only mature myofibers, but also muscle
progenitors cells or muscle stem cells able to form new muscle tissue and to restore
myofibers lost as the result of the diseases or during normal homeostasis so as to
guarantee effective and lost lasting effects. Correction of the genetic defect using
oligodeoxynucleotides (ODNs) or engineered nucleases holds great potential for the
treatment of many of the musculoskeletal disorders. The encouraging results obtained
by studying in vitro systems and model organisms have set the groundwork for what is
likely to become an emerging field in the area of molecular and regenerative medicine.
Furthermore, the ability to isolate and expand from patients various types of muscle
progenitor cells capable of committing to the myogenic lineage provides the opportunity
to establish cell lines that can be used for transplantation following ex vivo manipulation
and expansion. The purpose of this article is to provide a perspective on approaches
aimed at correcting the genetic defect using gene editing strategies and currently under
development for the treatment of Duchenne muscular dystrophy (DMD), the most sever
of the neuromuscular disorders. Emphasis will be placed on describing the potential of
using the patient own stem cell as source of transplantation and the challenges that gene
editing technologies face in the field of regenerative biology.
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INTRODUCTION

The discovery of dystrophin as the gene responsible for Duchenne
muscular Dystrophy (DMD) has enabled researchers to identify
several of the genes linked directly or indirectly to dystrophin and
to correlate defects in those genes to many of the different forms
of muscular dystrophies (Monaco et al., 1986; Hoffman et al,,
1987; Koenig et al., 1987). Despite the diversity in phenotypic
and pathological manifestation of various forms of muscular dys-
trophies identified to date, many display common symptoms.
Characteristic is the progressive loss of muscle mass which has
been attributed, at least in part, to the inability of muscle stem
cells to efficiently regenerate tissue lost as the result of the dis-
ease. Great progress has been made toward the identification
of therapies for DMD. Potential approaches range from gene
augmentation strategies using viral or plasmid vectors aimed at
restoring dystrophin expression to upregulation of genes that
could be used to overcome the lack of expression of the defected
gene. While some of these approaches have sown efficacy, the
results obtained to date have also expounded limitations in the
clinical applicability of therapeutic applications to DMD. In par-
ticular, the progressive loss of expression of the therapeutic gene
observed following treatment have clearly indicated that targeting
mature myofibers alone is not sufficient to preserve the beneficial
effects achieved by the therapeutic approach (Bertoni et al., 2006;

Kayali et al., 2010). Critical to the development of effective strate-
gies to treat muscle disorders is the optimization of approaches
targeting muscle stem cells and capable of regenerating tissue
lost as the result of the disease or as the result of normal muscle
turnover.

Muscle stem cells are classically defined as undifferentiated
cells characterized by their unique ability to activate in response
to specific stimuli and self-renew. Daughter cells originated by the
division of stem cells can either retain their stem cell identity or
differentiate into a more committed lineage capable of producing
new muscle tissue or of fusing with preexisting myofibers to
repair damage ones. Among the different types and subtypes
of muscle stem cells identified to date, satellite cells (SCs) are
probably the most studied. Since their initial identification
(Mauro, 1961) studies have clearly demonstrated that SCs are
composed by an heterogeneous population of muscle stem cells
distinguishable based on their gene expression signatures, their
ability to commit into a specific myogenic lineage, their capacity
to assume non-myogenic cell-fate and differences in their ability
to activate in response to specific queues (Schultz, 1996; Seale
et al., 2000; Ono et al., 2010; Bentzinger et al., 2012; Brack and
Rando, 2012; Yin et al., 2013). Other types of stem cells capable
of assuming a myogenic cell fate and of regenerating mus-
cles have been described. Those include bone marrow stem cells
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(Ferrari et al., 1998; Bittner et al., 1999; Gussoni et al., 1999), mus- be brought into the clinic is the need to target a large number

cle side population (SP) cells (Gussoni et al., 1999; Asakura et al.,
2002; Rivier et al., 2004; Doyle et al.,, 2011), muscle-derived
stem cells (Lee et al., 2000), mesangioblasts (Minasi et al., 2002;
Sampaolesi et al., 2003; Galli et al., 2005; Morosetti et al., 2006),
pericytes (Dellavalle et al., 2007; Peault et al., 2007), embryonic
stem cells (ESCs) (Bhagavati and Xu, 2004; Barberi et al., 2007;
Darabi et al., 2009; Filareto et al., 2012) and induced pluripotent
stem cells (iPSCs) (Chang et al., 2009; Kazuki et al., 2010; Darabi
et al., 2012; Tedesco et al., 2012).

Therapeutic approaches to muscle disorders and targeting
stem cells have focused primarily on demonstrating the feasibil-
ity of restoring dystrophin expression following transplantation
of cells isolated from healthy donors. Proof-of-concept studies
have been performed in immunosuppressed mdx mice that have
been used as models for DMD (Coulton et al., 1988; Sicinski et al.,
1989). Some success has been achieved using transplantation of
freshly isolated SCs (Collins et al., 2005; Boldrin et al., 2009, 2012)
or subpopulations of SCs isolated using fluorescence activate cell
sorting (FACS) which have been used primarily to demonstrate
the existence of distinguished populations of SCs with regener-
ative capacity and capable of self-renewing (Cerletti et al., 2008;
Sacco et al., 2008; Rocheteau et al., 2012).

Despite the encouraging results obtained to date in the field,
issues still remain that may hamper the applicability of cell-
mediated regenerative approaches to muscle disorders. Among
those, is the need to use heterologous sources for the transplan-
tation procedure and the risk of immune rejection associated
with their use. The issue of immune response could be overcome
by the use of reprogrammable stem cells capable of differentiate
into muscle progenitor cells such as human ESCs human iPSCs
(Darabi et al., 2012) or mesoangioblasts (Tedesco et al., 2012)
isolated directly from the patient and that have been genetically
modified to express dystrophin or other therapeutically relevant
genes. Among the technologies currently being investigated for
the treatment of DMD, gene editing is perhaps the most excit-
ing as it offers the possibility to correct a genetic defect at the
source of the problem, the DNA and can therefore promise to
restore a completely functional protein. Critical to the success
of gene editing strategies for muscle disorders is to target cells
capable of retaining the stem cells properties to ensure that the
beneficial effects achieved by the gene correction process is main-
tained over time. As such, the use of muscle stem cells capable of
self-renewing is likely to have advantages over other type of cells,
namely due to their ability to actively participate to the regenera-
tive process over prolonged periods of time with virtually little or
no loss of regenerative potential.

The use of gene editing in muscle stem cells for therapeutic
purposes can be divided into two major applications: strategies
aimed at targeting muscle stem cells ex vivo that can be used for
transplantation purposes and strategies aimed at targeting and
correcting stem cells in situ following systemic administration of
the therapeutic agent into the patient’s own stem cells, mainly SCs
(Figure 1). Both approaches present pros and cons as discussed
in more detail below (see Drawbacks and limitations of gene edit-
ing mediated by ODNs and endonucleases). Among the hurdles
that will need to be overcome before cell-mediated therapies can

of muscles for the therapy to be clinically relevant. Nonetheless,
the use of gene editing strategies in muscle stem cells is likely
to become a valid therapeutic alternative to gene augmentation
therapies. This review will provide an overview of the progress
made in the past decade toward the development of gene editing
tools for the treatment of DMD and the current state-of-the art
of technologies aimed at permanently correct the genetic defect
in muscle progenitor cells and stem cells.

OLIGONUCLEOTIDE-MEDIATED GENE CORRECTION

Different areas of investigations have focused on the possibility of
using oligodeoxynucleotides (ODNs) as therapeutic vectors. First
among those, the success obtained using homologous recombi-
nation (HR) technologies, an approach that has been employed
extensively to generate animal models to study disease mech-
anisms (Capecchi, 1989). However, the low frequency of HR
and the high frequency of non-homologous integration of such
constructs have clearly evidenced serious limitations in the appli-
cability of this approach for the treatment of inherited diseases
and have prompted the development of new, safer vectors capa-
ble of activating repair mechanisms other than HR and capable
of introducing single base pair (bp) alterations at the genomic
DNA without the need of integrating into the genome. Gene edit-
ing mediated by ODNs generally employs short (less than 100
nucleotides) synthetic DNA or RNA sequences homologous to
the region of the genomic DNA targeted for repair. The technol-
ogy differ substantially from that employing antisense oligonu-
cleotides (AONSs), that also uses oligonucleotides, but that act at
the messenger RNA (mRNA) level to block and therefore redirect
splicing of the mRNA to produce shorter although still functional
proteins (Arechavala-Gomeza et al., 2012). Gene editing mediated
by ODNs takes advantage of innate repair mechanisms present
in the cell and responsible for maintenance of chromosome
integrity. The process requires multiple steps which begin with the
pairing of the ODN with the region of the genomic DNA targeted
for repair, recognition of the mismatch on the targeted base, exci-
sion of the mutation, and insertion of the desired base (Figure 2).

EVOLUTION OF ODNs FOR GENE EDITING PURPOSES

The initial vectors employed for gene editing strategies consisted
of chimeric DNA/RNA ODNs (chODNs) made of 68 residues
which were originally given the name of chimeraplasts. The vec-
tor contained both RNA and DNA residues complementary to
the region of the genomic DNA targeted for repair and flanked
by 2’-O-methylated RNA residues which were used to increase
resistance to RNase H activity (Figure 2A). To increase stability
and maintain their secondary structure, ODNs were designed to
contain at their 3’ and 5" ends polythymidine hairpins and a 3’
tag containing a clamp made of guanidine and cytosine residues
(Figure 2A) (Cole-Strauss et al., 1996; Kren et al,, 1999a,b;
Bertoni, 2008). These chODNs were designed to pair with both
strands of the gene targeted for repair and to activate DNA mis-
match repair (MMR) mechanisms though the recognition of the
single base mismatch present on the ODN (Figure 2B). The acti-
vation results in the conversion of the targeted base at the genomic
level using the information provided by the chODN. Since their
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FIGURE 1 | Cell-mediated regenerative approaches to muscle disorders.
Gene editing strategies in muscle stem cells are aimed at either correcting
the genetic disorder ex vivo or at delivery the therapeutic agent in situ
following systemic administration. (A) Ex vivo approaches requires harvesting
of cells from the patient or healthy donor, reprogramming in cases were the
cells being employed are not muscle-derived, editing using the targeting
tools, selection of the cells undergone repair and expansion prior to delivery

into muscle through local, or systemic administration. (B) Delivery of the
gene editing tools into muscle typically uses the circulatory system and can
employ intraperitoneal, subcutaneous, intra-arterial, or intravenous
administration depending on the physico-chemical, and pharmacological
properties of the therapeutic agent being employed. The method is much
less invasive than direct intramuscular injection and has the potential of
targeting a large number of muscles simultaneously.

first application, chODNs have been investigated in their ability to
target and induce genomic modifications in a number of different
cell types and have been successfully applied in both eukaryotic
and prokaryotic cells (Cole-Strauss et al., 1996, 1999; Kren et al.,
1998, 1999b; Beetham et al., 1999; Zhu et al., 1999, 2000; Bartlett
et al., 2000; Rando et al., 2000; Rice et al., 2000, 2001; Tagalakis
et al., 2001; Igoucheva and Yoon, 2002).

The initial studies exploring the feasibility of using chODNs
for the treatment of muscular dystrophies were performed in the
mdx mouse model for DMD (Rando et al., 2000; Bertoni and
Rando, 2002; Bertoni et al., 2003). A chODN designed to tar-
get and correct the single point mutation present in exon 23 of
the dystrophin gene was shown to restore dystrophin expression
in both muscle precursor cells in culture (Bertoni and Rando,
2002) as well as in vivo following direct intramuscular injection
(Rando et al., 2000). Importantly, correction was demonstrated
to be stably inherited in dividing cells and to result in restoration
of full-length dystrophin expression. When administered intra-
muscularly at high doses, the chODN was able to distribute into
approximately 40% of the SCs present in the muscle (Bertoni
and Rando, 2002). Once explanted, SCs that had taken up the
chODN targeting the mdx mutation, were shown to proliferate

and expand in vitro to produce myoblasts capable of differen-
tiating and to form myotubes which expressed full-length dys-
trophin. The level of gene repair detected in those cells remained
substantially lower than that achieved in muscle progenitor cells
transfected with the targeting chODN in culture demonstrat-
ing the presence of intrinsic differences in the ability of SCs to
undergo gene repair compared to myoblasts (Bertoni and Rando,
2002). Nonetheless, the results clearly indicated the feasibility of
using ODNs to target and correct SCs and demonstrated for the
first time the possibility of targeting SCs in situ following delivery
of ODN:Gs. Studies in the GRMD have confirmed the feasibility of
using chODN:s to correct defects in the dystrophin gene in larger
animals (Bartlett et al., 2000).

A key advancement in vector development was the discovery
that ODNs made of single stranded DNA sequences (ssODNs)
were as efficient as chODNss in directing the gene correction pro-
cess (Gamper et al., 2000a,b) rendering this technology widely
available to virtually any laboratory interested in exploring its
potential application in different prokaryotic and eukaryotic sys-
tems and for different applications (Igoucheva et al., 2001, 2008;
Dekker et al., 2003, 2006; Nickerson and Colledge, 2003; Pierce
et al., 2003; Radecke et al., 2004; Bertoni et al., 2005; Olsen et al.,
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FIGURE 2 | ODN-mediated gene editing. (A) The basic structure of
targeting ODNs consists of a stretch of DNA perfectly homologous to the
region of the gene that is targeted for correction with the exception of a
single base mismatch. A chODN contains a complimentary region
composed of 2’-O-methyl RNA interrupted by a pentameric block of DNA
bases while ssODNs consist of unmodified DNA bases and can be
complimentary to the coding strand or complimentary to the non-coding
strand of the gene targeted for correction. Phosphorothioate (PS) bases

are added to the each end of the ODNs to increase their stability to
endonucleases. (B) The correction process is activated by the pairing of
ODN with the genomic sequence targeted for repair. Recognition of the
mismatch present on the ODNs activates innate repair mechanisms
naturally present in the cell nuclei and capable of directing the correction
based on the information provided by the ODN template. The process
require the presence of protein such as RecA and MSH2 capable of
recognizing and correct the mismatch.

2005b; Sorensen et al., 2005; Aarts et al., 2006; Morozov and
Wawrousek, 2008; Disterer et al., 2009). ssODN can either be
complementary to the leading strand of the genomic loci or com-
plimentary to the lagging strand (Figure 2A). In muscle, gene
correction mediated by ssODN has been assessed using the mdx>*”
mouse. In this model, an A-to-T transversion in exon 10 of the
dystrophin gene creates a cryptic splice site recognized by the
splicing machinery. Thus, the mRNA of the dystrophin gene is
aberrantly spliced causing total absence of dystrophin (Im et al.,
1996). The use of the mdx>* mouse allows to precisely quan-
titate frequencies of gene repair achieved at both, the genomic
DNA and mRNA levels, making this animal model particularly
valuable (Bertoni et al., 2005; Kayali et al., 2010). Results clearly
indicated that ssODNs complementary to the coding strand were
as effective as chODN in correcting the dystrophin gene defect
in mdx>” in vitro as well as in vivo. A strand bias was observed
in the correction abilities of linear DNA ODNs depending on
whether the ssODNs were targeting the coding or the non-coding
strand of the dystrophin gene, suggesting that transcription may
influence the ability of ssODNs to induce the genetic alteration
at the chromosome level (Bertoni et al., 2005). Differences in
strand bias observed by others seem to confirm the implication of

transcription in the processes that take place in gene repair medi-
ated by ssODNs (Igoucheva et al., 2001, 2003; Liu et al., 2001,
2002).

In recent years, studies have focused primarily on identifying
new generation of ssODNs that could promote more efficiently
the repair process in an effort to increase the frequencies of gene
repair to levels that would be considered therapeutically relevant.
Some success has been obtained by increasing the stability of the
ODN:ss. The use of ssODNs containing 2'-O-methyl RNA residues
(Igoucheva et al., 2001; Nickerson and Colledge, 2003), PS link-
ages (Liu et al., 2002; Olsen et al., 2005b), or Locked Nucleic Acid
(LNA) bases (Parekh-Olmedo et al., 2002) at their extremities
have been shown to increase targeting frequencies. Several studies
have also demonstrated that gene repair can be enhanced by syn-
chronizing the cells in the S phase of the cell cycle or by reducing
the rate of replication fork progression (Brachman and Kmiec,
2004; Ferrara and Kmiec, 2004; Ferrara et al., 2004; Olsen et al.,
2005a). Promising results have been achieved in muscle using
ssODNs made of peptide nucleic acids (PNAs) bases (Kayali et al.,
2010). PNAs are DNA mimics capable of forming stable duplex
structures with Watson-Crick complementary DNA or RNA with
a higher binding affinity than that of DNA/DNA or DNA/RNA
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duplexes made of unmodified bases (Nielsen, 2005). In general,
ssODNs stretching from 12 to 18 nucleotides are sufficient to
allow strong duplex formation with their complementary DNA or
RNA sequences and to distinguish single base mutations. Kayali
et al demonstrated that ssODNs made of PNA (PNA-ssODNs)
containing the appropriate mismatch were capable of targeting
and correcting the mdx>® mutation in the dystrophin gene more
efficiently than ssODNs made of unmodified bases (Kayali et al.,
2010). Expression of full-length dystrophin was sustained for up
to four months after injection although correction was shown to
decrease over time as the result of normal muscle turnover (Kayali
etal,, 2010). These results were particularly important to the field
fo gene editing for DMD because provided the first evidence of
how correction of the genetic defect in mature myofibers alone
is not sufficient to guarantee long lasting effects and paved the
way for subsequent studies aimed at studying the feasibility of tar-
geting and correcting SCs and their therapeutic relevance for the
treatment of DMD.

MECHANISMS OF ACTION OF ODN-MEDIATED GENE REPAIR

It is believed that chODNs and ssODNs act through similar
mechanisms and that the repair process involves multiple steps
(Gamper et al., 2000a,b; Igoucheva et al., 2004). The first steps
requires the annealing of the ODN to the region of the genomic
DNA targeted for repair (Liu et al., 2003; Jensen et al., 2011;
Papaioannou et al., 2012). Pairing leads to the formation of a het-
eroduplex between the ssODN and the double-stranded target site
(Figure 2B) (Bertoni, 2005, 2008; Engstrom et al., 2009). Msh2, a
member of the family of proteins involved in the MMR mech-
anism has been shown to inhibit the repair process, potentially
by preventing recombination between the ODN and the targeted
genomic sequence, a phenomenon known as heteroduplex rejec-
tion (Dekker et al., 2003; Pierce et al., 2003; Aarts et al., 2006;
Maguire and Kmiec, 2007; Igoucheva et al., 2008; Papaioannou
et al., 2009). Furthermore, a two- to three-fold increase in fre-
quencies of gene repair has been reported recently in primary
cultures isolated from mdx>® muscle transfected with targeting
ssODNs in conjunction with a siRNA designed to transiently
downregulate Msh2 expression supporting the implication of the
MMR as one of the mechanisms that controls ssODN-mediated
gene repair in muscle cells (Maguire et al., 2009). Interestingly, the
authors also failed to detect an effect when Msh2 was downregu-
lated in purified myoblasts maintained in culture for prolonged
period of time suggesting that the MMR may not be the only
mechanism involved in the correction process in myoblasts and
that culturing conditions of these cells may influence the repair
process.

The second phase implicated in the correction process medi-
ated by ODN:Ss, involves the activation of the repair process. Some
studies have implicated the HR pathway through homology-
directed repair (HDR) and non-homologous end-joining (NHEJ])
mechanisms as one of the mechanisms responsible for the cor-
rection induced at the genomic level through evidences that
demonstrate that a portion of the ODN becomes integral part
of the genomic DNA (Radecke et al., 2006; Aarts and te Riele,
2010). However, it is evident that mechanisms other than HR
may be involved in the process catalyzed by ODNs. Among those,

the nucleotide excision repair (NER) pathway appear to play a
role and it was demonstrated that two of the proteins involved
in this repair pathway, XPG and ERCC4, are required to facilitate
ssODN-mediated gene repair, whereas components in the NHE]
pathway was found to inhibit the correction process (Igoucheva
et al., 2006).

Recent studies aimed at improving the specificity and efficacy
of ssODNs in directing single base alterations at the genomic
level have also evidenced the possibility of recruiting repair mech-
anisms other than HR and NER (Bertoni et al., 2009). The
approach involves the use of ssODNs containing methyl-CpG
sequences and capable of activating the base excision repair (BER)
mechanism through the recruitment of the methyl-CpG bind-
ing domain protein 4 (MBD4) also known as MED1. MBD4
is thought to be responsible for maintaining genome integrity
by recognizing G:T or G:U mismatches at m>CpG sites on
double-stranded DNA (Bellacosa et al., 1999; Hendrich et al.,
1999). In vitro studies have demonstrated that MBD4 can effi-
ciently recognize and hydrolyze G:T or G:U mismatches at hemi-
methylated m>CpG sites as well as G:T and G:U mismatches
in non-methylated CpG sequences (Hendrich et al., 1999). The
introduction of the DNA mismatch is recognized by DNA gly-
cosylases which excise the damaged base from the genomic DNA
creating an apurinic/apyrimidinic site (AP site). The DNA strand
is subsequently processed by specific endonucleases and ligases to
direct the addition of a new cytosine at the AP site and to complete
the repair process using the ssODNs as template (Bertoni et al.,
2009). This new generation of ssODNs was shown to efficiently
correct a single point mutation introduced in a GFP reporter sys-
tem which was stably transfected in myoblasts. The drawback
of using methyl-CpG-modified ssODNs is represented by the
sequence specificity of the mutations that can be targeted by this
approach which limits its broad applications in all genetic defects
(Bertoni et al., 2003, 2009).

THERAPIES FOR DMD USING ODNs TARGETING STEM CELLS

The feasibility of using ssODNs to correct gene defects in SCs
and restore full-length dystrophin expression has recently been
demonstrated by Nick-Ahd et al. In the study, the authors
isolated SCs from the mdx>® mouse and transfected PNA-
ssODNGs targeting the mdx>" mutation prior to engraftment into
immunocompromised mdx/nude mice (Nik-Ahd and Bertoni,
2014). Clusters of dystrophin-positive fibers were clearly detected
immediately following transplantation and expression of dys-
trophin, resulting from the contribution of donor-derived SCs
that had undergone gene repair, were shown to increase over
time. The work represent the first evidence of the feasibility of
inducing ex vivo gene repair of SCs without compromising the
ability of isolated cells to self-renew following transplantation
(Nik-Ahd and Bertoni, 2014).

More recently, gene editing strategies mediated by ssODNs has
been extended to iPSCs isolated from human skin fibroblasts of
two patients affected by type I spinal muscular atrophy (SMA).
SMA is an autosomal recessive genetic disorder caused by a
genetic defect in the survival motor neuron 1 (SMN1I) gene, which
encodes SMN. Loss of SMN protein is thought to be responsible
for the progressive loss of motor neurons which is paralleled by
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the progressive muscle wasting characteristic of SMA patients
(Brzustowicz et al., 1990; Lefebvre et al., 1995; Coovert et al.,
1997). Corti et al used a 75bp ssODN was used to target and
redirect splicing of the SMN2 gene, a gene paralogous to SMN1
and to induce expression of a protein similar to SMN1. This strat-
egy has previously been shown to partially rescue motor neuron
loss in animal models and is considered a valuable approach to
treat the disease in patients (Lefebvre et al., 1997; Le et al., 2005).
Correction mediated by ssODNs targeting the SMN2 gene was
achieved in approximately 4% of the transfected cells suggesting
frequencies of gene repair similar to those observed in muscle
culture and demonstrating that iPSCs are equally amenable to
gene repair than myoblasts and SCs (Bertoni et al., 2005, 2009;
Maguire et al., 2009; Kayali et al., 2010; Nik-Ahd and Bertoni,
2014). Importantly, when transplanted into the spinal cords of
1-day-old SMA mice, donor-derived motor neuron engrafted in
the anterior spinal cords of transplanted mice and ameliorated
defects in neuromuscular function in SMA mice (Corti et al.,
2012). These results are particularly encouraging as they repre-
sent the first evidence of how gene editing mediated by ssODNs
could have a clinical applicability to disorders other than DMD
demonstrating that the field of gene repair is slowly but steadily
growing toward the development of clinical applications for the
treatment of different neuromuscular disorders.

NUCLEASE-MEDIATED GENE EDITING

During the past 10 years, the field of gene editing has witnessed
a tremendous growth in the number of laboratories interested
in developing corrections strategies using engineered nucleases.
These nucleases are artificial restriction enzymes that can be
designed to target virtually any site in the genome. Their use has
enabled routine reprogramming of prokaryotic and eukaryotic
systems for a variety of applications ranging from site-directed
mutagenesis of bacterial systems, generation of animal models
to study diseases, or simply proof-of-concept studies to demon-
strate the specificity of a biological system. The ability of nucleases
to recognize specific sequences in the genome and introduce a
cleavage at specific sites has been known for almost two decades,
but this technology has boomed only recently. This rapid growth
is in part due to the crescent interest of commercial sources in
developing new products that could be brought to the market
and in part to the recognition of public and government sources
of the potential that this application could have in basic and
translational biology. More recently, nucleases have moved into
preclinical and clinical applications for numerous diseases and
three phase I and phase I clinical trials are on their way in Human
Immunodeficiency Virus (HIV) patients (Tang, 2013a,b; Tebas
and Stein, 2013).

There are three major families of engineered nucleases being
employed in gene editing approaches: zinc finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALEN),
and engineered meganuclease (MNs) (Figure 3). A fourth family
termed clustered regularly interspaced short palindromic repeats
(CRISPR) has been recently developed as an additional approach
to alter genomic sequences at the DNA level (Pauwels et al., 2013).
Despite its early stages of development, the use of CRISPR has
already proven to be a valid alternative to ZFNs, TALENs, and

MN:s (Jinek et al., 2012, 2013; Chang et al., 2013; Cong et al., 2013;
DiCarlo et al., 2013; Mali et al., 2013; Wang et al., 2013), but its
potential for the treatment of neuromuscular disorders has yet to
be explored.

The mechanisms of action of nucleases are common to all sys-
tem and rely on their ability to create a double-strand break (DSB)
which is either repaired by NHE], or, in the presence of a donor
DNA, can be repaired by HR (Figure 4). Several hurdles still need
to be overcome before this approach can have a wide-spread use
in the context of clinical applications to genetic disorders. Among
those, is the limited level of gene editing frequencies achieved in
cells, the relative difficulty and time consuming process required
to assemble the nucleases in vitro, the need to use viral or plas-
mid vectors to ensure high levels of expression of nucleases in
the nucleus required to achieve an effect and the risk of off-target
mutations that have been associated with their use (as described
in more detail below). Nonetheless, the results reported to date
have clearly proven the validity of using engineered nucleases for
therapeutic purposes.

ZFNs, TALENS, AND MNs

ZFNs are engineered restriction enzymes obtained by fusing a
zinc finger DNA-binding domain to a DNA-cleavage domain
originated from the FokI restriction endonuclease (Figure 3A).
Each zinc finger domain interacts with 3 bps of DNA and can be
engineered to target unique sequences within complex genomes
(Bibikova et al., 2003). The DNA-binding domains of individual
ZFNss typically contain between three and six individual zinc fin-
ger repeats allowing the recognition of sequences of the genome
comprised between 9 and 18 bps respectively. Introduction of the
DSB is mediated by the dimer formed by the association of two
Fokl domains. As a result, two ZFNs need to be expressed and
bound to opposite strands of the targeted genomic DNA for the
cleavage to occur (Figure 3A). Furthermore, each Fokl domain
needs to be separated by 5-7 bp to allow proper formation of the
Fokl dimer. To date, ZFNs have been successfully employed to tar-
get drosophila (Bibikova et al., 2002, 2003; Beumer et al., 2006,
2008, 2013; Bozas et al., 2009), plants (Shukla et al., 2009; Tovkach
et al., 2009; Townsend et al., 2009; Marton et al., 2010; Osakabe
etal, 2010; Zhang et al., 2010; Curtin et al., 2011; Qi et al., 2013),
Caenorhabditis elegans (Morton et al., 2006; Wood et al., 2011),
zebrafish (Doyon et al., 2008; Meng et al., 2008; Foley et al.,
2009a,b; McCammon and Amacher, 2010; Sander et al., 2011b;
Zhu etal., 2011), rat and mouse (Mani et al., 2005; Carbery et al.,
2010; Mashimo et al., 2010; Meyer et al., 2010; Cui et al., 2011;
Osiak et al., 2011; Chou et al., 2012; Hermann et al., 2012; Bhakta
etal., 2013; Shen et al., 2013) and human cells (Alwin et al., 2005;
Urnov et al., 2005; Lombardo et al., 2007; Miller et al., 2007; Perez
et al., 2008; Hockemeyer et al., 2009; Zou et al., 2009; Holt et al.,
2010; Lei et al., 2011; Dreyer and Cathomen, 2012; Handel et al.,
2012; Wang et al., 2012).

One of the major drawbacks that has restricted the wide use of
ZFNs in the research and clinical settings is the limited availability
of DNA-binding domains targeting all trinucleotide combina-
tions and required to guarantee specificity of the ZFN to its target
(Desjarlais and Berg, 1992; Pabo et al., 2001), the high cost of
purchasing engineered zinc-finger units available in proprietary
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FIGURE 3 | Nucleases currently used as gene editing tools for muscle
disorders. (A) Schematic representation of a ZFN dimer bound to its target.
Each ZFN contains the cleavage domain of Fokl linked to a series of zinc
fingers each designed to specifically recognize trinucleotide sequences
(colored boxes) flanking the cleavage site. (B) Schematic representation of a
TALEN dimer. Like ZFNs each TALEN contains the catalytic domain of the
Fokl endonuclease flanked by modules responsible for the recognition of the

sequence targeted for repair. Unlike ZFNs, however, each modular repeat
binds to a specific bp. Each color represents a module for each of the four
nucleotide bases. (C) Schematic representation of a LAGLIDADG homing
endonuclease (LHE) bound to a DNA target through its catalytic motif.
Sequence specificity toward most DNA targets is usually achieved through
the association or fusion of protein domains from different enzymes to
generate chimeric MNs.

archives (Pearson, 2008) and, even when DNA-binding domains
can be obtained from publically available libraries, the diffi-
culty encountered to assemble and select the ZFNs specific to
the desired sequence (Isalan et al., 1997). These limitations have
been largely overcome by the introduction of a second genera-
tion of engineered nucleases that display similar binding affinity
for their target, but higher specificity and relative ease in assem-
bly. TALENS are artificial restriction enzymes generated by fusing
a TAL effector DNA binding domain to a DNA cleavage domain
(Figure 3B). The DNA-binding domain is generally composed of
repeats ranging in number from 33 to 35 amino acids with the
exception of the 12th and 13th amino acids which vary for each
of the four nucleotides that compose the DNA (Boch et al., 2009;
Moscou and Bogdanove, 2009; Mahfouz et al., 2011). Therefore,
assembly of the TALEN requires the simple combination of the
four possible DNA-binding domains in the order specified by the
sequence of the genomic DNA targeted for repair. Similarly to
ZFNs, a recognition sequence of 14-20bp is sufficient to confer
specify toward the target site of the genomic DNA, while a sep-
aration of 12-19bp between Fokl domains appears to be ideal
to guarantee efficient dimerization of the catalytic domain of
the nuclease. The relative ease by which these nuclease can be
assembled and the much lower cost of producing or purchasing
custom vectors expressing a specific nuclease has enable gene edit-
ing mediated by TALENS to boom in a relatively short period of
time (Cermak et al., 2011; Mahfouz and Li, 2011; Mahfouz et al.,
2011; Sander et al., 2011a; Tesson et al., 2011; Wood et al., 2011;
Carlson et al., 2012; Li et al., 2012; Liu et al., 2012; Moore et al.,
2012; Tong et al., 2012).

A third class of nucleases has also been implemented as poten-
tial gene editing tools (Figure 3C). MNs (also known as hom-
ing endonucleases) have been developed based on studies that
were originally conducted in yeast and that identified mobile

elements in the genome (HO and I-Scel) encoded by the mito-
chondrial genome and responsible for triggering recombination
events (Orr-Weaver et al., 1981; Kostriken et al., 1983; Jacquier
and Dujon, 1985; Nickoloff et al., 1986; Colleaux et al., 1988).
MNs recognize DNA sequences of 12—40bp in length and are
classified in five families based on key sequence and structure
motifs. Among those, the LAGLIDADG family is the largest and
best characterized one, and the one currently being used for
designing MNs (Epinat et al., 2013). The initial studies employed
a neomycin resistance reporter gene that was used to demon-
strate the feasibility of targeting NIH3T3 and mouse ESCs (Rouet
et al., 1994; Smih et al., 1995). Since then, MNs have been suc-
cessfully applied to induce mutagenesis, recombination or gene
targeting in bacteria (Cox et al., 2007; Flannagan et al., 2008),
plants (Siebert and Puchta, 2002; Puchta and Fauser, 2013) and
mammalian cells (Thermes et al., 2002; Epinat et al., 2003, 2013;
Grosse et al., 2011; Izmiryan et al., 2011; Munoz et al., 2011;
Menoret et al., 2013). Extensive work conducted on better under-
standing the mechanisms of action and the amino acid structure
of different members of the LAGLIDADG family has enable the
construction of chimeric MNs with improved activity and tar-
getability (Seligman et al., 2002; Arnould et al., 2006; Rosen et al.,
2006; Smith et al., 2006). Nonetheless, the still limited numbers
of sequences that can be targeted combined with the inability
of précising direct the recombination of heterodimers necessary
to induce target specificity mediated by chimeric MNs (Arnould
et al., 2006) has limited its applicability to a large number of
genetic disorders.

APPLICATION OF ENGINEERED NUCLEASE FOR THE TREATMENT OF
MUSCLE DISORDERS

The use of engineered nucleases to precisely direct genomic
alterations in specific genes known to cause muscle disorders
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FIGURE 4 | Gene editing using nucleases. Upon introduction into the cell and
following recognition of the region of the genomic DNA targeted for repair, the
binding domains of the nucleases associate and generate a DSB which triggers
the activation of specific repair mechanisms. In the absence of donor DNA
sequences, the break is repaired by the NHEJ repair pathway by cleaving
non-compatible overhang sequences and by joining the ends of the cleaved
sequences (targeted deletion). This usually results in deletions of one or more

bases (indels). Depending on the type of mutation targeted for repair, these
deletions can lead to either, the inactivation of the gene or to the expression of
in-frame transcripts encoding for shorter, although still functional proteins.
Introduction of single base alterations can only occur in the presence of a donor
DNA containing the desired sequence (targeted correction). The process is
directed by the HR pathway and requires the exchange of DNA sequences from
the donor DNA to the genomic DNA targeted for repair.

has so far been limited to proof-of-concept studies and have
focused primarily on determining their applicability for the treat-
ment of DMD (Chapdelaine et al., 2010; Rousseau et al., 2011;
Benabdallah et al., 2013; Ousterout et al., 2013). MNs and ZFNs
have been used to test the feasibility of activating the NHE]
repair mechanism and of restoring the normal reading frame
of a dog microdystrophin gene containing a frame-shift muta-
tion (Chapdelaine et al., 2010; Rousseau et al., 2011). The ability
of MNs to induce indels in the dystrophin locus has also been
demonstrated through studies aimed at determining the effect
of chromatin accessibility on genome editing mediated by MNs
(Daboussi et al., 2012). In this study, Daboussi et al designed 37
MNs capable of cleaving different genomic targets. Among those,
5 MNs were shown to efficiently target intronic regions of the

dystrophin gene. Although the study was not designed to assess
the feasibility of using MNs to restore dystrophin expression, it
clearly demonstrated that the dystrophin locus is amenable to
gene editing mediated by MNs paving the way for further work
aimed at developing effective gene repair strategies to DMD using
MNs.

Nuclease-mediated editing of dystrophin gene defects has been
recently demonstrated in human cells. TALENs have been tested
in primary dermal fibroblasts isolated from a DMD patient har-
boring a deletion of exons 46—50 (A46-50) and have been used to
induce targeted deletions of exon 51 to restore the coding reading
frame of the dystrophin gene (Ousterout et al., 2013). Clonal
analysis identified a clone with an NHE] event expected to cor-
rect the dystrophin reading frame. When transdifferentiated into
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myoblasts following ectopic expression of MyoD, cells generated
from the clone were shown to form myotubes expressing a dys-
trophin protein of a molecular weight identical to that predicted
as a result of the expression of an in frame transcript lacking exon
46 through 50 of the dystrophin mRNA. The robustness of the
approach was further confirmed in immortalized myoblast cells
lines isolated from two DMD patients with a deletion of exons 48—
50 (A48-50) also treatable by the same pair of TALENs used to
correct the A46-50 fibroblasts. In addition to confirm the ability
of nucleases of targeting the human DMD gene, these studies have
also established the feasibility of using TALEN-mediated NHE] to
target and correct dystrophin gene defects caused by large dele-
tions further extending the applicability of the approach to the
majority of the mutations causing DMD.

DRAWBACKS AND LIMITATIONS OF GENE EDITING
MEDIATED BY ODNs AND ENDONUCLEASES

As any technology currently being tested and optimized for the
treatment of genetic disorders, limitations do exist that may ulti-
mately preclude the use of ODNs or engineered nucleases from
entering the clinic for the treatment of DMD. In the case of
ODNs, perhaps the major drawback is the low efficiency of the
correction process achieved to date. While the use of specific
modifications inserted on the oligonucleotides to stabilize the
structure of ssODN's (Kayali et al., 2010) or those used to recruit
specific repair mechanisms (Bertoni et al., 2009) have proven to
significantly increase the gene correction frequencies achieved in
muscle in vitro and in vivo, the frequencies obtained remain low.
Other factors are likely to influence the clinical applicability of
ODN s including the possibility to induce mutations at regions of
the genome different from that targeted for repair, a phenomenon
that has not been studied in detail. Additional parameters such as
possible toxicity of the ODNs once introduced into patients will
also have to be examined.

One of the limiting factors that preclude the use of engineered
nucleases, particularly for clinical applications, is represented by
the inability to efficiently control the level of expression of the
nucleases once delivered to the cell and by the fact that certain
endonucleases such as ZFNs and TALENs require the formation
of dimers to be active which implies the use of at least two vec-
tors to efficiently express each endonuclease. To date, delivery of
endonuclease into the cells has employed, for the most part, the
use of plasmid vectors. Although this method of delivery result in
efficient expression of the vectors sustained only for a short period
of time, potentially the time needed for the nucleases to induce
the desired genomic alteration, the level of expression achieved
cannot be easily controlled and the efficiency of delivery is lim-
ited particularly when targeting stem cells or muscle progenitor
cells. An alternative approach is to use lentiviral vectors which
have been shown to efficiently transduce stem cells and to be able
to achieve high levels of transgene expression. Although effective,
these vectors are known to randomly integrate into the genome
and therefore they can potentially be mutagenic. This problem has
been recently addressed through extensive studies aimed at better
characterizing the sequences encoded by the lentiviral vector that
direct the recombination process and has led to the development
of a new generation of lentiviral vectors unable of integrating

(Cornu and Cathomen, 2007; Lombardo et al., 2007). Although
safer, these vectors can only achieve limited levels of expression
into cells which have been associated with significant lower lev-
els of gene correction frequencies. Promising results have been
obtained using adenoviral vectors (Perez et al., 2008; Holkers
et al., 2013) and adeno-associated virus vectors which have been
shown to drive efficient expression of the nucleases into cells
(Porteus et al., 2003; Gellhaus et al., 2010; Metzger et al., 2011).
Nonetheless, these vectors still require systems to control their
expression once introduced into the cell.

An alternative to the use of viral vectors is the introduction
into the cell of mRNA encoding for the nuclease (Geurts et al.,
2010; Meyer et al., 2010; Zou et al., 2011) or purified nuclease
proteins (Gaj et al., 2012). This method, however, has shown only
limited efficacy and is associated with higher costs of production
and purification of the endonucleases at the doses required to
achieve significant effects.

A major concern that limits the use of endonuclease partic-
ularly in the context of therapeutic applications, is the potential
off-target effects that have been associated with their use. These
effects appear to be related, for the most part, to the lack of bind-
ing specificity of the DNA-binding domain toward its recognition
sequence (Bibikova et al., 2002; Olsen et al., 2009). As such, cleav-
age of regions other than those targeted for repair may result in
the generation of indels that, once repaired through NHE] events,
could lead to the inactivation of genes. If the inactivation occurs
in genes responsible for muscle stem cells maintenance or nec-
essary for the proper function of muscle progenitor cells poses
serious safety concerns. Future applications of gene editing target-
ing and employing stem cells for therapeutic purposes will have
to be further refined and issues of toxicity as well as possible side
effects will have to be evaluated in detail so as to guarantee safe
and long lasting effects.

FUTURE OF GENE EDITING STRATEGIES IN MUSCLE STEM
CELLS

Several parameters need to be considered and optimized before
we can reach the stage of designing clinical trials using gene edit-
ing approaches that specifically target muscle stem cells. First
among all, is the efficacy of the approach being used and the ben-
efits that can be achieved by the different systems being employed.
Approaches aimed at correcting stem cells ex vivo have clear
advantages over systems that target stem cells in situ (Figure 1).
First, delivery of ODNs or nucleases in cells maintained in culture
it is easier to accomplish as it can rely on both chemical as well
as physical methods of delivery. For instance, the use of chemical-
based reagents such as Lipofectamine™ 2000, Fugene® HD and
other of transfection reagents currently in the market, as well as
electroporation devices such as Amaxa Nucleofector™ and Neon®
Electroporation System have proven to be effective in deliver-
ing naked DNA, including ssODNs as well as plasmids encoding
nucleases into muscle progenitor cells, SCs, and ESCs (Bertoni
and Rando, 2002; Bertoni et al., 2003, 2005; Dekker et al., 2003,
2006; Pierce et al., 2003; Aarts et al., 2006; Flagler et al., 2008;
Kayali et al., 2010; Corti et al., 2012; Fontes and Lakshmipathy,
2013). Additionally, viral vectors can be used to express nucle-
ases in cases where chemical and electroporation methods pose
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a challenge. Another advantage of targeting and correcting stem
cells ex vivo, is represented by the fact that cells that have under-
gone repair can be selected, expanded in culture and characterized
to ensure that they are safe to use in patients. Importantly, cells to
be transplanted into muscle can undergo quality checks to ensure
they are devoided of off-target mutations introduced by the ODN
or the nuclease in region of the genome other than that targeted
for repair. Great progress has been made toward the develop-
ment of technologies capable of sequencing the entire genome
or of studying changes in gene expression at a single cell level.
These technologies are likely to become integral part of study
design for future clinical trials and will be instrumental to the
progress of gene editing technologies toward a safe and effec-
tive approach to treat muscle disorders. Finally, clones obtained
following selection and expansion can potentially be stored over
prolonged periods of times, virtually the lifetime of the patient,
and could serve as a reservoir of cells to be used in the event that
repeated administrations are required.

The major drawback of ex vivo approaches is represented by
the difficulty encountered in delivering stem cells into skeletal
muscles and the need to target a large number of muscles for
the therapeutic approach to be clinically relevant. So far, most
of the studies aimed at determining the efficacy of the geneti-
cally modified cells to restore muscle function have focused on
delivering the cells intramuscularly. Although perfectly suitable
for applications aimed at studying the efficacy of the cells being
introduced into tissues to engraft and to regenerate muscle, this
approach is not applicable in a clinical setting due to the number
of injections that would be required to achieve functional effects
in patients. Clinical applications to muscle disorders are likely to
rely on the use of procedures capable of deliver genetically mod-
ified cells systemically. Intravenous or intrarterial injections have
been successfully used to deliver Sca-17CD34™ (Torrente et al.,
2001) and CD133% (Torrente et al., 2004) muscle derived stem
cells, mesoangioblasts (Sampaolesi et al., 2006), and pericytes
(Dellavalle et al., 2007), but appear to have limited applicability
with other cell types. Factors that can promote migration, sur-
vival, and engraftment of cells following administration are likely
to have important implications for the success of cell-mediated
regenerative approaches for the treatment of neuromuscular dis-
eases. Some success has already been achieved following pretreat-
ment of mesoangioblasts with stromal-derived factor-1 (SDF-1)
and tumor necrosis factor-o (TNF-a) prior to administration of
mesoangioblasts into dystrophic mice (Galvez et al., 2006) and,
more recently using inhibitors of junctional adhesion molecule-A
(JAM-A) expression, a small immunoglobulin that is located at
endothelial and epithelial cell junctions (Giannotta et al., 2014).

Direct delivery of ODNs or nucleases into skeletal muscles may
represent a valuable alternative to transplantation of genetically
modified cells. In general, this approach will only be able to tar-
get endogenous muscle stem cells that are actively participating
to the regeneration process such as SCs. Furthermore, it would
be applicable only to patients that are at an early stage during the
disease process before the reservoir of cells capable of regenerating
muscles is exhausted or before their regenerative capacity is com-
promised as a result of the continue activation typical of muscles
that undergo repeated rounds of degeneration and regeneration.

Several methods of delivery are currently being optimized and
tested for their ability to distribute ODNs and nucleases into dif-
ferent organs and tissues following systemic administration. In
the case of ODN-based therapies some success has been achieved
using trans-activator of transcription (Tat) protein of the HIV
(Frankel and Pabo, 1988; Green and Loewenstein, 1988; Green
et al., 1989; Brooks et al., 2005; Bechara and Sagan, 2013). More
recently, efforts have been directed toward the identification of
short peptide sequences that could be linked to ODNs and used to
enhance their uptake through mechanisms of endocytosis and/or
direct translocation across the plasma membrane (Joliot et al.,
1991; Bechara and Sagan, 2013; Betts and Wood, 2013; Moulton,
2013; Regberg et al., 2013). Some success has been achieved using
ODNs s tagged to cell penetrating peptides (CPPs) which have been
shown to successfully target and distribute ODNs into myofibers
following systemic administration (Lescop et al., 2005; Moulton
et al., 2007; Ivanova et al., 2008; Wu et al., 2008; Yin et al., 2008;
Betts and Wood, 2013). Moreover, the use of CPPs has been
implemented in gene editing technologies aimed at enhancing
delivery of engineered nucleases with promising results further
highlighting the potential of using peptide as carriers to enhance
delivery (Nain et al., 2010; Puria et al., 2012; Chen et al., 2013).
However, most of the studies thus far have been focused on
targeting myofibers and little is known on the ability of CPPs
to penetrate SCs or other types of muscle stem cells following
systemic delivery.

The main drawback of directly delivering systemically ODNs
or nucleases into muscles is represented by the inability to control
the repair process once the therapeutic agent reaches it targeted
stem cell. As a result, issues of toxicity, off-target effects, and
low frequencies of gene repair may limit the beneficial effects
achieved. Studies aimed at further refine the efficacy and speci-
ficity of the repair process mediated by ODNs or nucleases is likely
to have important implications for the success of gene editing
approaches.

Independently from the approach used to correct the genetic
defect and whether restoration of the missing protein is achieved
through delivery of genetically modified cells ex vivo or sys-
temic administration of gene editing tools in situ, other factors
may hamper the efficacy and stability of the repair process.
Considerations should be given to possible immune response
toward the protein being restored as the result of the therapeutic
application. Preconditioning of patients using immunosuppres-
sive reagent as well as administration of chemotherapeutic drugs
that are toxic to proliferating cells may be necessary to ensure
efficient cell engraftment and rapid clonogenic growth of the
transplanted cells.

SUMMARY AND CONCLUSIONS

The past decade or so has seen an exponential growth in the
development of therapeutic applications for muscle disorders
specifically designed to target stem cells. Clinical trials are cur-
rently undergoing to test the feasibility and efficacy of restoring
dystrophin expression in skeletal muscles of DMD patients fol-
lowing systemic administration of mesoangioblasts highlighting
the fact that the field is rapidly advancing toward clinical appli-
cations for this disease. Approaches aimed at using the patient

Frontiers in Physiology | Striated Muscle Physiology

April 2014 | Volume 5 | Article 148 | 10


http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Bertoni

Gene editing in muscle stem cells

own stem cells as source for the transplantation procedures has
clear advantages over those using heterologous sources of stem
cells. As such, it is likely that gene editing approaches will become
integral part of future applications to treat muscle disorders using
genetically modified cells.

Additional parameters will have to be taken into account
and defined before these approaches can enter into the clinic.
For instance, gene editing strategies targeting stem cells ex vivo
will require to refine culturing techniques to ensure that, once
explanted, muscle stem cells can be efficiently propagated in vitro
while maintaining maximal regenerative potential. Furthermore,
a better understanding of the mechanisms that regulate stem-cell
properties will help redefine and select a specific population of
cells that is safe to use in patients without compromising the ben-
eficial effects that can be achieved using the approach. Along the
same line, the development of new delivery systems or vectors
capable of targeting muscle stem cells in situ will be a key to the
optimization of gene editing strategies. Ultimately, a key compo-
nent of preclinical and clinical studies will remain the efficacy and
safety of the approach being employed. The trials currently under
way for muscle disorders as well as other genetic diseases and the
clinical trials that are planned to start within the next few years
will be instrumental in determining the key parameters necessary
to achieve sustained effects in patients and to ensure the safety and
efficacy of the approach being employed. Despite the early stages
of gene editing approaches aimed at targeting and correcting stem
cells for the treatment of muscle disorders, the results obtained to
date are encouraging. Collaborations among different laborato-
ries interested in pursuing these technologies for the treatment of
inherited genetic disease affecting muscle could result in advanc-
ing gene editing strategies more rapidly and more efficiently into
the clinic.

ACKNOWLEDGMENTS
This work was supported by a grant from the Muscular Dystrophy
Association (MDA) USA (277016).

REFERENCES

Aarts, M., Dekker, M., de Vries, S., van der Wal, A., and te Riele, H. (2006).
Generation of a mouse mutant by oligonucleotide-mediated gene modification
in ES cells. Nucleic Acids Res. 34, e147. doi: 10.1093/nar/gkl896

Aarts, M., and te Riele, H. (2010). Subtle gene modification in mouse ES cells: evi-
dence for incorporation of unmodified oligonucleotides without induction of
DNA damage. Nucleic Acids Res. 38, 6956—6967. doi: 10.1093/nar/gkq589

Alwin, S., Gere, M. B., Guhl, E., Effertz, K., Barbas, C. F. 3rd., Segal, D. J., et al.
(2005). Custom zinc-finger nucleases for use in human cells. Mol. Ther. 12,
610-617. doi: 10.1016/j.ymthe.2005.06.094

Arechavala-Gomeza, V., Anthony, K., Morgan, J., and Muntoni, F (2012).
Antisense oligonucleotide-mediated exon skipping for Duchenne muscu-
lar dystrophy: progress and challenges. Curr. Gene Ther. 12, 152-160. doi:
10.2174/156652312800840621

Arnould, S., Chames, P., Perez, C., Lacroix, E., Duclert, A., Epinat, J. C., et al.
(2006). Engineering of large numbers of highly specific homing endonucleases
that induce recombination on novel DNA targets. J. Mol. Biol. 355, 443-458.
doi: 10.1016/j.jmb.2005.10.065

Asakura, A, Seale, P, Girgis-Gabardo, A., and Rudnicki, M. A. (2002). Myogenic
specification of side population cells in skeletal muscle. J. Cell Biol. 159,
123-134. doi: 10.1083/jcb.200202092

Barberi, T., Bradbury, M., Dincer, Z., Panagiotakos, G., Socci, N. D., and Studer,
L. (2007). Derivation of engraftable skeletal myoblasts from human embryonic
stem cells. Nat. Med. 13, 642—648. doi: 10.1038/nm1533

Bartlett, R. J., Stockinger, S., Denis, M. M., Bartlett, W. T., Inverardi, L., Le, T. T,,
etal. (2000). In vivo targeted repair of a point mutation in the canine dystrophin
gene by a chimeric RNA/DNA oligonucleotide. Nat. Biotechnol. 18, 615-622.
doi: 10.1038/76448

Bechara, C., and Sagan, S. (2013). Cell-penetrating peptides: 20 years later, where
do we stand? FEBS Lett. 587, 1693—1702. doi: 10.1016/j.febslet.2013.04.031

Beetham, P. R., Kipp, P. B., Sawycky, X. L., Arntzen, C. J., and May, G. D. (1999). A
tool for functional plant genomics: chimeric RNA/DNA oligonucleotides cause
in vivo gene-specific mutations. Proc. Natl. Acad. Sci. U.S.A. 96, 8774-8778. doi:
10.1073/pnas.96.15.8774

Bellacosa, A., Cicchillitti, L., Schepis, E, Riccio, A., Yeung, A. T., Matsumoto, Y.,
et al. (1999). MEDI, a novel human methyl-CpG-binding endonuclease, inter-
acts with DNA mismatch repair protein MLH1. Proc. Natl. Acad. Sci. U.S.A. 96,
3969-3974. doi: 10.1073/pnas.96.7.3969

Benabdallah, B. E, Duval, A., Rousseau, J., Chapdelaine, P., Holmes, M. C., Haddad,
E., et al. (2013). Targeted gene addition of microdystrophin in mice skeletal
muscle via human myoblast transplantation. Mol. Ther. Nucleic Acids 2, e68.
doi: 10.1038/mtna.2012.55

Bentzinger, C. F,, Wang, Y. X., and Rudnicki, M. A. (2012). Building muscle: molec-
ular regulation of myogenesis. Cold Spring Harb. Perspect. Biol. 4:a008342. doi:
10.1101/cshperspect.a008342

Bertoni, C. (2005). Oligonucleotide-mediated gene editing for neuromuscular
disorders. Acta Myol. 24, 194-201.

Bertoni, C. (2008). Clinical approaches in the treatment of Duchenne muscu-
lar dystrophy (DMD) using oligonucleotides. Front. Biosci. 13, 517-527. doi:
10.2741/2697

Bertoni, C., Jarrahian, S., Wheeler, T. M., Li, Y., Olivares, E. C., Calos, M. P, et al.
(2006). Enhancement of plasmid-mediated gene therapy for muscular dystro-
phy by directed plasmid integration. Proc. Natl. Acad. Sci. U.S.A. 103, 419-424.
doi: 10.1073/pnas.0504505102

Bertoni, C., Lau, C., and Rando, T. A. (2003). Restoration of dystrophin expression
in mdx muscle cells by chimeraplast-mediated exon skipping. Hum. Mol. Genet.
12, 1087-1099. doi: 10.1093/hmg/ddg133

Bertoni, C., Morris, G. E., and Rando, T. A. (2005). Strand bias in oligonucleotide-
mediated dystrophin gene editing. Hum. Mol. Genet. 14, 221-233. doi:
10.1093/hmg/ddi020

Bertoni, C., and Rando, T. A. (2002). Dystrophin gene repair in mdx mus-
cle precursor cells in vitro and in vivo mediated by RNA-DNA chimeric
oligonucleotides. Hum. Gene Ther. 13, 707-718. doi: 10.1089/104303402317
322276

Bertoni, C., Rustagi, A., and Rando, T. A. (2009). Enhanced gene repair mediated
by methyl-CpG-modified single-stranded oligonucleotides. Nucleic Acids Res.
37, 7468-7482. doi: 10.1093/nar/gkp757

Betts, C. A., and Wood, M. J. (2013). Cell penetrating peptide delivery of
splice directing oligonucleotides as a treatment for Duchenne muscular
dystrophy. Curr. Pharm. Des. 19, 2948-2962. doi: 10.2174/1381612811319
160009

Beumer, K., Bhattacharyya, G., Bibikova, M., Trautman, J. K., and Carroll, D.
(2006). Efficient gene targeting in Drosophila with zinc-finger nucleases.
Genetics 172, 2391-2403. doi: 10.1534/genetics.105.052829

Beumer, K. J., Trautman, J. K., Bozas, A., Liu, J..L., Rutter, J., Gall, J. G., et al.
(2008). Efficient gene targeting in Drosophila by direct embryo injection with
zinc-finger nucleases. Proc. Natl. Acad. Sci. US.A. 105, 19821-19826. doi:
10.1073/pnas.0810475105

Beumer, K. J., Trautman, J. K., Mukherjee, K., and Carroll, D. (2013). Donor DNA
utilization during gene targeting with zinc-finger nucleases. G3 (Bethesda.) 3,
657—-664. doi: 10.1534/g3.112.005439

Bhagavati, S., and Xu, W. (2004). Isolation and enrichment of skeletal muscle pro-
genitor cells from mouse bone marrow. Biochem. Biophys. Res. Commun. 318,
119-124. doi: 10.1016/j.bbrc.2004.03.192

Bhakta, M. S., Henry, I. M., Ousterout, D. G., Das, K. T., Lockwood, S. H., Meckler,
J. E, et al. (2013). Highly active zinc-finger nucleases by extended modular
assembly. Genome Res. 23, 530-538. doi: 10.1101/gr.143693.112

Bibikova, M., Beumer, K., Trautman, J. K., and Carroll, D. (2003). Enhancing
gene targeting with designed zinc finger nucleases. Science 300, 764. doi:
10.1126/science.1079512

Bibikova, M., Golic, M., Golic, K. G., and Carroll, D. (2002). Targeted chromosomal
cleavage and mutagenesis in Drosophila using zinc-finger nucleases. Genetics
161, 1169-1175.

www.frontiersin.org

April 2014 | Volume 5 | Article 148 | 11


http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Bertoni

Gene editing in muscle stem cells

Bittner, R. E., Schofer, C., Weipoltshammer, K., Ivanova, S., Streubel, B., Hauser, E.,
etal. (1999). Recruitment of bone-marrow-derived cells by skeletal and cardiac
muscle in adult dystrophic mdx mice. Anat. Embryol. (Berl) 199, 391-396. doi:
10.1007/s004290050237

Boch, J., Scholze, H., Schornack, S., Landgraf, A., Hahn, S., Kay, S., et al. (2009).
Breaking the code of DNA binding specificity of TAL-type III effectors. Science
326, 1509-1512. doi: 10.1126/science.1178811

Boldrin, L., Neal, A., Zammit, P. S., Muntoni, F, and Morgan, J. E. (2012).
Donor satellite cell engraftment is significantly augmented when the host niche
is preserved and endogenous satellite cells are incapacitated. Stem Cells 30,
1971-1984. doi: 10.1002/stem.1158

Boldrin, L., Zammit, P., Muntoni, E, and Morgan, J. (2009). The mature adult
dystrophic mouse muscle environment does not impede efficient engrafted
satellite cell regeneration and self-renewal. Stem Cells 27, 2478-2487. doi:
10.1002/stem.162

Bozas, A., Beumer, K. J., Trautman, J. K., and Carroll, D. (2009). Genetic analy-
sis of zinc-finger nuclease-induced gene targeting in Drosophila. Genetics 182,
641-651. doi: 10.1534/genetics.109.101329

Brachman, E. E., and Kmiec, E. B. (2004). DNA replication and transcription direct
a DNA strand bias in the process of targeted gene repair in mammalian cells.
J. Cell Sci. 117, 3867-3874. doi: 10.1242/jcs.01250

Brack, A. S., and Rando, T. A. (2012). Tissue-specific stem cells: lessons
from the skeletal muscle satellite cell. Cell Sten Cell 10, 504-514. doi:
10.1016/j.stem.2012.04.001

Brooks, H., Lebleu, B., and Vives, E. (2005). Tat peptide-mediated cellu-
lar delivery: back to basics. Adv. Drug Deliv. Rev. 57, 559-577. doi:
10.1016/j.addr.2004.12.001

Brzustowicz, L. M., Lehner, T., Castilla, L. H., Penchaszadeh, G. K., Wilhelmsen,
K. C., Daniels, R., et al. (1990). Genetic mapping of chronic childhood-onset
spinal muscular atrophy to chromosome 5q11.2-13.3. Nature 344, 540-541. doi:
10.1038/344540a0

Capecchi, M. R. (1989). Altering the genome by homologous recombination.
Science 244, 1288-1292. doi: 10.1126/science.2660260

Carbery, I. D,, Ji, D., Harrington, A., Brown, V., Weinstein, E. J., Liaw, L., et al.
(2010). Targeted genome modification in mice using zinc-finger nucleases.
Genetics 186, 451-459. doi: 10.1534/genetics.110.117002

Carlson, D. E, Tan, W,, Lillico, S. G., Stverakova, D., Proudfoot, C., Christian,
M., et al. (2012). Efficient TALEN-mediated gene knockout in live-
stock. Proc. Natl. Acad. Sci. U.S.A. 109, 17382-17387. doi: 10.1073/pnas.
1211446109

Cerletti, M., Jurga, S., Witczak, C. A., Hirshman, M. E, Shadrach, J. L., Goodyear,
L. J., et al. (2008). Highly efficient, functional engraftment of skeletal mus-
cle stem cells in dystrophic muscles. Cell 134, 37—47. doi: 10.1016/j.cell.2008.
05.049

Cermak, T., Doyle, E. L., Christian, M., Wang, L., Zhang, Y., Schmidt, C., et al.
(2011). Efficient design and assembly of custom TALEN and other TAL
effector-based constructs for DNA targeting. Nucleic Acids Res. 39, e82. doi:
10.1093/nar/gkr218

Chang, H., Yoshimoto, M., Umeda, K., Iwasa, T., Mizuno, Y., Fukada, S., et al.
(2009). Generation of transplantable, functional satellite-like cells from mouse
embryonic stem cells. FASEB J. 23, 1907-1919. doi: 10.1096/1j.08-123661

Chang, N, Sun, C., Gao, L., Zhu, D., Xu, X., Zhu, X, et al. (2013). Genome editing
with RNA-guided Cas9 nuclease in zebrafish embryos. Cell Res. 23, 465-472.
doi: 10.1038/cr.2013.45

Chapdelaine, P, Pichavant, C., Rousseau, J., Paques, E, and Tremblay, J. P. (2010).
Meganucleases can restore the reading frame of a mutated dystrophin. Gene
Ther. 17, 846-858. doi: 10.1038/gt.2010.26

Chen, Z., Jaafar, L., Agyekum, D. G., Xiao, H., Wade, M. E, Kumaran, R. I,
et al. (2013). Receptor-mediated delivery of engineered nucleases for genome
modification. Nucleic Acids Res. 41, €182. doi: 10.1093/nar/gkt710

Chou, S. T., Leng, Q., and Mixson, A. J. (2012). Zinc finger nucleases: tailor-made
for gene therapy. Drugs Future 37, 183—196.

Cole-Strauss, A., Gamper, H., Holloman, W. K., Munoz, M., Cheng, N., and Kmiec,
E. B. (1999). Targeted gene repair directed by the chimeric RNA/DNA oligonu-
cleotide in a mammalian cell-free extract. Nucleic Acids Res. 27, 1323-1330. doi:
10.1093/nar/27.5.1323

Cole-Strauss, A., Yoon, K., Xiang, Y., Byrne, B. C., Rice, M. C., Gryn, J., et al. (1996).
Correction of the mutation responsible for sickle cell anemia by an RNA-DNA
oligonucleotide. Science 273, 1386-1389. doi: 10.1126/science.273.5280.1386

Colleaux, L., D’Auriol, L., Galibert, F, and Dujon, B. (1988). Recognition and cleav-
age site of the intron-encoded omega transposase. Proc. Natl. Acad. Sci. U.S.A.
85, 6022-6026. doi: 10.1073/pnas.85.16.6022

Collins, C. A., Olsen, I, Zammit, P. S., Heslop, L., Petrie, A., Partridge, T. A,
et al. (2005). Stem cell function, self-renewal, and behavioral heterogeneity
of cells from the adult muscle satellite cell niche. Cell. 122, 289-301. doi:
10.1016/j.cell.2005.05.010

Cong, L., Ran, E A,, Cox, D., Lin, S., Barretto, R., Habib, N., et al. (2013). Multiplex
genome engineering using CRISPR/Cas systems. Science 339, 819-823. doi:
10.1126/science.1231143

Coovert, D. D., Le, T. T., McAndrew, P. E., Strasswimmer, J., Crawford, T. O.,
Mendell, J. R, et al. (1997). The survival motor neuron protein in spinal
muscular atrophy. Hum. Mol. Genet. 6, 1205-1214. doi: 10.1093/hmg/6.8.1205

Cornu, T. I, and Cathomen, T. (2007). Targeted genome modifications
using integrase-deficient lentiviral vectors. Mol. Ther. 15, 2107-2113. doi:
10.1038/sj.mt.6300345

Corti, S., Nizzardo, M., Simone, C., Falcone, M., Nardini, M., Ronchi, D., et al.
(2012). Genetic correction of human induced pluripotent stem cells from
patients with spinal muscular atrophy. Sci. Transl. Med. 4, 165ral62. doi:
10.1126/scitranslmed.3004108

Coulton, G. R., Morgan, J. E., Partridge, T. A., and Sloper, J. C. (1988). The mdx
mouse skeletal muscle myopathy: I. A histological, morphometric and biochem-
ical investigation. Neuropathol. Appl. Neurobiol. 14, 53-70. doi: 10.1111/j.1365-
2990.1988.tb00866.x

Cox, M. M,, Layton, S. L., Jiang, T., Cole, K., Hargis, B. M., Berghman, L. R,,
et al. (2007). Scarless and site-directed mutagenesis in Salmonella enteritidis
chromosome. BMC Biotechnol. 7:59. doi: 10.1186/1472-6750-7-59

Cui, X., Ji, D., Fisher, D. A., Wu, Y., Briner, D. M., and Weinstein, E. J. (2011).
Targeted integration in rat and mouse embryos with zinc-finger nucleases. Nat.
Biotechnol. 29, 64—67. doi: 10.1038/nbt.1731

Curtin, S. J., Zhang, E, Sander, J. D., Haun, W. J., Starker, C., Baltes, N. J., et al.
(2011). Targeted mutagenesis of duplicated genes in soybean with zinc-finger
nucleases. Plant Physiol. 156, 466—473. doi: 10.1104/pp.111.172981

Daboussi, E, Zaslavskiy, M., Poirot, L., Loperfido, M., Gouble, A., Guyot, V., et al.
(2012). Chromosomal context and epigenetic mechanisms control the efficacy
of genome editing by rare-cutting designer endonucleases. Nucleic Acids Res. 40,
6367—6379. doi: 10.1093/nar/gks268

Darabi, R., Arpke, R. W,, Irion, S., Dimos, J. T., Grskovic, M., Kyba, M., et al. (2012).
Human ES- and iPS-derived myogenic progenitors restore DYSTROPHIN and
improve contractility upon transplantation in dystrophic mice. Cell Stem Cell
10, 610-619. doi: 10.1016/j.stem.2012.02.015

Darabi, R., Baik, J., Clee, M., Kyba, M., Tupler, R., and Perlingeiro, R. C.
(2009). Engraftment of embryonic stem cell-derived myogenic progenitors in
a dominant model of muscular dystrophy. Exp. Neurol. 220, 212-216. doi:
10.1016/j.expneurol.2009.08.002

Dekker, M., Brouwers, C., Aarts, M., van der Torre, J., de Vries, S., van de Vrugt,
H., et al. (2006). Effective oligonucleotide-mediated gene disruption in ES
cells lacking the mismatch repair protein MSH3. Gene Ther. 13, 686—694. doi:
10.1038/sj.gt.3302689

Dekker, M., Brouwers, C., and te Riele, H. (2003). Targeted gene modification
in mismatch-repair-deficient embryonic stem cells by single-stranded DNA
oligonucleotides. Nucleic Acids Res. 31:¢27. doi: 10.1093/nar/gng027

Dellavalle, A., Sampaolesi, M., Tonlorenzi, R., Tagliafico, E., Sacchetti, B., Perani,
L., et al. (2007). Pericytes of human skeletal muscle are myogenic precursors
distinct from satellite cells. Nat. Cell Biol. 9, 255-267. doi: 10.1038/ncb1542

Desjarlais, J. R., and Berg, J. M. (1992). Toward rules relating zinc finger protein
sequences and DNA binding site preferences. Proc. Natl. Acad. Sci. U.S.A. 89,
7345-7349. doi: 10.1073/pnas.89.16.7345

DiCarlo, J. E., Norville, J. E., Mali, P., Rios, X., Aach, J., and Church, G. M. (2013).
Genome engineering in Saccharomyces cerevisiae using CRISPR-Cas systems.
Nucleic Acids Res. 41, 4336-4343. doi: 10.1093/nar/gkt135

Disterer, P., Simons, J. P,, and Owen, J. S. (2009). Validation of oligonucleotide-
mediated gene editing. Gene Ther. 16, 824-826. doi: 10.1038/gt.2009.32

Doyle, M. ., Zhou, S., Tanaka, K. K., Pisconti, A., Farina, N. H., Sorrentino, B. P,
etal. (2011). Abcg2 labels multiple cell types in skeletal muscle and participates
in muscle regeneration. J. Cell Biol. 195, 147-163. doi: 10.1083/jcb.201103159

Doyon, Y., McCammon, J. M., Miller, J. C., Faraji, F, Ngo, C., Katibah, G. E.,
et al. (2008). Heritable targeted gene disruption in zebrafish using designed
zinc-finger nucleases. Nat. Biotechnol. 26, 702-708. doi: 10.1038/nbt1409

Frontiers in Physiology | Striated Muscle Physiology

April 2014 | Volume 5 | Article 148 | 12


http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Bertoni

Gene editing in muscle stem cells

Dreyer, A. K., and Cathomen, T. (2012). Zinc-finger nucleases-based genome engi-
neering to generate isogenic human cell lines. Methods Mol. Biol. 813, 145-156.
doi: 10.1007/978-1-61779-412-4_8

Engstrom, J. U.,, Suzuki, T., and Kmiec, E. B. (2009). Regulation of tar-
geted gene repair by intrinsic cellular processes. Bioessays 31, 159-168. doi:
10.1002/bies.200800119

Epinat, J. C., Arnould, S., Chames, P., Rochaix, P., Desfontaines, D., Puzin, C.,
et al. (2003). A novel engineered meganuclease induces homologous recom-
bination in yeast and mammalian cells. Nucleic Acids Res. 31, 2952-2962. doi:
10.1093/nar/gkg375

Epinat, J., Silva, G., Paques, F, Smith, J., and Duchateau, P. (2013). “Engineered
meganucleases for genome engineering purposes,” in Site-Directed Insertion of
Transgenes, eds S. Renault and P. Duchateau (Dordrecht; Heidelberg; New York,
NY; London: Springer), 147-185.

Ferrara, L., and Kmiec, E. B. (2004). Camptothecin enhances the frequency of
oligonucleotide-directed gene repair in mammalian cells by inducing DNA
damage and activating homologous recombination. Nucleic Acids Res. 32,
5239-5248. doi: 10.1093/nar/gkh822

Ferrara, L., Parekh-Olmedo, H., and Kmiec, E. B. (2004). Enhanced
oligonucleotide-directed gene targeting in mammalian cells following
treatment with DNA damaging agents. Exp. Cell Res. 300, 170-179. doi:
10.1016/j.yexcr.2004.06.021

Ferrari, G., Cusella-De, A. G., Coletta, M., Paolucci, E., Stornaiuolo, A., Cossu,
G., et al. (1998). Muscle regeneration by bone marrow-derived myogenic
progenitors. Science. 279, 1528-1530. doi: 10.1126/science.279.5356.1528

Filareto, A., Darabi, R., and Perlingeiro, R. C. (2012). Engraftment of ES-derived
myogenic progenitors in a severe mouse model of muscular dystrophy. J. Stem
Cell Res. Ther. 10:510-001. doi: 10.4172/2157-7633.510-001

Flagler, K., Alexeev, V., Pierce, E. A., and Igoucheva, O. (2008). Site-specific
gene modification by oligodeoxynucleotides in mouse bone marrow-derived
mesenchymal stem cells. Gene Ther. 15, 1035-1048. doi: 10.1038/gt.2008.31

Flannagan, R. S., Linn, T., and Valvano, M. A. (2008). A system for the construc-
tion of targeted unmarked gene deletions in the genus Burkholderia. Environ.
Microbiol. 10, 1652-1660. doi: 10.1111/j.1462-2920.2008.01576.x

Foley, J. E., Maeder, M. L., Pearlberg, J., Joung, J. K., Peterson, R. T., and Yeh,
J. R. (2009a). Targeted mutagenesis in zebrafish using customized zinc-finger
nucleases. Nat. Protoc. 4, 1855-1867. doi: 10.1038/nprot.2009.209

Foley, J. E., Yeh, J. R., Maeder, M. L., Reyon, D., Sander, J. D., Peterson, R. T., et al.
(2009b). Rapid mutation of endogenous zebrafish genes using zinc finger nucle-
ases made by Oligomerized Pool ENgineering (OPEN). PLoS ONE 4:e4348. doi:
10.1371/journal.pone.0004348

Fontes, A., and Lakshmipathy, U. (2013). Advances in genetic modifi-
cation of pluripotent stem cells. Biotechnol. Adv. 31, 994-1001. doi:
10.1016/j.biotechadv.2013.07.003

Frankel, A. D., and Pabo, C. O. (1988). Cellular uptake of the tat protein
from human immunodeficiency virus. Cell 55, 1189-1193. doi: 10.1016/0092-
8674(88)90263-2

Gaj, T., Guo, J., Kato, Y., Sirk, S. J., and Barbas, C. E. 3rd (2012). Targeted gene
knockout by direct delivery of zinc-finger nuclease proteins. Nat. Methods 9,
805-807. doi: 10.1038/nmeth.2030

Galli, D., Innocenzi, A., Staszewsky, L., Zanetta, L., Sampaolesi, M., Bai, A., et al.
(2005). Mesoangioblasts, vessel-associated multipotent stem cells, repair the
infarcted heart by multiple cellular mechanisms: a comparison with bone mar-
row progenitors, fibroblasts, and endothelial cells. Arterioscler. Thromb. Vasc.
Biol. 25, 692—697. doi: 10.1161/01.ATV.0000156402.52029.ce

Galvez, B. G., Sampaolesi, M., Brunelli, S., Covarello, D., Gavina, M., Rossi,
B., et al. (2006). Complete repair of dystrophic skeletal muscle by mesoan-
gioblasts with enhanced migration ability. J. Cell Biol. 174, 231-243. doi:
10.1083/jcb.200512085

Gamper, H. B. Jr, Cole-Strauss, A., Metz, R., Parekh, H., Kumar, R,
and Kmiec, E. B. (2000a). A plausible mechanism for gene correction
by chimeric oligonucleotides. Biochemistry 39, 5808-5816. doi: 10.1021/
bi9921891

Gamper, H. B., Parekh, H., Rice, M. C., Bruner, M., Youkey, H., and Kmiec, E. B.
(2000b). The DNA strand of chimeric RNA/DNA oligonucleotides can direct
gene repair/conversion activity in mammalian and plant cell-free extracts 69.
Nucleic Acids Res. 28, 4332-4339. doi: 10.1093/nar/28.21.4332

Gellhaus, K., Cornu, T. 1., Heilbronn, R., and Cathomen, T. (2010). Fate of
recombinant adeno-associated viral vector genomes during DNA double-strand

break-induced gene targeting in human cells. Hum. Gene Ther. 21, 543-553. doi:
10.1089/hum.2009.167

Geurts, A. M., Cost, G. J., Remy, S., Cui, X., Tesson, L., Usal, C., et al. (2010).
Generation of gene-specific mutated rats using zinc-finger nucleases. Methods
Mol. Biol. 597, 211-225. doi: 10.1007/978-1-60327-389-3_15

Giannotta, M., Benedetti, S., Tedesco, E S., Corada, M., Trani, M., D’Antuono,
R, et al. (2014). Targeting endothelial junctional adhesion molecule-A/ EPAC/
Rap-1 axis as a novel strategy to increase stem cell engraftment in dys-
trophic muscles. EMBO Mol. Med. 6, 239-258. doi: 10.1002/emmm.201
302520

Green, M., Ishino, M., and Loewenstein, P. M. (1989). Mutational analysis of HIV-
1 Tat minimal domain peptides: identification of trans-dominant mutants that
suppress HIV-LTR-driven gene expression. Cell 58, 215-223. doi: 10.1016/0092-
8674(89)90417-0

Green, M., and Loewenstein, P. M. (1988). Autonomous functional domains
of chemically synthesized human immunodeficiency virus tat trans-activator
protein. Cell 55, 1179-1188. doi: 10.1016/0092-8674(88)90262-0

Grosse, S., Huot, N., Mahiet, C., Arnould, S., Barradeau, S., Clerre, D. L., et al.
(2011). Meganuclease-mediated inhibition of HSV1 infection in cultured cells.
Mol. Ther. 19, 694-702. doi: 10.1038/mt.2010.302

Gussoni, E., Soneoka, Y., Strickland, C. D., Buzney, E. A., Khan, M. K., Flint, A.
E, et al. (1999). Dystrophin expression in the mdx mouse restored by stem cell
transplantation. Nature 401, 390-394. doi: 10.1038/43919

Handel, E. M., Gellhaus, K., Khan, K., Bednarski, C., Cornu, T. I., Muller-Lerch, F.,
etal. (2012). Versatile and efficient genome editing in human cells by combining
zinc-finger nucleases with adeno-associated viral vectors. Hum. Gene Ther. 23,
321-329. doi: 10.1089/hum.2011.140

Hendrich, B., Hardeland, U., Ng, H. H., Jiricny, J., and Bird, A. (1999). The thymine
glycosylase MBD4 can bind to the product of deamination at methylated CpG
sites. Nature 401, 301-304. doi: 10.1038/45843

Hermann, M., Maeder, M. L., Rector, K., Ruiz, J., Becher, B., Burki, K., et al.
(2012). Evaluation of OPEN zinc finger nucleases for direct gene targeting of
the ROSA26 locus in mouse embryos. PLoS ONE 7:¢41796. doi: 10.1371/jour-
nal.pone.0041796

Hockemeyer, D., Soldner, E, Beard, C., Gao, Q., Mitalipova, M., DeKelver, R.
C., et al. (2009). Efficient targeting of expressed and silent genes in human
ESCs and iPSCs using zinc-finger nucleases. Nat. Biotechnol. 27, 851-857. doi:
10.1038/nbt.1562

Hoffman, E. P.,, Brown, R. H. Jr., and Kunkel, L. M. (1987). Dystrophin: the pro-
tein product of the Duchenne muscular dystrophy locus. Cell. 51, 919-928. doi:
10.1016/0092-8674(87)90579-4

Holkers, M., Maggio, L., Liu, J., Janssen, J. M., Miselli, F, Mussolino, C., et al.
(2013). Differential integrity of TALE nuclease genes following adenoviral and
lentiviral vector gene transfer into human cells. Nucleic Acids Res. 41, ¢63. doi:
10.1093/nar/gks1446

Holt, N., Wang, J., Kim, K., Friedman, G., Wang, X., Taupin, V., et al. (2010).
Human hematopoietic stem/progenitor cells modified by zinc-finger nucleases
targeted to CCR5 control HIV-1 in vivo. Nat. Biotechnol. 28, 839-847. doi:
10.1038/nbt.1663

Igoucheva, O., Alexeev, V., Anni, H., and Rubin, E. (2008). Oligonucleotide-
mediated gene targeting in human hepatocytes: implications of mismatch
repair. Oligonucleotides 18, 111-122. doi: 10.1089/01i.2008.0120

Igoucheva, O., Alexeev, V., Pryce, M., and Yoon, K. (2003). Transcription
affects formation and processing of intermediates in oligonucleotide-
mediated gene alteration. Nucleic Acids Res. 31, 2659-2670. doi: 10.1093/nar/
gkg360

Igoucheva, O., Alexeev, V., Scharer, O., and Yoon, K. (2006). Involvement of
ERCC1/XPF and XPG in oligodeoxynucleotide-directed gene modification.
Oligonucleotides 16, 94—104. doi: 10.1089/01i.2006.16.94

Igoucheva, O., Alexeev, V., and Yoon, K. (2001). Targeted gene correction by small
single-stranded oligonucleotides in mammalian cells. Gene Ther. 8, 391-399.
doi: 10.1038/sj.gt.3301414

Igoucheva, O., Alexeev, V., and Yoon, K. (2004). Mechanism of gene repair open for
discussion. Oligonucleotides 14, 311-321. doi: 10.1089/01i.2004.14.311

Igoucheva, O. A., and Yoon, K. (2002). Gene correction frequency by chimeric
RNA-DNA oligonucleotide using nuclear extracts. Methods Mol. Med. 69,
95-107.

Im, W. B., Phelps, S. E, Copen, E. H., Adams, E. G., Slightom, J. L., and
Chamberlain, J. S. (1996). Differential expression of dystrophin isoforms in

www.frontiersin.org

April 2014 | Volume 5 | Article 148 | 13


http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Bertoni

Gene editing in muscle stem cells

strains of mdx mice with different mutations. Hum. Mol. Genet. 5, 1149-1153.
doi: 10.1093/hmg/5.8.1149

Isalan, M., Choo, Y., and Klug, A. (1997). Synergy between adjacent zinc fingers in
sequence-specific DNA recognition. Proc. Natl. Acad. Sci. U.S.A. 94, 5617-5621.
doi: 10.1073/pnas.94.11.5617

Ivanova, G. D., Arzumanov, A., Abes, R., Yin, H., Wood, M. J., Lebleu, B., et al.
(2008). Improved cell-penetrating peptide-PNA conjugates for splicing redirec-
tion in HeLa cells and exon skipping in mdx mouse muscle. Nucleic Acids Res.
36, 6418—6428. doi: 10.1093/nar/gkn671

Izmiryan, A., Basmaciogullari, S., Henry, A., Paques, E, and Danos, O. (2011).
Efficient gene targeting mediated by a lentiviral vector-associated meganuclease.
Nucleic Acids Res. 39, 7610-7619. doi: 10.1093/nar/gkr524

Jacquier, A., and Dujon, B. (1985). An intron-encoded protein is active in a gene
conversion process that spreads an intron into a mitochondrial gene. Cell 41,
383-394. doi: 10.1016/S0092-8674(85)80011-8

Jensen, N. M., Dalsgaard, T., Jakobsen, M., Nielsen, R. R., Sorensen, C. B., Bolund,
L. etal. (2011). An update on targeted gene repair in mammalian cells: methods
and mechanisms. J. Biomed. Sci. 18:10. doi: 10.1186/1423-0127-18-10

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier,
E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science 337, 816-821. doi: 10.1126/science.1225829

Jinek, M., East, A., Cheng, A., Lin, S., Ma, E., and Doudna, J. (2013).
RNA-programmed genome editing in human cells. Elife 2:¢00471. doi:
10.7554/eLife.00471

Joliot, A., Pernelle, C., Deagostini-Bazin, H., and Prochiantz, A. (1991).
Antennapedia homeobox peptide regulates neural morphogenesis. Proc. Natl.
Acad. Sci. U.S.A. 88, 1864-1868. doi: 10.1073/pnas.88.5.1864

Kayali, R., Bury, F, Ballard, M., and Bertoni, C. (2010). Site directed gene repair
of the dystrophin gene mediated by PNA-ssODNs. Hum. Mol. Genet. 19,
3266-3281. doi: 10.1093/hmg/ddq235

Kazuki, Y., Hiratsuka, M., Takiguchi, M., Osaki, M., Kajitani, N., Hoshiya, H.,
etal. (2010). Complete genetic correction of ips cells from Duchenne muscular
dystrophy. Mol. Ther. 18, 386-393. doi: 10.1038/mt.2009.274

Koenig, M., Hoffman, E. P, Bertelson, C. J., Monaco, A. P, Feener, C., and
Kunkel, L. M. (1987). Complete cloning of the Duchenne muscular dystro-
phy (DMD) cDNA and preliminary genomic organization of the DMD gene in
normal and affected individuals. Cell 50, 509-517. doi: 10.1016/0092-8674(87)
90504-6

Kostriken, R., Strathern, J. N., Klar, A. J., Hicks, J. B.,, and Heffron, E
(1983). A site-specific endonuclease essential for mating-type switching
in Saccharomyces cerevisiae. Cell 35, 167-174. doi: 10.1016/0092-8674(83)
90219-2

Kren, B. T., Bandyopadhyay, P., and Steer, C. J. (1998). In vivo site-directed mutage-
nesis of the factor IX gene by chimeric RNA/DNA oligonucleotides. Nat. Med.
4, 285-290. doi: 10.1038/nm0398-285

Kren, B. T., Metz, R., Kumar, R., and Steer, C. J. (1999a). Gene repair using chimeric
RNA/DNA oligonucleotides. Semin. Liver Dis. 19, 93—104. doi: 10.1055/s-2007-
1007101

Kren, B. T., Parashar, B., Bandyopadhyay, P., Chowdhury, N. R., Chowdhury, J.
R., and Steer, C. J. (1999b). Correction of the UDP-glucuronosyltransferase
gene defect in the gunn rat model of crigler-najjar syndrome type I with a
chimeric oligonucleotide. Proc. Natl. Acad. Sci. U.S.A. 96, 10349-10354. doi:
10.1073/pnas.96.18.10349

Lee, J. Y., Qu-Petersen, Z., Cao, B., Kimura, S., Jankowski, R., Cummins, J.,
et al. (2000). Clonal isolation of muscle-derived cells capable of enhanc-
ing muscle regeneration and bone healing. J. Cell Biol. 150, 1085-1100. doi:
10.1083/jcb.150.5.1085

Lefebvre, S., Burglen, L., Reboullet, S., Clermont, O., Burlet, P., Viollet, L.,
et al. (1995). Identification and characterization of a spinal muscular atrophy-
determining gene. Cell 80, 155-165. doi: 10.1016/0092-8674(95)90460-3

Lefebvre, S., Burlet, P., Liu, Q., Bertrandy, S., Clermont, O., Munnich, A., et al.
(1997). Correlation between severity and SMN protein level in spinal muscular
atrophy. Nat. Genet. 16, 265-269. doi: 10.1038/ng0797-265

Lei, Y, Lee, C. L., Joo, K. L, Zarzar, J., Liu, Y., Dai, B,, et al. (2011). Gene editing
of human embryonic stem cells via an engineered baculoviral vector carrying
zinc-finger nucleases. Mol. Ther. 19, 942-950. doi: 10.1038/mt.2011.12

Lescop, C., Herzner, H., Siendt, H., Bolliger, R., Hennebohle, M., Weyermann,
P, et al. (2005). Novel cell-penetrating alpha-keto-amide calpain inhibitors

as potential treatment for muscular dystrophy. Bioorg. Med. Chem. Lett. 15,
5176-5181. doi: 10.1016/j.bmcl.2005.08.064

Le, T. T., Pham, L. T., Butchbach, M. E., Zhang, H. L., Monani, U. R., Coovert, D.
D., et al. (2005). SMNDelta7, the major product of the centromeric survival
motor neuron (SMN2) gene, extends survival in mice with spinal muscular
atrophy and associates with full-length SMN. Hum. Mol. Genet. 14, 845-857.
doi: 10.1093/hmg/ddi078

Li, T, Liu, B., Spalding, M. H., Weeks, D. P, and Yang, B. (2012). High-efficiency
TALEN-based gene editing produces disease-resistant rice. Nat. Biotechnol. 30,
390-392. doi: 10.1038/nbt.2199

Liu, J., Li, C., Yu, Z., Huang, P., Wu, H., Wei, C,, et al. (2012). Efficient and specific
modifications of the Drosophila genome by means of an easy TALEN strategy.
J. Genet. Genomics 39, 209-215. doi: 10.1016/j.jgg.2012.04.003

Liu, L., Parekh-Olmedo, H., and Kmiec, E. B. (2003). The development and
regulation of gene repair. Nat. Rev. Genet. 4, 679—689. doi: 10.1038/nrg1156

Liu, L., Rice, M. C,, Drury, M., Cheng, S., Gamper, H., and Kmiec, E. B. (2002).
Strand bias in targeted gene repair is influenced by transcriptional activity. Mol.
Cell. Biol. 22, 3852-3863. doi: 10.1128/MCB.22.11.3852-3863.2002

Liu, L., Rice, M. C., and Kmiec, E. B. (2001). In vivo gene repair of point and
frameshift mutations directed by chimeric RNA/DNA oligonucleotides and
modified single-stranded oligonucleotides. Nucleic Acids Res. 29, 4238-4250.
doi: 10.1093/nar/29.20.4238

Lombardo, A., Genovese, P., Beausejour, C. M., Colleoni, S., Lee, Y. L., Kim, K.
A., et al. (2007). Gene editing in human stem cells using zinc finger nucleases
and integrase-defective lentiviral vector delivery. Nat. Biotechnol. 25, 1298-1306.
doi: 10.1038/nbt1353

Maguire, K. K., and Kmiec, E. B. (2007). Multiple roles for MSH2 in the repair of a
deletion mutation directed by modified single-stranded oligonucleotides. Gene
386, 107—114. doi: 10.1016/j.gene.2006.08.014

Maguire, K., Suzuki, T., DiMatteo, D., Parekh-Olmedo, H., and Kmiec, E. (2009).
Genetic correction of splice site mutation in purified and enriched myoblasts
isolated from mdx5cv mice. BMC Mol. Biol. 10:15. doi: 10.1186/1471-2199-
10-15

Mahfouz, M. M., and Li, L. (2011). TALE nucleases and next generation GM crops.
GM Crops 2, 99-103. doi: 10.4161/gmcr.2.2.17254

Mahfouz, M. M., Li, L., Shamimuzzaman, M., Wibowo, A., Fang, X., and Zhu, J. K.
(2011). De novo-engineered transcription activator-like effector (TALE) hybrid
nuclease with novel DNA binding specificity creates double-strand breaks. Proc.
Natl. Acad. Sci. U.S.A. 108, 2623-2628. doi: 10.1073/pnas.1019533108

Mali, P, Yang, L., Esvelt, K. M., Aach, J., Guell, M., DiCarlo, J. E., et al. (2013).
RNA-guided human genome engineering via Cas9. Science 339, 823-826. doi:
10.1126/science.1232033

Mani, M., Kandavelou, K., Dy, E J., Durai, S., and Chandrasegaran,S. (2005).
Design, engineering, and characterization of zinc finger nucleases. Biochem.
Biophys. Res. Commun. 335, 447—-457. doi: 10.1016/j.bbrc.2005.07.089

Marton, I, Zuker, A., Shklarman, E., Zeevi, V., Tovkach, A., Roffe, S., et al.
(2010). Nontransgenic genome modification in plant cells. Plant Physiol. 154,
1079-1087. doi: 10.1104/pp.110.164806

Mashimo, T., Takizawa, A., Voigt, B., Yoshimi, K., Hiai, H., and Kuramoto, T.
(2010). Generation of knockout rats with X-linked severe combined immun-
odeficiency (X-SCID) using zinc-finger nucleases. PLoS ONE 5:e8870. doi:
10.1371/journal.pone.0008870

Mauro, A. (1961). Satellite cell of skeletal muscle fibers. J. Biophys. Biochem. Cytol.
9, 493-495. doi: 10.1083/jcb.9.2.493

McCammon, J. M., and Amacher, S. L. (2010). Using zinc finger nucleases for
efficient and heritable gene disruption in zebrafish. Methods Mol. Biol. 649,
281-298. doi: 10.1007/978-1-60761-753-2_18

Meng, X., Noyes, M. B., Zhu, L. J., Lawson, N. D., and Wolfe, S. A. (2008).
Targeted gene inactivation in zebrafish using engineered zinc-finger nucleases.
Nat. Biotechnol. 26, 695-701. doi: 10.1038/nbt1398

Menoret, S., Fontaniere, S., Jantz, D., Tesson, L., Thinard, R., Remy, S.,
et al. (2013). Generation of Ragl-knockout immunodeficient rats and mice
using engineered meganucleases. FASEB J. 27, 703-711. doi: 10.1096/j.12-
219907

Metzger, M. J., McConnell-Smith, A., Stoddard, B. L., and Miller, A. D. (2011).
Single-strand nicks induce homologous recombination with less toxicity than
double-strand breaks using an AAV vector template. Nucleic Acids Res. 39,
926-935. doi: 10.1093/nar/gkq826

Frontiers in Physiology | Striated Muscle Physiology

April 2014 | Volume 5 | Article 148 | 14


http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Bertoni

Gene editing in muscle stem cells

Meyer, M., de Angelis, M. H., Wurst, W., and Kuhn, R. (2010). Gene tar-
geting by homologous recombination in mouse zygotes mediated by zinc-
finger nucleases. Proc. Natl. Acad. Sci. US.A. 107, 15022-15026. doi:
10.1073/pnas.1009424107

Miller, J. C., Holmes, M. C., Wang, J., Guschin, D. Y., Lee, Y. L., Rupniewski, I.,
et al. (2007). An improved zinc-finger nuclease architecture for highly specific
genome editing. Nat. Biotechnol. 25, 778-785. doi: 10.1038/nbt1319

Minasi, M. G., Riminucci, M., De, A. L., Borello, U., Berarducci, B., Innocenzi, A.,
et al. (2002). The meso-angioblast: a multipotent, self-renewing cell that orig-
inates from the dorsal aorta and differentiates into most mesodermal tissues.
Development 129, 2773-2783.

Monaco, A. P, Neve, R. L., Colletti-Feener, C., Bertelson, C. J., Kurnit, D.
M., and Kunkel, L. M. (1986). Isolation of candidate cDNAs for por-
tions of the Duchenne muscular dystrophy gene. Nature 323, 646—650. doi:
10.1038/323646a0

Moore, E. E., Reyon, D., Sander, J. D., Martinez, S. A., Blackburn, J. S., Khayter,
C., et al. (2012). Improved somatic mutagenesis in zebrafish using transcrip-
tion activator-like effector nucleases (TALENs). PLoS ONE 7:€37877. doi:
10.1371/journal.pone.0037877

Morosetti, R., Mirabella, M., Gliubizzi, C., Broccolini, A., De, A. L., Tagliafico, E.,
et al. (2006). MyoD expression restores defective myogenic differentiation of
human mesoangioblasts from inclusion-body myositis muscle. Proc. Natl. Acad.
Sci. U.S.A. 103, 16995-17000. doi: 10.1073/pnas.0603386103

Morozov, V., and Wawrousek, E. F. (2008). Single-strand DNA-mediated tar-
geted mutagenesis of genomic DNA in early mouse embryos is stimu-
lated by Rad51/54 and by Ku70/86 inhibition. Gene Ther. 15, 468-472. doi:
10.1038/sj.gt.3303088

Morton, J., Davis, M. W., Jorgensen, E. M., and Carroll, D. (2006). Induction and
repair of zinc-finger nuclease-targeted double-strand breaks in Caenorhabditis
elegans somatic cells. Proc. Natl. Acad. Sci. U.S.A 103, 16370-16375. doi:
10.1073/pnas.0605633103

Moscou, M. J., and Bogdanove, A. J. (2009). A simple cipher governs DNA
recognition by TAL effectors. Science 326, 1501. doi: 10.1126/science.1178817

Moulton, H. M. (2013). In vivo delivery of morpholino oligos by cell-penetrating
peptides. Curr. Pharm. Des. 19, 2963-2969. doi: 10.2174/1381612811319160010

Moulton, H. M., Fletcher, S., Neuman, B. W., McClorey, G., Stein, D. A.,
Abes, S., et al. (2007). Cell-penetrating peptide-morpholino conjugates alter
pre-mRNA splicing of DMD (Duchenne muscular dystrophy) and inhibit
murine coronavirus replication in vivo. Biochem. Soc. Trans. 35, 826-828. doi:
10.1042/BST0350826

Munoz, I. G., Prieto, J., Subramanian, S., Coloma, J., Redondo, P., Villate,
M., et al. (2011). Molecular basis of engineered meganuclease targeting of
the endogenous human RAG1 locus. Nucleic Acids Res. 39, 729-743. doi:
10.1093/nar/gkq801

Nain, V,, Sahi, S., and Verma, A. (2010). CPP-ZFN: a potential DNA-targeting anti-
malarial drug. Malar. J. 9, 258. doi: 10.1186/1475-2875-9-258

Nickerson, H. D., and Colledge, W. H. (2003). A comparison of gene repair strate-
gies in cell culture using a lacZ reporter system. Gene Ther. 10, 1584—1591. doi:
10.1038/sj.gt.3302049

Nickoloff, J. A., Chen, E. Y., and Heffron, E (1986). A 24-base-pair DNA sequence
from the MAT locus stimulates intergenic recombination in yeast. Proc. Natl.
Acad. Sci. U.S.A. 83, 7831-7835. doi: 10.1073/pnas.83.20.7831

Nielsen, P. E. (2005). Gene targeting using peptide nucleic acid. Methods Mol. Biol.
288, 343-358.

Nik-Ahd, E, and Bertoni, C. (2014). Ex vivo gene editing of the dystrophin gene
in muscle stem cells using peptide nucleic acid single stranded oligodeoxynu-
cleotides (PNA-SsODNs) induces stable expression of dystrophin in a mouse
model for Duchenne muscular dystrophy. Stem Cells. doi: 10.1002/stem.1668

Olsen, P. A., Randol, M., and Krauss, S. (2005a). Implications of cell cycle pro-
gression on functional sequence correction by short single-stranded DNA
oligonucleotides. Gene Ther. 12, 546-551. doi: 10.1038/sj.gt.3302454

Olsen, P. A., Randol, M., Luna, L., Brown, T., and Krauss, S. (2005b). Genomic
sequence correction by single-stranded DNA oligonucleotides: role of DNA syn-
thesis and chemical modifications of the oligonucleotide ends. J. Gene Med. 7,
1534-1544. doi: 10.1002/jgm.804

Olsen, P. A., Solhaug, A., Booth, J. A., Gelazauskaite, M., and Krauss, S. (2009).
Cellular responses to targeted genomic sequence modification using single-
stranded oligonucleotides and zinc-finger nucleases. DNA Repair (Amst) 8,
298-308. doi: 10.1016/j.dnarep.2008.11.011

Ono, Y., Boldrin, L., Knopp, P, Morgan, J. E,, and Zammit, P. S. (2010).
Muscle satellite cells are a functionally heterogeneous population in both
somite-derived and branchiomeric muscles. Dev. Biol. 337, 29-41. doi:
10.1016/j.ydbio.2009.10.005

Orr-Weaver, T. L., Szostak, J. W., and Rothstein, R. J. (1981). Yeast transformation:
a model system for the study of recombination. Proc. Natl. Acad. Sci. U.S.A. 78,
6354-6358. doi: 10.1073/pnas.78.10.6354

Osakabe, K., Osakabe, Y., and Toki, S. (2010). Site-directed mutagenesis in
Arabidopsis using custom-designed zinc finger nucleases. Proc. Natl. Acad. Sci.
U.S.A. 107, 12034-12039. doi: 10.1073/pnas.1000234107

Osiak, A., Radecke, E, Guhl, E., Radecke, S., Dannemann, N., Lutge, E, et al.
(2011). Selection-independent generation of gene knockout mouse embryonic
stem cells using zinc-finger nucleases. PLoS ONE 6:28911. doi: 10.1371/jour-
nal.pone.0028911

Qusterout, D. G., Perez-Pinera, P., Thakore, P. 1., Kabadi, A. M., Brown, M. T., Qin,
X., et al. (2013). Reading frame correction by targeted genome editing restores
dystrophin expression in cells from Duchenne muscular dystrophy patients.
Mol. Ther. 21, 1718-1726. doi: 10.1038/mt.2013.111

Pabo, C. O., Peisach, E., and Grant, R. A. (2001). Design and selection of
novel Cys2His2 zinc finger proteins. Annu. Rev. Biochem. 70, 313-340. doi:
10.1146/annurev.biochem.70.1.313

Papaioannou, I, Disterer, P., and Owen, J. S. (2009). Use of internally nuclease-
protected single-strand DNA oligonucleotides and silencing of the mismatch
repair protein, MSH2, enhances the replication of corrected cells following gene
editing. J. Gene Med. 11, 267-274. doi: 10.1002/jgm.1296

Papaioannou, L., Simons, J. P., and Owen, J. S. (2012). Oligonucleotide-directed
gene-editing technology: mechanisms and future prospects. Expert Opin. Biol
Ther. 12, 329-342. doi: 10.1517/14712598.2012.660522

Parekh-Olmedo, H., Drury, M., and Kmiec, E. B. (2002). Targeted Nucleotide
exchange in Saccharomyces cerevisiae directed by short oligonucleotides con-
taining locked nucleic acids. Chem. Biol. 9, 1073-1084. doi: 10.1016/S1074-
5521(02)00236-3

Pauwels, K., Podevin, N., Breyer, D., Carroll, D., and Herman, P. (2013).
Engineering nucleases for gene targeting: safety and regulatory considerations.
N. Biotechnol. 31, 18-27. doi: 10.1016/j.nbt.2013.07.001

Pearson, H. (2008). Protein engineering: the fate of fingers. Nature 455, 160-164.
doi: 10.1038/455160a

Peault, B., Rudnicki, M., Torrente, Y., Cossu, G., Tremblay, J. P, Partridge, T, et al.
(2007). Stem and progenitor cells in skeletal muscle development, maintenance,
and therapy. Mol. Ther. 15, 867—877. doi: 10.1038/mt.sj.6300145

Perez, E. E., Wang, J., Miller, J. C., Jouvenot, Y., Kim, K. A., Liu, O,, et al. (2008).
Establishment of HIV-1 resistance in CD4+ T cells by genome editing using
zinc-finger nucleases. Nat. Biotechnol. 26, 808—816. doi: 10.1038/nbt1410

Pierce, E. A, Liu, Q., Igoucheva, O., Omarrudin, R., Ma, H., Diamond, S. L.,
et al. (2003). Oligonucleotide-directed single-base DNA alterations in mouse
embryonic stem cells. Gene Ther. 10, 24-33. doi: 10.1038/sj.gt.3301857

Porteus, M. H., Cathomen, T., Weitzman, M. D., and Baltimore, D. (2003).
Efficient gene targeting mediated by adeno-associated virus and DNA double-
strand breaks. Mol. Cell. Biol. 23, 3558-3565. doi: 10.1128/MCB.23.10.3558-
3565.2003

Puchta, H., and Fauser, F. (2013). Synthetic nucleases for genome engineering in
plants: prospects for a bright future. Plant J. doi: 10.1111/tpj.12338. [Epub
ahead of print].

Puria, R., Sahi, S., and Nain, V. (2012). HER2+ breast cancer therapy: by CPP-
ZFN mediated targeting of mTOR? Technol. Cancer Res. Treat. 11, 175-180. doi:
10.7785/tcrt.2012.500247

Qi, Y, Zhang, Y., Zhang, F, Baller, J. A,, Cleland, S. C., Ryu, Y, et al. (2013).
Increasing frequencies of site-specific mutagenesis and gene targeting in
Arabidopsis by manipulating DNA repair pathways. Genome Res. 23, 547-554.
doi: 10.1101/gr.145557.112

Radecke, F, Radecke, S., and Schwarz, K. (2004). Unmodified oligodeoxynu-
cleotides require single-strandedness to induce targeted repair of a chromoso-
mal EGFP gene. J. Gene Med. 6, 1257-1271. doi: 10.1002/jgm.613

Radecke, S., Radecke, E, Peter, L., and Schwarz, K. (2006). Physical incorporation
of a single-stranded oligodeoxynucleotide during targeted repair of a human
chromosomal locus. J. Gene Med. 8, 217-228. doi: 10.1002/jgm.828

Rando, T. A., Disatnik, M. H., and Zhou, L. Z. (2000). Rescue of dystrophin expres-
sion in mdx mouse muscle by RNA/DNA oligonucleotides. Proc. Natl. Acad. Sci.
U.S.A. 97, 5363-5368. doi: 10.1073/pnas.97.10.5363

www.frontiersin.org

April 2014 | Volume 5 | Article 148 | 15


http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Bertoni

Gene editing in muscle stem cells

Regberg, J., Eriksson, J. N., and Langel, U. (2013). Cell-penetrating peptides: from
cell cultures to in vivo applications. Front. Biosci. (Elite Ed.) 5, 509-516. doi:
10.2741/E632

Rice, M. C., Bruner, M., Czymmek, K., and Kmiec, E. B. (2001). In vitro and
in vivo nucleotide exchange directed by chimeric RNA/DNA oligonucleotides in
Saccharomyces cerevisae 66. Mol. Microbiol. 40, 857-868. doi: 10.1046/j.1365-
2958.2001.02407.x

Rice, M. C., May, G. D., Kipp, P. B., Parekh, H., and Kmiec, E. B. (2000). Genetic
repair of mutations in plant cell-free extracts directed by specific chimeric
oligonucleotides 70. Plant Physiol. 123, 427-438. doi: 10.1104/pp.123.2.427

Rivier, E, Alkan, O., Flint, A. E, Muskiewicz, K., Allen, P. D., Leboulch, P, et al.
(2004). Role of bone marrow cell trafficking in replenishing skeletal muscle SP
and MP cell populations. J. Cell Sci. 117, 1979-1988. doi: 10.1242/jcs.01051

Rocheteau, P., Gayraud-Morel, B., Siegl-Cachedenier, I., Blasco, M. A., and
Tajbakhsh, S. (2012). A subpopulation of adult skeletal muscle stem cells
retains all template DNA strands after cell division. Cell 148, 112-125. doi:
10.1016/j.cell.2011.11.049

Rosen, L. E., Morrison, H. A., Masri, S., Brown, M. J., Springstubb, B., Sussman, D.,
et al. (2006). Homing endonuclease I-Crel derivatives with novel DNA target
specificities. Nucleic Acids Res. 34, 4791-4800. doi: 10.1093/nar/gkl645

Rouet, P, Smih, E, and Jasin, M. (1994). Introduction of double-strand breaks into
the genome of mouse cells by expression of a rare-cutting endonuclease. Mol.
Cell. Biol 14, 8096-8106.

Rousseau, J., Chapdelaine, P, Boisvert, S., Almeida, L. P., Corbeil, J., Montpetit, A.,
et al. (2011). Endonucleases: tools to correct the dystrophin gene. J. Gene Med.
13, 522-537. doi: 10.1002/jgm.1611

Sacco, A., Doyonnas, R., Kraft, P., Vitorovic, S., and Blau, H. M. (2008). Self-
renewal and expansion of single transplanted muscle stem cells. Nature 456,
502-506. doi: 10.1038/nature07384

Sampaolesi, M., Blot, S., D’Antona, G., Granger, N., Tonlorenzi, R., Innocenzi,
A., et al. (2006). Mesoangioblast stem cells ameliorate muscle function in
dystrophic dogs. Nature 444, 574-579. doi: 10.1038/nature05282

Sampaolesi, M., Torrente, Y., Innocenzi, A., Tonlorenzi, R., D’Antona, G.,
Pellegrino, M. A, et al. (2003). Cell therapy of alpha-sarcoglycan null dystrophic
mice through intra-arterial delivery of mesoangioblasts. Science 301, 487—-492.
doi: 10.1126/science.1082254

Sander, J. D., Cade, L., Khayter, C., Reyon, D., Peterson, R. T., Joung, J. K., et al.
(2011a). Targeted gene disruption in somatic zebrafish cells using engineered
TALENS. Nat. Biotechnol. 29, 697—698. doi: 10.1038/nbt.1934

Sander, J. D., Yeh, J. R., Peterson, R. T., and Joung, J. K. (2011b). Engineering zinc
finger nucleases for targeted mutagenesis of zebrafish. Methods Cell Biol. 104,
51-58. doi: 10.1016/B978-0-12-374814-0.00003-3

Schultz, E. (1996). Satellite cell proliferative compartments in growing skeletal
muscles. Dev. Biol. 175, 84-94. doi: 10.1006/dbio.1996.0097

Seale, P., Sabourin, L. A., Girgis-Gabardo, A., Mansouri, A., Gruss, P., and Rudnicki,
M. A. (2000). Pax7 is required for the specification of myogenic satellite cells.
Cell 102, 777-786. doi: 10.1016/S0092-8674(00)00066-0

Seligman, L. M., Chisholm, K. M., Chevalier, B. S., Chadsey, M. S., Edwards, S. T.,
Savage, J. H., et al. (2002). Mutations altering the cleavage specificity of a hom-
ing endonuclease. Nucleic Acids Res. 30, 3870-3879. doi: 10.1093/nar/gkf495

Shen, B., Zhang, X., Du, Y., Wang, J., Gong, J., Zhang, X., et al. (2013). Efficient
knockin mouse generation by ssDNA oligonucleotides and zinc-finger nucle-
ase assisted homologous recombination in zygotes. PLoS ONE 8:¢77696. doi:
10.1371/journal.pone.0077696

Shukla, V. K., Doyon, Y., Miller, J. C., DeKelver, R. C., Moehle, E. A., Worden, S. E.,
et al. (2009). Precise genome modification in the crop species Zea mays using
zinc-finger nucleases. Nature 459, 437—441. doi: 10.1038/nature07992

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

Siebert, R., and Puchta, H. (2002). Efficient repair of genomic double-strand breaks
by homologous recombination between directly repeated sequences in the plant
genome. Plant Cell 14, 1121-1131. doi: 10.1105/tpc.001727

Smih, F,, Rouet, P., Romanienko, P.J., and Jasin, M. (1995). Double-strand breaks at
the target locus stimulate gene targeting in embryonic stem cells. Nucleic Acids
Res. 23, 5012-5019. doi: 10.1093/nar/23.24.5012

Smith, J., Grizot, S., Arnould, S., Duclert, A., Epinat, J. C., Chames, P., et al. (2006).
A combinatorial approach to create artificial homing endonucleases cleaving
chosen sequences. Nucleic Acids Res. 34, e149. doi: 10.1093/nar/gkl720

Sorensen, C. B., Krogsdam, A. M., Andersen, M. S., Kristiansen, K., Bolund, L., and
Jensen,T. G. (2005). Site-specific strand bias in gene correction using single-
stranded oligonucleotides. J. Mol. Med. (Berl.) 83, 39-49. doi: 10.1007/s00109-
004-0592-6

Tagalakis, A. D., Graham, I. R., Riddell, D. R., Dickson, J. G., and Owen, J. S.
(2001). Gene correction of the apolipoprotein (Apo) E2 phenotype to wild-
type ApoE3 by in situ chimeraplasty. J. Biol. Chem. 276, 13226—13230. doi:
10.1074/jbc.C000883200

Tang, W. (2013a). Phase 1 Dose Escalation Study of Autologous T-cells Genetically
Modified at the CCR5 Gene by Zinc Finger Nucleases in HIV-Infected Patients.
Available online at: http://clinicaltrials.gov/ct2/show/NCT01044654

Tang, W. (2013b). Study of Autologous T-cells Genetically Modified at the CCR5 Gene
by Zinc Finger Nucleases in HIV-Infected Subjects. Available online at: http://
clinicaltrials.gov/ct2/show/record/NCT01252641

Tebas, T., and Stein, D. (2013). Autologous T-cells Genetically Modified at the CCR5
Gene by Zinc Finger Nucleases SB-728 for HIV (zinc-finger). http://clinicaltrials.
gov/ct2/show/NCT00842634

Tedesco, E S., Gerli, M. E, Perani, L., Benedetti, S., Ungaro, E, Cassano, M., et al.
(2012). Transplantation of genetically corrected human iPSC-derived progeni-
tors in mice with limb-girdle muscular dystrophy. Sci. Transl. Med. 4, 140ra89.
doi: 10.1126/scitranslmed.3003541

Tesson, L., Usal, C., Menoret, S., Leung, E., Niles, B. J., Remy, S., et al. (2011).
Knockout rats generated by embryo microinjection of TALENs. Nat. Biotechnol.
29, 695-696. doi: 10.1038/nbt.1940

Thermes, V., Grabher, C., Ristoratore, E, Bourrat, F, Choulika, A., Wittbrodt, J.,
et al. (2002). I-Scel meganuclease mediates highly efficient transgenesis in fish.
Mech. Dev. 118, 91-98. doi: 10.1016/50925-4773(02)00218-6

Tong, C., Huang, G., Ashton, C., Wu, H., Yan, H., and Ying, Q. L. (2012). Rapid and
cost-effective gene targeting in rat embryonic stem cells by TALENS. J. Genet.
Genomics 39, 275-280. doi: 10.1016/j.jgg.2012.04.004

Torrente, Y., Belicchi, M., Sampaolesi, M., Pisati, F., Meregalli, M., D’Antona, G.,
etal. (2004). Human circulating AC133(+) stem cells restore dystrophin expres-
sion and ameliorate function in dystrophic skeletal muscle. J. Clin. Invest 114,
182-195. doi: 10.1172/JCI20325

Torrente, Y., Tremblay, J. P., Pisati, E,, Belicchi, M., Rossi, B., Sironi, M., et al. (2001).
Intraarterial injection of muscle-derived CD34(+)Sca-1(+) stem cells restores
dystrophin in mdx mice. J. Cell Biol. 152, 335-348. doi: 10.1083/jcb.152.2.335

Tovkach, A., Zeevi, V., and Tzfira, T. (2009). A toolbox and procedural notes for
characterizing novel zinc finger nucleases for genome editing in plant cells. Plant
J. 57, 747-757. doi: 10.1111/j.1365-313X.2008.03718.x

Townsend, J. A., Wright, D. A., Winfrey, R. J., Fu, F, Maeder, M. L., Joung, J. K,,
etal. (2009). High-frequency modification of plant genes using engineered zinc-
finger nucleases. Nature 459, 442—445. doi: 10.1038/nature07845

Urnov, E D, Miller, J. C., Lee, Y. L., Beausejour, C. M., Rock, J. M., Augustus,
S., et al. (2005). Highly efficient endogenous human gene correction using
designed zinc-finger nucleases. Nature 435, 646—651. doi: 10.1038/nature03556

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

Wang, J., Friedman, G., Doyon, Y., Wang, N. S., Li, C. J, Miller, J. C,
et al. (2012). Targeted gene addition to a predetermined site in the human
genome using a ZFN-based nicking enzyme. Genome Res. 22, 1316-1326. doi:
10.1101/gr.122879.111

Wood, A.]., Lo, T. W., Zeitler, B., Pickle, C. S., Ralston, E. ., Lee, A. H., et al. (2011).
Targeted genome editing across species using ZFNs and TALENS. Science 333,
307. doi: 10.1126/science.1207773

Wu, B., Moulton, H. M., Iversen, P. L., Jiang, J., Li, J., Li, J., et al. (2008). Effective
rescue of dystrophin improves cardiac function in dystrophin-deficient mice by
a modified morpholino oligomer. Proc. Natl. Acad. Sci U.S.A. 105, 14814—14819.
doi: 10.1073/pnas.0805676105

Yin, H., Moulton, H. M., Seow, Y., Boyd, C., Boutilier, J., Iverson, P, et al. (2008).
Cell-penetrating peptide-conjugated antisense oligonucleotides restore systemic
muscle and cardiac dystrophin expression and function. Hum. Mol. Genet. 17,
3909-3918. doi: 10.1093/hmg/ddn293

Yin, H., Price, E, and Rudnicki, M. A. (2013). Satellite cells and the muscle stem
cell niche. Physiol. Rev. 93, 23-67. doi: 10.1152/physrev.00043.2011

Zhang, F,, Maeder, M. L., Unger-Wallace, E., Hoshaw, J. P., Reyon, D., Christian,
M., et al. (2010). High frequency targeted mutagenesis in Arabidopsis thaliana

Frontiers in Physiology | Striated Muscle Physiology

April 2014 | Volume 5 | Article 148 | 16


http://clinicaltrials.gov/ct2/show/NCT01044654
http://clinicaltrials.gov/ct2/show/record/NCT01252641
http://clinicaltrials.gov/ct2/show/record/NCT01252641
http://clinicaltrials.gov/ct2/show/NCT00842634
http://clinicaltrials.gov/ct2/show/NCT00842634
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

Bertoni

Gene editing in muscle stem cells

using zinc finger nucleases. Proc. Natl. Acad. Sci. U.S.A. 107, 12028-12033. doi:
10.1073/pnas.0914991107

Zhu, C., Smith, T., McNulty, J., Rayla, A. L., Lakshmanan, A., Siekmann, A.
E, et al. (2011). Evaluation and application of modularly assembled zinc-
finger nucleases in zebrafish. Development 138, 4555-4564. doi: 10.1242/dev.
066779

Zhu, T., Mettenburg, K., Peterson, D. J., Tagliani, L., and Baszczynski, C. L. (2000).
Engineering herbicide-resistant maize using chimeric RNA/DNA oligonu-
cleotides. Nat. Biotechnol. 18, 555-558. doi: 10.1038/75435

Zhu, T., Peterson, D. J., Tagliani, L., St Clair, G., Baszczynski, C. L., and Bowen,
B. (1999). Targeted manipulation of maize genes in vivo using chimeric
RNA/DNA oligonucleotides. Proc. Natl. Acad. Sci. U.S.A. 96, 8768-8773. doi:
10.1073/pnas.96.15.8768

Zou, J., Maeder, M. L., Mali, P, Pruett-Miller, S. M., Thibodeau-Beganny, S.,
Chou, B. K., et al. (2009). Gene targeting of a disease-related gene in human
induced pluripotent stem and embryonic stem cells. Cell Stem Cell 5, 97-110.
doi: 10.1016/j.stem.2009.05.023

Zou, J., Sweeney, C. L., Chou, B. K., Choi, U., Pan, J., Wang, H., et al. (2011).
Oxidase-deficient neutrophils from X-linked chronic granulomatous disease

iPS cells: functional correction by zinc finger nuclease-mediated safe harbor
targeting. Blood 117, 5561-5572. doi: 10.1182/blood-2010-12-328161

Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 31 December 2013; accepted: 28 March 2014; published online: 21 April
2014.

Citation: Bertoni C (2014) Emerging gene editing strategies for Duchenne muscular
dystrophy targeting stem cells. Front. Physiol. 5:148. doi: 10.3389/fphys.2014.00148
This article was submitted to Striated Muscle Physiology, a section of the journal
Frontiers in Physiology.

Copyright © 2014 Bertoni. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

www.frontiersin.org

April 2014 | Volume 5 | Article 148 | 17


http://dx.doi.org/10.3389/fphys.2014.00148
http://dx.doi.org/10.3389/fphys.2014.00148
http://dx.doi.org/10.3389/fphys.2014.00148
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

	Emerging gene editing strategies for Duchenne muscular dystrophy targeting stem cells
	Introduction
	Oligonucleotide-Mediated Gene Correction
	Evolution of ODNs for Gene Editing Purposes
	Mechanisms of Action of ODN-Mediated Gene Repair
	Therapies for DMD using ODNs Targeting Stem Cells

	Nuclease-Mediated Gene Editing
	ZFNs, TALENS, and MNs
	Application of Engineered Nuclease for the Treatment of Muscle Disorders

	Drawbacks and Limitations of Gene Editing Mediated by ODNs and Endonucleases
	Future of Gene Editing Strategies in Muscle Stem Cells
	Summary and Conclusions
	Acknowledgments
	References


