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CRISPR editing of muscle stem cells (MuSCs) with adeno-associated virus serotype-9 (AAV9) holds promise for sustained
gene repair therapy for muscular dystrophies. However, conﬂicting evidence exists on whether AAV9 transduces MuSCs.
To rigorously address this question, we used a muscle graft
model. The grafted muscle underwent complete necrosis before
regenerating from its MuSCs. We injected AAV9.Cre into Ai14
mice. These mice express tdTomato upon Cre-mediated
removal of a ﬂoxed stop codon. About 28%–47% and 24%–
89% of Pax7+ MuSCs expressed tdTomato in pre-grafts and regenerated grafts (p > 0.05), respectively, suggesting AAV9 efﬁciently transduced MuSCs, and AAV9-edited MuSCs renewed
successfully. Robust MuSC transduction was further conﬁrmed
by delivering AAV9.Cre to Pax7-ZsGreen-Ai14 mice in which
Pax7+ MuSCs are genetically labeled by ZsGreen. Next, we
co-injected AAV9.Cas9 and AAV9.gRNA to dystrophic mdx
mice to repair the mutated dystrophin gene. CRISPR-treated
and untreated muscles were grafted to immune-deﬁcient, dystrophin-null NSG.mdx4cv mice. Grafts regenerated from
CRISPR-treated muscle contained the edited genome and
yielded 2.7-fold more dystrophin+ cells (p = 0.015). Importantly, increased dystrophin expression was not due to
enhanced formation of revertant ﬁbers or de novo transduction
by residual CRISPR vectors in the graft. We conclude that
AAV9 effectively transduces MuSCs. AAV9 CRISPR editing
of MuSCs may provide enduring therapy.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is the most common
muscular dystrophy, affecting 1 in 5,000 male births.1 DMD results
from the functional loss of the dystrophin protein, a sub-sarcolemmal
protein critical for protecting muscle from contraction-induced
injury.2 In DMD, myoﬁber degeneration stimulates regeneration
from muscle stem cells (MuSCs). As disease progresses, these dystrophin-deﬁcient MuSCs gradually lose regenerative capacity, which
eventually leads to muscle wasting and replacement with ﬁbrofatty
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tissues.3 Repairing the mutated dystrophin gene in MuSCs holds
the promise to not only correct inherent dystrophin deﬁciency in
these cells but also produce dystrophin-positive progeny myoﬁbers
that can resist contraction-induced damage.
In the past several years, adeno-associated virus (AAV) delivery of the
CRISPR system for genome editing has rapidly advanced gene repair
strategies for neuromuscular diseases.4–6 A series of proof-of-principle studies in various rodent DMD models (such as mdx and mdx4cv
mice) and a canine model suggest that AAV delivery of the Cas9 gene
and guide RNA (gRNA), two essential components for CRISPR editing, can repair or remove mutations in the dystrophin gene, restore
dystrophin expression, and improve muscle and heart function.5,7–18
AAV is a versatile family of viral vectors with hundreds of naturally
existing and laboratory-engineered capsids that are tailored for
different gene therapy applications. Among these, AAV serotype 9
(AAV9) is particularly attractive for DMD gene therapy because it
can lead to robust and bodywide muscle transduction in small- and
large-animal models for DMD.19,20 Recent success of systemic
AAV9 therapy in spinal muscular atrophy type 1 patients has further
raised the hope of clinical translation.21 In fact, several human trials
have been initiated in DMD patients to test systemic AAV9 microdystrophin gene replacement therapy.22,23
The ability to transduce and edit MuSCs by AAV9 would make this
vector highly attractive for CRISPR editing therapy for DMD.
Paired-box transcription factor 7-positive (Pax7+) satellite cells are
considered the primary contributors for muscle regeneration.24,25
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Two studies examined AAV9 transduction of satellite cells but
reached different conclusions.9,26 Arnett et al.26 delivered an AAV9
GFP vector to muscle by direct injection. Despite highly efﬁcient
muscle transduction, the authors did not ﬁnd Pax7+ cells that
were also GFP+. Tabebordbar et al.9 isolated satellite cells from
AAV9 CRISPR-treated mice and found that 4% of Pax7+ cells
were edited. It is currently unclear what caused the observed
discrepancy. However, technical caveats may provide a plausible
explanation. For example, the number of satellite cells that can be
analyzed in muscle sections could have limited the ability to detect
rarely occurring events. Alternatively, artiﬁcial biases can be introduced from in vitro manipulation (such as isolation, expansion, and
differentiation of myoblasts).
To avoid above-mentioned methodological limitations and reliably
determine whether AAV9 can indeed transduce MuSCs in adult mouse
muscle, we developed a new approach (M.E. Nance et al., 2018, Mol.
Ther., abstract). Speciﬁcally, we marked MuSCs with AAV9-mediated
delivery of genome-editing tools (either the Cre system or the CRISPR
technology). We then grafted AAV9-treated muscle to immune-deﬁcient mice. We found that: (1) the grafted muscle underwent complete
necrosis and then regenerated from its own MuSCs with nominal
contribution from the host, (2) AAV9 efﬁciently transduced MuSCs
in adult mouse muscle, (3) AAV9-marked MuSCs contributed to muscle regeneration, (4) AAV9-marked MuSCs were successfully renewed
in the regenerated graft, (5) AAV9 CRISPR therapy resulted in persistent dystrophin restoration for 18 months in the mdx model for DMD,
and (6) the edited genome and repaired dystrophin were successfully
detected in grafts regenerated from AAV CRISPR-treated mdx mice.
Our studies established AAV9 as a useful tool to genetically mark
MuSCs. Importantly, our data suggest that AAV9 CRISPR therapy
may provide sustained gene repair therapy for inherited muscle diseases
by correcting the mutated gene in MuSCs.

RESULTS
Grafted Muscle Underwent Complete Necrosis before
Regeneration

To determine whether AAV9 can transduce MuSCs, we used a free
muscle graft model. This model has been used to study de novo muscle
regeneration for more than half a century.27,28 Speciﬁcally, a piece of
surgically removed donor muscle is grafted to a host animal. The graft
becomes ischemic and undergoes coagulative necrosis soon after transplantation. In the ensuing period, the donor muscle regenerates from
MuSCs after clearance of cellular debris and revascularization. To
validate this model, we grafted the tibialis anterior (TA) muscle from
wild-type mice to the evacuated TA compartment of immune-deﬁcient
non-obese diabetic (NOD)-severe combined immunodeﬁcient (SCID)interleukin 2 receptor common gamma chain null (NSG) mice (Figure 1A). Before grafting, the donor showed normal muscle histology
with well-organized myoﬁber arrays and peripherally localized myonuclei. On immunostaining, these myoﬁbers were dystrophin positive
(Figure 1D; Table S1). The graft displayed signs of myonecrosis at
day 1 post-transplantation and lost myonuclei by days 2–3 (Figure 1B).
Histological features of normal muscle were completely gone in the

graft by 1 week after transplantation (Figures 1C and D). At this
time, the graft was essentially composed of patchy irregular eosinstained tissue residuals and inﬂammatory cells. There were no myonuclei and no dystrophin expression (Figure 1D). By 6 weeks after transplantation, the grafted muscle was regenerated with centrally located
myonuclei and sarcolemmal dystrophin expression (Figure 1D).
Muscle Graft Regeneration Was Primarily Driven by Donor
MuSCs

It is generally believed that regeneration derives from donor MuSCs.
However, some early studies suggest that host muscle progenitor cells
might also contribute signiﬁcantly to the regeneration of the donor
muscle.29–32
Our experimental design is based on the assumption that the regenerated muscle mainly originates from donor MuSCs. To clarify this
important issue, we performed a cross-transplantation study using
adult (2- to 5-month-old) donor and host mice (Figure 2; Table
S1). In one set of experiments, we transplanted the TA muscle from
NOD.GFP mice to NSG mice (Figures 2A–2C; Figure S1).33–35 In a
separate set of studies, we transplanted the TA muscle from nonobese diabetic (NOD) mice to NSG.GFP mice (Figures 2D–2F).36,37
In both NOD.GFP and NSG.GFP mice, GFP expression was driven
by the ubiquitous CAG promoter. This allowed lineage tracing of
GFP-positive cells from NOD.GFP donors and NSG.GFP hosts.
Quantiﬁcation demonstrated that 97% of myoﬁbers in the
regenerated graft were originated from the donor (Figure 2C). In
the reciprocal experiment, host contribution accounted for 3% of
myoﬁbers in the graft (Figure 2F).
To assess the extent of host contribution in the context of a dystrophic
donor, we transplanted the TA muscle from adult mdx mice to adult
NSG and NSG.mdx4cv mice (Figure 2G). NSG mice have normal dystrophin expression, but NSG.mdx4cv mice are dystrophin deﬁcient.
On quantiﬁcation, we found only 0.43% ± 0.10%, 0.16% ± 0.09%,
and 0.21% ± 0.08% dystrophin-positive revertant ﬁbers in the
TA, extensor digitorum longus, and peroneus longus muscle of
NSG.mdx4cv mice, respectively (Figure S2). When the mdx TA muscle was transplanted to the NSG host, we found 1.70% ± 1.84% dystrophin-positive revertant ﬁbers in the regenerated graft (Figure 2H).
When the mdx TA muscle was transplanted to the NSG.mdx4cv host,
we found 2.65% ± 0.64% dystrophin-positive revertant ﬁbers in the
regenerated graft (Figure 2H). If the host has signiﬁcantly contributed
to graft regeneration, we should detect more dystrophin-positive
ﬁbers in the muscle grafted to the NSG host. Because there was no
statistically signiﬁcant difference (p = 0.5333) in dystrophin-positive
cell quantiﬁcation, we concluded that the host contributed minimally
to the regeneration of a dystrophic graft.
To more stringently evaluate host contribution to dystrophic muscle
regeneration, we grafted the TA muscle from 19-month-old mdx
mice to adult NSG.GFP hosts (Figures 2I–2K). Failure to regenerate
is a characteristic feature of the aged dystrophic muscle.3 It is possible
that the diminished regeneration capacity of the aged dystrophic

Molecular Therapy Vol. 27 No 9 September 2019

1569

Molecular Therapy

Figure 1. Establishment of the Free Muscle Graft
Model
(A) Step-by-step illustration of the grafting process. The
tibialis anterior (TA) muscle was removed from the donor
mouse. The TA compartment in the immune-deficient
host mouse was surgically cleared by removing the TA
and extensor digitorum longus muscle. The donor TA
muscle was sutured to the empty TA compartment of the
host mouse. The incision was closed with glue and surgical clamps. (B) Representative H&E staining photomicrographs of a transplanted normal muscle at days 1, 2,
and 3 post-grafting (top panels, low-power images; bottom panels, high-power images). Green arrow, myonuclei; green arrowhead, fragmented myonuclei from
dying muscle cells. (C) Representative H&E staining
photomicrographs of a transplanted normal muscle at
7 days after grafting. Dotted line makes the junction between the graft and the host muscle. High-power images
are corresponding boxed areas from the graft. (D)
Representative H&E staining and dystrophin immunostaining photomicrograph of the graft before transplantation, 1 week post-transplantation, and after full
regeneration (6 weeks post-transplantation). Black arrow,
infiltrating inflammatory cells; black arrowhead, centrally
localized myonuclei in the regenerated graft; white
arrowhead, peripheral localization of myonuclei in the pregraft; asterisks, the same myofiber in serial sections.
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stop codon is removed. This leads to the expression of tdTomato in all edited cells (Figure 3A).

D
To determine whether AAV9 can transduce
Pax7+ MuSCs, we injected AAV9.Cre into
Ai14 mouse muscle (Figure 3B; Table S1).
Two weeks after AAV9.Cre delivery, we
detected robust tdTomato expression in injected muscles, but not in un-injected control
muscles (Figure 3C). Pax7 staining was performed to reveal MuSCs (Figure 3D; Figure S1).
About 6.6% ± 3.3% of nuclei showed positive
Pax7 staining. Among Pax7+ cells, 37.1% ±
13.5% (range: 28%–47%) expressed tdTomato
(Figure 3E).

muscle may promote host contribution to graft regeneration. Quantiﬁcation suggests that the host contributed to only 0.5% myoﬁbers
in the regenerated graft (Figure 2K).
AAV9.Cre Injection in Ai14 Mice Resulted in Efficient Editing of
Pax7+ MuSCs, Robust Regeneration from Edited MuSCs, and
Successful Renewal of Edited MuSCs in the Regenerated
Muscle Graft

Ai14 mice carry a CAG-LoxP-Stop-LoxP-tdTomato cassette in their
genome.38 In the presence of the Cre recombinase, the LoxP ﬂanked
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To determine whether AAV9.Cre-edited satellite cells can contribute to muscle regeneration,
we grafted the injected muscle to NSG mice (Figure 3B). Small
centrally nucleated Pax7+ cells were detected at 7 days after muscle
transplantation (Figure 3F). These cells were early-stage regenerating
myoﬁbers. Interestingly, some of these cells showed cytoplasmic
tdTomato expression, whereas others did not, suggesting both Creedited and unedited MuSCs cells have contributed to regeneration
(Figures 3F and 3G).
In addition to Pax7+ satellite cells, we also observed tdTomatopositive cells that were morphologically different from satellite cells
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Figure 2. Donor Muscle Stem Cells Are the Predominant Contributor for Graft Regeneration
(A) Schematic illustration of grafting GFP+ tibialis anterior (TA) muscle from a NOD.GFP mouse to a NSG mouse. The graft was examined at 6 weeks post-transplantation. (B)
A representative immunofluorescence staining photomicrograph demonstrating GFP expression in the regenerated graft muscle (donor), but not in the GFP-negative host
muscle. (C) Quantification of GFP+ myofibers in the regenerated muscle graft. (D) Schematic illustration of grafting GFP-negative TA muscle from a NOD mouse to an
NSG.GFP mouse. The graft was examined at 6 weeks post-transplantation. (E) A representative immunofluorescence staining photomicrograph demonstrating GFP
expression in the host muscle, but not in the regenerated muscle graft. (F) Quantification of GFP+ myofibers in regenerated graft muscle. (G) Representative dystrophin
staining photomicrograph following grafting of the mdx tibialis anterior muscle to NSG.mdx4cv mice and NSG mice. Arrows, dystrophin-positive revertant fibers in the
regenerated muscle graft. (H) Quantification of dystrophin-positive fibers in the regenerated mdx graft. (I) Schematic illustration of grafting the TA muscle from a 19-month-old
mdx mouse to an NSG.GFP mouse. The graft was examined at 6 weeks post-transplantation. (J) A representative immunofluorescence staining photomicrograph
demonstrating GFP expression in the host muscle, but not in the regenerated graft. (K) Quantification of GFP+ myofibers in the regenerated graft. In (B), (E), and (J), green color
indicates GFP, yellow color indicates laminin, and blue color indicates DAPI. The white dashed line marks the graft-host border.
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(Figure S3). These cells stained positive for platelet-derived growth
factor receptor alpha (PDGFRa), suggesting they might represent
PDGFRa+ mesenchymal stem cells such as ﬁbro-adipogenic progenitors (Figure S3).39
At 6 weeks after muscle transplantation, we evaluated the regenerated
graft. Robust tdTomato expression was observed in the graft both
macroscopically and microscopically (Figures 3H and 3I). On Pax7
immunostaining, 56.9% ± 45.9% (range: 24%–89%) of Pax7+ MuSCs
expressed tdTomato (Figure 3J).
AAV9 Transduction of MuSCs Was Confirmed in Ai14 Mice that
Carry Genetically Labeled Pax7+ Cells

To validate the ﬁnding in Ai14 mice, we generated Pax7-ZsGreenAi14 mice by crossing Ai14 mice with Pax7-ZsGreen mice. In
Pax7-ZsGreen mice, an EGFP called ZsGreen is expressed from
the Pax7 promoter.40 This allows identiﬁcation of Pax7+ MuSCs
without using immunostaining. We injected AAV9.Cre to Pax7ZsGreen-Ai14 mouse muscle (Figure 4A; Table S1). Two weeks after
AAV9.Cre delivery, we evaluated ZsGreen and tdTomato expression
directly under a ﬂuorescence microscope. Similar to our observations
in Ai14 mice, AAV9.Cre injection resulted in robust tdTomato
expression in Pax7-ZsGreen-Ai14 mice (Figure 4B). Importantly,
60.3% ± 5.7% of ZsGreen-positive MuSCs expressed tdTomato
(Figure 4C).
One-Time Systemic AAV9 CRISPR Delivery Resulted in
Long-Lasting Dystrophin Restoration in Skeletal Muscle

Our studies with AAV9.Cre demonstrated robust transduction of
MuSCs by AAV9 and efﬁcient editing of MuSCs by the Cre recombinase. However, the Cre recombinase is a research tool and cannot be
used for treating inherited muscle diseases. To determine whether
AAV9-mediated MuSC targeting can be capitalized to correct disease-causing mutations in MuSCs, we co-delivered the Cas9 and
gRNA vector to 6-week-old mdx mice by tail-vein injection (Figure 5A; Table S1).8,13 The gRNAs were designed to target introns
22 and 23 of the dystrophin gene. Double-strand breaks were created
in introns 22 and 23 by Streptococcus aureus Cas9 (SaCas9). The
mutated exon 23 was removed from the genome following non-homologous end joining (NHEJ) of the broken ends (Figure 5B).8 It
has been shown that AAV particles can be detected in tissue years after infection.41,42 We reasoned that prolonged incubation of the AAV
vector in muscle in vivo might increase the chance of MuSC transduction. Hence, we waited for 17 months before collecting the TA muscle for grafting. The TA muscle was split in half longitudinally. One
part was used to quantify dystrophin expression before grafting,
whereas the other part was grafted to NSG.mdx4cv mice. In AAV9
CRISPR-treated mice, we detected 22.4% ± 13.0% dystrophin-positive ﬁbers (Figures 5C and 5D). This was in sharp contrast with
age-matched untreated mdx mice in which we found only 1.4% ±
0.5% dystrophin-positive ﬁbers (Figures 5C and 5D). Our results suggest that a single AAV9 CRISPR administration can lead to long-lasting editing of the dystrophin gene in the murine DMD model.13
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AAV9 CRISPR Therapy Significantly Increased DystrophinPositive Fibers in the Regenerated Graft

Our study in Ai14 mice suggests that AAV-mediated MuSC editing
can be studied by grafting an AAV-transduced muscle to an immune-deﬁcient host. To investigate whether AAV9 CRISPR therapy
had corrected the mutated dystrophin gene in MuSCs, we grafted
AAV9 CRISPR-treated muscles to NSG.mdx4cv host mice. At 6 weeks
after grafting, we quantiﬁed dystrophin expression in the regenerated
graft by immunostaining (Figure 6; Table S1). We detected 4.6% ±
2.7% and 1.7% ± 1.2% dystrophin-positive ﬁbers in grafts regenerated
from AAV9 CRISPR-treated and untreated mdx mice, respectively
(Figure 6B). The number of dystrophin-positive ﬁbers from the
graft of CRISPR-treated mice was signiﬁcantly higher (p = 0.015)
(Figure 6B).
We then characterized the distribution pattern of dystrophin-positive
myoﬁbers (Figure 6C). Irrespective of prior AAV-9 CRISPR treatment, most dystrophin-positive ﬁbers presented as a single isolated
positive myoﬁber (63.3% ± 12.5% for CRISPR treated and 56.8% ±
32.8% for untreated; p > 0.05). Clusters that contained two to four
dystrophin-positive ﬁbers constituted 34.6% ± 12.8% and 24.7% ±
20.4% of the positive myoﬁbers in the CRISPR-treated grafts and untreated grafts, respectively (p > 0.05). Clusters that had R5 dystrophin positive ﬁbers were rarely detected in both groups (2.2% ±
4.7% for CRISPR treated and 1.8% ± 4.5% for untreated; p > 0.05)
(Figure 6C).
Next, we examined whether the number of dystrophin-positive ﬁbers
in pre-grafts correlated with the number in regenerated grafts (Figure 6D). A clear correlation was found in these from untreated
mdx mice (R2 = 0.8037). However, no correlation was observed
for grafts derived from CRISPR-treated mdx mice (R2 = 0.0167)
(Figure 6D).
Increased Dystrophin Expression Was Not Due to De Novo
Transduction and Editing of Regenerated Muscle Fibers by
Residual CRISPR Vectors in the Graft

To determine whether there was de novo transduction and editing of
the regenerated muscle, we quantiﬁed the AAV vector genome copy
number in pre-grafts and regenerated grafts. In the pre-graft, we
detected 22.50 ± 9.72 vector genomes per diploid cell (vg/dc) of the
SaCas9 vector and 41.70 ± 14.42 vg/dc of the gRNA vector (Figure 7A). In the regenerated graft, we detected 0.05 ± 0.13 vg/dc of
the SaCas9 vector and 0.78 ± 0.69 vg/dc of the gRNA vector
(Figure 7B).
To determine whether the residual amount of AAV vectors detected
in the graft can edit muscle, we co-injected the SaCas9 vector and the
gRNA vector to the TA muscle of 10-week-old mdx mice at the doses
of 4.65, 46.5, 232.5, 465, and 2,323 vg/dc/vector (Figures 7C–7E; Table
S1). Dystrophin-positive myoﬁbers were quantiﬁed at 6 weeks after
AAV9 injection. In mice that received AAV9 at the doses equal to
or lower than 232.5 vg/dc/vector, the percentage of dystrophin-positive cells was identical to that of un-injected control mdx mice
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(Figure 7D). Clearly, the AAV vector genome copy number in pregrafts and regenerated grafts was far from sufﬁcient to transduce
and edit regenerated muscle.
Molecular Evidence for MuSCs Transduction and Genome
Editing by AAV9 CRISPR Vectors

The direct evidence for AAV9-mediated MuSC transduction and
genome editing is the presence of the modiﬁed genome in the regen-

Figure 4. AAV9 Efficiently Edited Pax7+ Muscle
Stem Cells in Pax7-ZsGreen-Ai14 Mice
AAV9-mediated editing of Pax7+ muscle stem cells was
evaluated by delivering an AAV9.Cre vector to the muscle
of Pax7-ZsGreen-Ai14 mice. (A) Schematic illustration of
the experimental outline. AAV9.Cre was injected to one
side of the tibialis anterior muscle of Pax7-ZsGreen-Ai14
mice. At 2 weeks post-injection, muscle was examined
under direct fluorescence microscopy. Green dots, unedited Pax7+ muscle stem cells. These cells are genetically marked by ZsGreen. Yellow dots, Pax7+ muscle
stem cells that are transduced and edited by AAV9.Cre.
Red indicates AAV9.Cre injection resulted in saturated
expression of tdTomato in muscle. (B) Representative
bright-field (left panels) and direct fluorescence (right
panels) photomicrographs of the entire TA muscle from
uninjected and AAV9.Cre-injected mice. (C) Top panel: a
representative direct fluorescence photomicrograph of an
AAV9.Cre-injected TA muscle. Bottom panels: a close
view of the individual fluorescence channel and the
merged images of the boxed region in the top panel.
Pax7+ muscle stem cells are identified by their inherent
ZsGreen expression under direct fluorescence microscopy rather than by indirect immunofluorescence
staining.

erated graft. A PCR was designed to detect the edited gene in genomic
DNA. The unedited genome should yield a 1.6-kb band, and the edited genome should yield an 0.47-kb band (Figure 8A). The unedited
PCR product was detected in all the samples irrespective of grafting
and CRISPR therapy (Figures 8B and 8C). As expected, the edited
PCR product was readily detected in the TA muscle from AAV9
CRISPR-treated, but not untreated, mice before grafting (Figure 8B).
In regenerated grafts, a faint edited band was detected only in samples

Figure 3. AAV9 Efficiently Edited Pax7+ Muscle Stem Cells in Ai14 Mice
AAV9-mediated editing of Pax7+ muscle stem cells was evaluated by delivering an AAV9.Cre vector to the muscle of Ai14 mice. (A) Schematic illustration of the experimental
system. Ai14 mice contain a CAG-loxP-Stop-loxP-tdTomato cassette at the Rosa locus of its genome. AAV9.Cre removes the stop codon and restores tdTomato
expression. (B) Experimental outline. AAV9.Cre was injected to both the left and right tibialis anterior (TA) muscle of Ai14 mice. At 2 weeks post-injection, one side of the TA
muscle was harvested for morphological studies, and the contralateral TA muscle was grafted to a NSG mouse. (C) Representative bright-field and direct fluorescence
photomicrographs of the entire TA muscle. Top panels: a muscle that did not receive AAV9.Cre injection; bottom panels: an AAV9.Cre-injected muscle. Saturated tdTomato
expression was seen in only AAV9.Cre-injected TA muscle. (D) Top panel: a representative photomicrograph of an AAV9.Cre-injected TA muscle at 2 weeks after injection.
Bottom panels: a close view of the individual fluorescence channel and the merged images of the boxed region in the top panel. Arrows, a Pax7+ muscle stem cell that has
been transduced and edited by AAV9.Cre. (E) Quantification of Pax7+ muscle stem cells expressing (green) or not expressing (gold) tdTomato at 2 weeks after AAV9.Cre
injection (before the muscle was grafted). (F) A representative photomicrograph of an AAV9.Cre-treated graft at 1 week post-grafting. Boxes 1 and 2, Pax7+ nascent muscle
cells with cytoplasmic tdTomato expression; boxes 3 and 4, Pax7+ nascent muscle cells without cytoplasmic tdTomato expression. (G) A close view of the boxed regions in
(F) demonstrating heterogeneity of tdTomato expression during early regeneration. Regions 1 and 2, newly regenerated muscle cells with Pax7 expression in the nuclei and
tdTomato expression in the cytoplasm; regions 3 and 4, newly regenerated muscle cells with Pax7 expression in the nuclei but no tdTomato expression in the cytoplasm. (H)
Representative direct fluorescence photomicrographs of the entire graft at 6 weeks post-grafting. Top panel: a graft derived from a muscle not injected with AAV9.Cre;
bottom panel: a graft derived from an AAV9.Cre-injected muscle. (I) Top panel: a representative photomicrograph of a fully regenerated graft (6 weeks post-grafting) derived
from an AAV9.Cre-injected muscle. Bottom panels: a close view of the individual fluorescence channel and the merged images of the boxed region in the top panel. Arrows, a
regenerated Pax7+ muscle stem cell that retained tdTomato expression; arrowheads, centrally localized myonuclei. (J) Quantification of Pax7+ muscle stem cells expressing
(green) or not expressing (gold) tdTomato from fully regenerated grafts that were derived from AAV9.Cre-injected muscle.
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Figure 5. Systemic AAV9 CRISPR Therapy in Adult mdx Mice Resulted in Long-Lasting Restoration of Dystrophin Expression in the Tibialis Anterior Muscle
(A) Schematic outline of the experiment. AAV9 CRISPR vectors were delivered to a 6-week-old mdx mouse by tail-vein injection. When the mouse reached 18 months of age,
the tibialis anterior muscle was dissected out and split longitudinally in two halves. One half was snap frozen and immunostained for dystrophin. The other half was grafted to a
NSG.mdx4cv mouse. (B) Graphic representation of Cas9 and gRNA AAV vectors targeting and cleavage at introns flanking the mutated dystrophin exon 23 (non-sense
mutation). In the edited dystrophin gene, exon 23 and its immediate flanking intron regions are removed, and the leftover introns are fused together. (C) Quantification of
dystrophin-positive fibers in the tibialis anterior muscle of 18-month-old mdx mice that either did not receive (untreated) or received AAV9 CRISPR therapy at 6 weeks of age.
(D) Representative dystrophin staining photomicrographs from an untreated mdx mouse. (E) Representative dystrophin staining photomicrographs from an AAV9 CRISPRtreated mouse.

from CRISPR-treated mice (Figure 8B). To estimate editing efﬁciency, we quantiﬁed the intensity of unedited and edited bands by
densitometry (Figure S4). Before grafting, 2.5% ± 1.0% of the mutated
dystrophin gene was corrected by AAV9 CRISPR therapy. In the
regenerated graft, 0.8% ± 0.3% of the mutated dystrophin gene was
corrected (Figure S4).
To further conﬁrm gene editing, we performed nested PCR (Figure 8C). The edited genome should yield an 0.35-kb band. This
band was clearly detected in four out of ﬁve regenerated grafts from
CRISPR-treated mice (Figure 8C). We cloned and sequenced the
smaller band from the nested PCR (Figures 8C and 8D). Before grafting, 11 out of 12 clones showed the expected fusion of intron 22 to 23
as observed previously.8 The remaining clone had a 1-bp deletion
consistent with alternative end processing during NHEJ. In regenerated grafts, 13 out of 14 clones showed expected gene fusion. The remaining clone had a 3-bp deletion (Figure 8D; Figure S5). We also
attempted to extract DNA from the corresponding location in grafts
from untreated mdx mice. The yield was too low for sequencing.

DISCUSSION
In this study we established a rigorous and sensitive model system to
study MuSC transduction by AAV in adult mice. In this system,
AAV-transduced MuSCs are permanently marked by genome editing
with the Cre recombinase or Cas9 endonuclease in alive animals.

Edited cells are then tracked by de novo regeneration in muscle allografts derived from the AAV-treated animals. Using this novel
approach, we showed that AAV9 can transduce and edit MuSCs in
normal and dystrophic adult mice.
The traditional approach to study AAV tropism is to directly evaluate
AAV-mediated reporter gene expression following infection. Using
this approach, Arnett et al.26 showed that AAV9 did not transduce
satellite cells. There are several challenges in applying this approach
to study AAV transduction in MuSCs. First, myogenic stem cells
are extremely rare. For example, satellite cells account for only
2%–6% of all myonuclei in adult mouse muscle.43–46 It is technically
very demanding to detect transduced satellite cells, especially if only a
tiny fraction is transduced. Second, MuSCs have a very small cytoplasmic volume, which makes detection difﬁcult with commonly
used reporter genes. Induction of MuSC proliferation should help increase detection sensitivity for a vector that is integrated in the host
genome. However, AAV predominantly exists as episomal molecules.47,48 The vector genome will be diluted during cell division
and eventually lost. Third, besides satellite cells, many different
non-satellite MuSCs have been reported such as interstitial progenitor
cells, side population cells, pericytes, ﬁbro-adipogenic progenitors,
and Twist2-dependent progenitor cells.24,25,49–53 It is very unlikely
that a promoter used in one reporter AAV vector is active in all these
cells. Hence, only a sub-group (e.g., only satellite cells in the Arnett
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Figure 6. Quantitative Evaluation of Dystrophin Expression in Regenerated Muscle Grafts
(A) Representative laminin and dystrophin staining photomicrographs from a graft derived from an AAV9 CRISPR-treated mouse. Asterisks, the same myofiber in series
sections. (B) Quantification of dystrophin-positive myofibers in regenerated grafts that originated from mdx mice that either received or did not receive AAV9 CRISPR therapy.
(C) Quantification of dystrophin-positive clusters in regenerated grafts. Clusters were grouped as these that had one positive fiber, two to four positive fibers, and five or more
positive fibers. (D) Correlation of dystrophin-positive fibers in the same tibialis anterior muscle before grating and after regeneration. Left panel: the donor mdx mice did not
receive AAV9 CRISPR therapy; right panel: the donor mdx mice were treated with AAV9 CRISPR therapy at 6 weeks of age.

et al.26 study), rather than the entire constituent of MuSCs can be
studied.
Tabebordbar et al.9 utilized a different approach. They marked AAVtransduced satellite cells with CRISPR editing and then isolated,
cultured, and expanded these cells in vitro.9 The myogenic property
was then studied ex vivo by forced differentiation or in vivo in a muscle injury model.49,50,53,54 Because the methods used to isolate and
expand MuSCs are often optimized for a particular type of MuSCs
(e.g., for satellite cells in the Tabebordbar et al.9 study), similar to
the Arnett et al.26 study, this approach also cannot study the entire
pool of MuSCs. Importantly, data can be confounded by the inevitable biases from in vitro manipulation, such as incomplete and/or
incorrect labeling of MuSCs with antibodies used in ﬂow cytometry,
loss of MuSCs during cell isolation, and survival of injected MuSCs in
the host animal muscle.
To minimize technical and/or biological concerns of the reporter vector and cell culture-based approaches, we studied AAV9 tropism in
MuSCs by combining genetic marking and muscle grafting (Figures
1, 2, 3, 4, 5, and 6). Compared with the methods used in previous
studies,9,26 our approach has several advantages. First, transduced
and edited MuSCs can be permanently labeled and tracked. Second,
the entire myogenic cell population, instead of a particular type,
can be studied in the original extracellular matrices of the donor muscle without ex vivo handling steps (e.g., puriﬁcation, labeling, culture,
and injection). Third, detection sensitivity is signiﬁcantly improved
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by the proliferation and regeneration of the AAV-transduced and
edited MuSCs. Fourth, self-renewal of the genetically modiﬁed
MuSCs can be investigated. This last point is especially worth noting
because self-renewal of edited MuSCs cannot be studied with any existing methods.
To examine AAV9 transduction of MuSCs with our new approach,
we started with the Cre system, a widely used experimental tool to
edit genes that have been ﬂoxed. We delivered AAV9.Cre to Ai14
mice by intramuscular injection (Figure 3). Ai14 mice contain a
ﬂoxed stop cassette that blocks tdTomato expression.38 The Cre recombinase expressed from AAV9 should remove the stop cassette
and result in permanent marking of AAV9-transduced cells as
tdTomato-positive cells (Figure 3A). Two weeks following AAV9.Cre
injection, we observed saturated tdTomato expression throughout the
entire muscle, suggesting efﬁcient transduction and editing of mature
myonuclei (Figure 3C). Importantly, tdTomato expression was detected in approximately one-third to one-half of Pax7+ satellite cells
(Figures 3D and 3E). After grafting, we detected regeneration of
Pax7+ satellite cells that are either transduced and edited or not transduced and edited by AAV9 (Figures 3F and 3G). The progeny from
edited satellite cells expressed tdTomato in the cytoplasm (regions
1 and 2 in Figures 3F and 3G). The progeny from unedited satellite
cells had no cytoplasmic tdTomato expression (regions 3 and 4 in Figures 3F and 3G). Nevertheless, tdTomato expression was detected in
every myoﬁber in the fully regenerated graft because of the fusion of
tdTomato+ and tdTomato progeny muscle cells (Figures 3H and 3I).
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Figure 7. The Residual gRNA and SaCas9 Vector
Genomes in the Pre- and Post-graft Muscle Are
Insufficient for De Novo Genome Editing
(A) Results from the TaqMan PCR assay detecting SaCas9
(left panel) and gRNA (right panel) vector genomes for
untreated (n = 4) and CRISPR-treated (n = 6) in pre-graft.
(B) Results from the TaqMan PCR assay detecting SaCas9
(left panel) and gRNA (right panel) vector genomes for
untreated (n = 4) and CRISPR-treated (n = 6) in regenerated grafts. (C) Schematic illustration of the experimental
design for the local injection study. Various doses of gRNA
and SaCas9 vectors were injected to the tibialis anterior
muscle of 6-week-old mdx mice, and the muscle was
collected 6 weeks later for analysis. (D) Quantitation of
dystrophin expression as a function of the injected vector
dosage (n = 3/dose). (E) Representative dystrophin immunostaining images from each local injection dose group
as in (D) are shown with the corresponding vg/dc/vector
(vector genome/diploid cell/vector) value.
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Figure 8. Molecular Demonstration of AAV9-Mediated CRISPR Editing in Myogenic Progenitor Cells
(A) Schematic illustration of the PCR used in the experiment. Two gRNAs were designed to direct the Cas9 endonuclease to make double-strand breaks in intron sequences
flanking exon 23. Exon 23 and flanking intron sequences were removed. The broken ends were ligated through non-homologous end-joining. Black arrowheads, location of
the primers used in the PCR shown in (B); white arrowheads, location of the primers used in the nested PCR shown in (C). (B) Representative agarose gel photomicrographs
of the PCR results using primers marked as black arrowheads in (A). In the unedited genome, this PCR yielded a 1.6-kb product. In the edited genome, this PCR yielded a
470-bp product. Left panel: the edited band was detected only in donor muscle originating from AAV9 CRISPR-treated mice. Right panel: a faint edited band was detected
in regenerated grafts that were originated from AAV9 CRISPR-treated mice. Arrow, edited band. (C) Representative agarose gel photomicrographs of the nested PCR results
using primers marked as white arrowheads in (A). The nested PCR was performed by addition of the nested PCR primers to one-fifth of the first-round PCR products. Due to
the presence of both the nested primers and first-round PCR primers, both unedited (1.6 kb) and edited genome (350–470 bp) can be detected. No edited band was
detected in donor muscle derived from untreated mdx mice. The edited band was detected in all pre-graft muscle samples from mice that have received CRISPR therapy. In
regenerated grafts originating from CRISPR-treated mice, the edited band was detected in all except one sample. Arrow, edited band. For (B) and (C), each lane represents
an independent muscle sample. (D) Sequence alignment at the expected intron 22 and 23 junction in the edited genome. Left panel: results from 12 randomly selected clones
of pre-graft muscles; right panel: results from 14 randomly selected clones of regenerated grafts. M, molecular weight marker.

A salient feature of muscle regeneration is asymmetric division of satellite cells.3 This leads to the replenishment of the satellite cell pool for
future regeneration. If AAV9-edited satellite cells were successfully
renewed, we should see Pax7 and tdTomato double-positive satellite
cells in the regenerated graft. Indeed, nearly half of Pax7+ satellite cells
expressed tdTomato in the regenerated graft (Figures 3I and 3J). This
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piece of data demonstrated for the ﬁrst time that AAV9-edited
MuSCs are capable of self-renewal. These renewed MuSCs may
then contribute to regeneration in the future.
To completely exclude artifacts from experimental manipulations
(such as these caused by low speciﬁcity of the antibody used in
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immunostaining), we generated a new strain of Ai14 mice in which
Pax7+ cells were genetically marked with ZsGreen (Figure 4). Similar
to what we saw in the original Ai14 mice, we observed robust
tdTomato expression in the muscle of Pax7-ZsGreen-Ai14 mice after
AAV9.Cre injection (Figures 4B and 4C). Under direct ﬂuorescence
microscopy, we tracked AAV9 transduction of MuSCs. On quantiﬁcation, 60% of ZsGreen-positive satellite cells were also tdTomato
positive. Collectively, our results from Ai14 mice and Pax7ZsGreen-Ai14 mice suggest that Pax7+ MuSCs can be efﬁciently
transduced by AAV9. Further, the genome of Pax7+ MuSCs can be
readily edited by Cre recombinase.
The ultimate goal of our study is to develop MuSC editing as an effective gene repair modality to treat inherited muscle diseases such as
DMD. To this end, we packaged a proven CRISPR editing system
in AAV9 and injected to young adult mdx mice intravenously.
This system is composed of a SaCas9 vector and a gRNA vector. It
can efﬁciently remove the mutated exon 23 in the dystrophin gene
and restore dystrophin expression in mdx mice (Figure 5B).8,13 At
17 months after AAV9 injection, we grafted muscles from
CRISPR-treated and untreated mice to NSG.mdx4cv mice (Figure 5A). Six weeks later, we evaluated the regenerated graft by immunostaining and PCR for dystrophin-positive cells and the edited
genome, respectively. By dystrophin staining, we found 2.7-fold
more dystrophin-positive myoﬁbers in the graft regenerated from
AAV9 CRISPR-treated mice relative to the graft from age-matched
untreated mice (p = 0.0152) (Figure 6B). By PCR, we detected the
edited dystrophin gene only in grafts regenerated from AAV9-treated
mice (Figures 8A–8C). These results suggest that AAV9 CRISPR vectors have transduced and edited MuSCs.
To further substantiate our conclusion, we performed extensive control experiments to thoroughly rule out all other possibilities. Theoretically, dystrophin-positive cells seen in regenerated grafts can come
from the host and/or the donor. To determine the extent of host contribution, we ﬁrst conducted a reciprocal transplantation study with
GFP+ donor-GFP host and GFP donor-GFP+ host pairs in normal
mice (Figures 2A–2F). The GFP signal is genetically marked in all cells
in GFP-positive mice (including progeny derived from stem cells of
these mice). By tracking GFP expression in the regenerated graft, we
reached the conclusion that contribution from the host was nominal
(3%) (Figures 2A–2F). Next, we grafted young adult mdx muscle
to either normal or dystrophic hosts. Again, we did not detect a meaningful contribution of the host (<3%) (Figures 2G and 2H). Because we
transplanted the CRISPR-treated mouse muscle at 18 months after
AAV9 injection, we next examined whether the donor age could
make a difference. The muscle from 19-month-old mdx mice was
grafted to a GFP-positive normal host. In the regenerated graft, we
barely detected any contribution from the host (0.5%) (Figures 2I–
2K). Collectively, these control experiments provided unequivocal evidence that the host contributed minimally to graft regeneration.
To completely exclude host contribution in our study, we intentionally used NSG.mdx4cv mice as the host. These mice had less than

0.5% dystrophin-positive revertant ﬁbers (Figure S2).55 Because the
host can contribute only 3% at the most (Figure 2), the maximum
number of dystrophin-positive cells that NSG.mdx4cv mice can
contribute to the regenerated graft would be 0.015%. This is far too
low to have any signiﬁcant impact on our study.
The donor contribution could come from: (1) carry-over of dystrophin-positive myoﬁbers from the pre-graft, (2) de novo transduction
of regenerated muscle by residual AAV vectors in the graft, (3) revertant ﬁbers, and (4) regeneration from AAV9 CRISPR-edited mdx
MuSCs. We excluded the ﬁrst possibility because none of the dystrophin-positive cells in the donor muscle can survive through the
necrotic process after grafting (Figure 1D). To determine whether
the residual AAV vector could make a difference, we quantiﬁed the
copy number of the gRNA and Cas9 vector genomes in the pre-graft
and regenerated graft (Figure 7). The AAV copy number in the pregraft was less than 40 and 60 vg/dc for the Cas9 and gRNA vector
genome, respectively (Figure 7A). AAV genomes in regenerated grafts
were less than 0.3 and 1.8 vg/dc for the Cas9 and gRNA vector
genome, respectively (Figure 7B). These numbers are signiﬁcantly
below the threshold required for effective transduction and gene editing (>232.5 vg/dc) (Figures 7C–7E).
Revertant ﬁbers are rarely occurring dystrophin-positive cells in
dystrophic muscle.56 The ability to generate revertant ﬁbers is an
inherent property of a sub-population of myogenic progenitor cells
in mdx muscle.57 These cells have a yet poorly understood but inheritable epigenetic mechanism that restores the open reading frame by
alternative splicing.57,58 To monitor the contribution of revertant ﬁbers, we grafted the age-matched untreated mdx TA muscle. There
were 1.4% ± 0.7% of revertant ﬁbers in the pre-graft (Figure 5C)
and 1.7% ± 1.2% in the regenerated graft (p > 0.05) (Figure 6B).
Clearly, the grafting process per se did not promote revertant ﬁber
formation. It is worth noting that dystrophin-positive revertant ﬁbers
never exceeded 3% in any graft regenerated from untreated control
muscle, whereas the average of dystrophin-positive cells in the graft
regenerated from AAV9-treated muscle reached 4.6% (Figure 6B).
Hence, a sub-population of dystrophin-positive cells seen in the
AAV9-treated graft must have come from transduced and edited
MuSCs. To further exclude the revertant ﬁbers as the sole contributor
of dystrophin-positive ﬁbers in the graft regenerated from AAV9treated muscle, we studied the correlation of dystrophin-positive cells
in the pre-graft and the regenerated graft. Because revertant ﬁbers
originate from a unique population of inherently marked stem
cells,57,58 the number of revertant ﬁber count before grafting should
correlate well with that after regeneration for the same muscle. We
observed an excellent correlation in grafts derived from untreated,
but not AAV9-treated, mice (Figure 6D). This piece of evidence
further supports the notion that AAV9 CRISPR vectors have transduced and edited MuSCs.
Our data suggest that transduction of MuSCs by AAV9 is responsible
for the nearly tripled number of dystrophin-positive cells in grafts
regenerated from CRISPR-treated mice (Figure 6B). To further
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corroborate our reasoning, we quantiﬁed the distribution pattern of
dystrophin-positive cells in the regenerated graft. There was no significant difference in the cluster formation between grafts regenerated
from untreated and CRISPR-treated mice (Figure 6C). For grafts
derived from untreated mdx mice, the distribution pattern reﬂects
the behavior of a special group of epigenetically imprinted
MuSCs.57,58 Similarly, for grafts derived from CRISPR-treated mdx
mice, the distribution pattern reﬂects the behavior of the edited
MuSCs.
To seek genetic evidence for MuSCs transduction and editing by
AAV9, we examined the pre-graft and regenerated graft for the modiﬁed genome (Figure 8). By PCR and sequencing analysis, we detected
the edited dystrophin gene only in grafts from AAV9 CRISPR-treated
mice. By Sanger sequencing, we found precise ligation of the predicted cut site in the gRNA target sites in 11 out of 12 clones obtained
from the pre-graft. Consistent with the ﬁnding in the pre-graft, we
also detected precise ligation in 13 out of 14 clones in the regenerated
graft (Figure 8D; Figure S5).
In this study, we have used two different gene-editing methods to
permanently mark AAV9-transduced MuSCs. Using the Cre method,
we observed highly efﬁcient MuSC transduction by AAV9, reaching
30%–60% (Figures 3 and 4). However, in our CRISPR study, we
merely detected 4.6% of dystrophin-positive myoﬁbers in the regenerated graft (Figure 6). Although extensive future studies are needed
to fully address the observed discrepancy, we suspect that it may likely
be because of the differences in the experimental setting such as the
delivery route, vector dose, gene-editing mechanism, health status
of the muscle, and the promoter that was used to drive expression.
The delivery route and vector dose are two known factors that affect
AAV transduction in vivo. In the Cre study, AAV9 was directly injected into the muscle. The injected viral vectors can immediately
start transducing muscle. In the CRISPR study, AAV9 was delivered
via the tail vein. AAV9 vectors have to get out from the vasculature
before they can transduce muscle.19 In the Cre study, 1  1011 vg
AAV particles were delivered to a single TA muscle (40 mg). This
is equal to a dose of 2.5  109 vg/mg. In the CRISPR study,
1  1013 vg of the Cas9 vector and 3  1013 vg of the gRNA vector
were co-injected to an adult mdx mouse (25 g) via the tail vein.
This is equal to a dose of 0.4  109 vg/mg for the Cas9 vector
and 1.2  109 vg/mg for the gRNA vector. The necessity to have
to overcome the vascular barrier and the lower relative vector dose
might have at least partially contributed to the low efﬁciency observed
in the CRISPR study.
The difference in the editing mechanisms between the Cre system and
the CRISPR system may have also played a role. For Cre editing to
occur, all that is required is to express the Cre recombinase from a single AAV vector. The Cre recombinase then catalyzes recombination
between two identical LoxP sites. For CRISPR editing, gene editing requires co-delivery of two different AAV vectors (AAV9.Cas9 and
AAV9.gRNA). Further, we have to cut the genome at two different lo-
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cations that share minimal homology and have different cutting efﬁciency (Figure 5B). Cutting at one location is not sufﬁcient to restore
dystrophin expression. Hence, the CRISPR editing strategy used in
this study is inherently more challenging than that of the Cre editing
strategy.
Cellular microenvironment has also been shown to profoundly inﬂuence AAV transduction efﬁciency. The Cre study was performed in
normal mice, whereas the CRISPR study was performed in dystrophic
mice. The ongoing degeneration and regeneration, inﬂammation, and
ﬁbrosis in mdx mice may positively or negatively inﬂuence MuSC
transduction by AAV9 and subsequent genome editing. Last, but
not least, the poor editing in the CRISPR study may be at least
partially accounted for by the promoter use. In the Cre study, Cre
and tdTomato were expressed from the CB and CAG promoter,
respectively. The CB promoter drives robust expression in mouse
stem cells.59 The CAG promoter is a potent promoter in Pax7+
MuSCs.60 In the CRISPR study, Cas9 was expressed from the cytomegalovirus (CMV) promoter, a promoter that is known to have
poor activity in stem cells.59
In summary, by combining muscle grafting with two different genetic
marking technologies (CRISPR and Cre), we demonstrated that
AAV9 can transduce MuSCs in adult mice by local or systemic delivery in three independent animal models (Ai14 mice, Pax7-ZsGreenAi14 mice, and mdx mice). The ﬁnding from systemic delivery in mdx
mice is especially signiﬁcant. With further optimization of the editing
machinery and/or gene delivery strategy (such as the expression of
Cas9 from a promoter that is highly active in MuSCs, the use of the
single gRNA editing approach, the package of Cas9 and gRNA in a
single AAV vector, and the delivery of CRISPR components with
alternative AAV capsids that are more potent in transducing MuSCs),
it is very likely that AAV-based MuSC editing may one day be used to
treat human patients.

MATERIALS AND METHODS
Experimental Animals

All animal experiments were approved by the institutional animal
care and use committee and were in accordance with NIH guidelines.
The strain, age, and sample size of experimental mice are summarized
in Table S1. BL10 (C57BL/10ScSnJ, stock number 000476),
Mdx (C57BL/10ScSn-Dmdmdx/J, stock number 0001801), mdx4cv
(B6Ros.Cg-Dmdmdx-4Cv/J, stock No. 002378), NOD (NOD/ShiLtJ,
stock No. 001976), NOD.GFP [NOD.FVB-Tg(CAG-luc,-GFP)
L2G85Chco/FathJ, stock No. 010542], NSG (NOD.Cg-Prkdcscid
Il2rgtm1Wjl/SzJ, stock No. 005557), NSG.GFP [NOD.Cg-Prkdcscid
Il2rgtm1Wjl Tg(CAG-EGFP)1Osb/SzJ, stock No. 021937], and
Ai14 [B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, stock No.
007908] mice were originally purchased from The Jackson Laboratory
(Bar Harbor, ME, USA).33–38,61,62 NSG.mdx4cv mice and Pax7ZsGreen mice were generously provided by Dr. Michael Kyba
(University of Minnesota) (notably, Pax7-ZsGreen mice are now
also available from The Jackson Laboratory; https://www.jax.org/
strain/029549).40,63 All experimental mice were generated in a speciﬁc
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pathogen-free barrier facility using breeders from The Jackson Laboratory or Dr. Michael Kyba’s laboratory.
A new mouse strain we named Pax7-ZsGreen-Ai14 mice was specifically generated for this study. Pax7-ZsGreen-Ai14 mice were Ai14
homozygous and Pax7-ZsGreen heterozygous. These mice were
generated in two steps. First, we generated Pax7-ZsGreen heterozygous and Ai14 heterozygous mice by crossing Ai14 mice with
Pax7-ZsGreen mice. Next, we crossed Pax7-ZsGreen/Ai14 doubleheterozygous mice with Ai14 homozygous mice. Pax7-ZsGreenAi14 mice were identiﬁed by PCR using protocols described at
The Jackson Laboratory website (https://www.jax.org/jax-mice-andservices/customer-support/technical-support/genotyping-resources).
All experimental mice were maintained in a speciﬁc pathogen-free
animal care facility on a 12-h light (25 lux) and 12-h dark cycle
with access to food and water ad libitum. Unless speciﬁed, both
male and female mice were used in the study.
Recombinant AAV9 Vector Production, Purification, and Delivery

The cis plasmids pCre, pTRSaCas9, and pTRgRNAs were published
before.8,64 The pCre plasmid is a generous gift of Dr. Weidong Xiao
(Temple University).64 In pCre, the Cre recombinase gene was expressed from the CB promoter.64,65 In pTRSaCas9, the Staphylococcus
aureus Cas9 cDNA was expressed from the CMV promoter. In
pTRgRNAs, the gRNAs targeting introns 22 and 23 were expressed
from the U6 promoter. The AAV9 packaging plasmid was a generous
gift of Dr. James Wilson (University of Pennsylvania).66 The AAV
was packaged in AAV9 using the triple-plasmid transient transfection
method and puriﬁed through three rounds of cesium chloride ultracentrifugation according to our published protocol.67 Viral titer was
determined using the Fast SYBR Green Master Mix kit (Bio-Rad,
Hercules, CA, USA) by quantitative real-time PCR in an ABI 7900
HT qPCR machine (Applied Biosystems, Foster City, CA, USA).
For AAV9.Cre local injection experiments, 1  1011 vg particles of
AAV were injected to a TA muscle in a ﬁnal volume of 50 mL using
a 31G Hamilton syringe (Figures 2 and 3). For systemic delivery
of the CRISPR vectors (Figure 5), AAV was delivered through the
tail vein over a period of 60 s in a ﬁnal volume of 500 mL/mouse
at the dose of 1  1013 vg/mouse for the SaCas9 vector and
3  1013 vg/mouse for the gRNA vector. For local injection of the
CRISPR vectors, various doses of gRNA and SaCas9 vector (Figures
7C–7E) were combined in a ﬁnal volume of 50 mL and injected into
the TA muscle using a 31G Hamilton syringe.

with the longest length being 7.4 mm.70–72 In our calculation, we used
the high-end number for both the myonuclei density (77 nuclei/mm)
and the myoﬁber length (7.4 mm). The total myonuclei number in the
TA muscle was calculated by multiplying the total myonuclei number
per myoﬁber with the total myoﬁber number in the TA muscle. The
average number of ﬁbers per TA cross-section was 1,790 ± 380. This
calculation yielded 1,075,074 nuclei per TA muscle. This number was
subsequently used to determine the quotient for each dose of vector
genomes (Figures 7D and 7E).
Free Muscle Graft

All of the materials and instruments used in surgery were sterilized
either by autoclave or gas sterilization. Mice were given 3 mg/g
body weight Banamine subcutaneously for pre-operative pain management. Anesthesia was induced with 3%–5% isoﬂurane and maintained with 1%–2% isoﬂurane. The hair from the hind limbs was
removed with Nair. The skin was prepped with chlorhexidine solution and then allowed to air-dry. The TA muscle from the donor
mouse was carefully dissected out under sterile condition and stored
in muscle graft media (DMEM with high glucose, 10% fetal bovine
serum, 110 mg/mL sodium pyruvate, and 1% penicillin and streptomycin) on ice.
Free muscle grafts were performed according to our published protocol (Figure 1A).73 In brief, a single vertical incision was made extending from the knee to the ankle overlying the TA muscle. The fascia
covering the TA muscle was removed carefully to avoid damaging
any neurovasculature. The distal tendon of the TA muscle was cut
and the muscle was resected. The distal tendon of the EDL muscle
was then identiﬁed, cut, and reﬂected. The proximal attachments of
the TA and EDL muscles were cut following the contours of the tibia,
and the entire muscles were removed. The proximal and distal tendons of the peroneus longus muscle were identiﬁed. A suture loop
was placed around the tendon at these locations using a 4-0 polypropylene suture. The donor muscle was then placed into the empty TA
compartment and sutured into place using the loops attached to
the adjacent peroneus longus muscle. No neurorrhaphy or reanastomosis was performed. The skin overlying the muscle was closed
with surgical glue and staples. Anesthesia was discontinued, and the
mouse was observed until awake and moving. Mice were given
3 mg/g body weight Banamine subcutaneously for post-operative
pain management.
Tissue Harvest and Morphology Studies

Total TA Myonuclei Estimation

For local muscle injection, the AAV dose (vg/dc) was determined by
dividing the total amount of vg particles delivered per muscle with the
total myonuclei number in the TA muscle. To calculate the total
myonuclei number in the TA muscle, we ﬁrst calculate the total
myonuclei number in a single myoﬁber by multiplying the myonuclei
density (number of myonuclei per mm length) with the ﬁber length
(mm) according to published data. Speciﬁcally, the myonuclei density
was reported to range from 30 to 77 nuclei/mm.68,69 The TA muscle
ﬁber length was reported to range from 5.28 ± 0.96 to 7.2 ± 0.2 mm

Mice were euthanized at the end of the study, and muscle tissues were
carefully dissected out and ﬂash frozen in optimal cutting temperature compound (OCT) (Sakura Finetek, Torrance, CA, USA) in liquid
nitrogen-cooled isopentane and then stored at 80 C until use. Tenmicron cryosections were sectioned from OCT embedded tissue
samples and used for staining. General muscle histopathology was revealed with H&E staining. Dystrophin expression was evaluated by
immunoﬂuorescence staining using a monoclonal antibody against
the C-terminal domain of the protein (1:20, VP-D505; Vector
Laboratories, Burlingame, CA, USA) according to our published
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protocol.74 Laminin was detected using a rabbit polyclonal antibody
(1:200, L9393; Sigma, St. Louis, MO, USA) according to our published
protocol.75
For experiments involving NOD.GFP mice, NSG.GFP mice, Ai14
mice, and Pax7-ZsGreen-Ai14 mice, freshly dissected muscle was
immediately ﬁxed in 4% paraformaldehyde overnight at 4 C and
then cryo-protected in 30% (w/v) sucrose for 6 h prior to embedding
in the OCT medium. GFP, tdTomato, and ZsGreen signals were visualized directly under a ﬂuorescence microscope. For experiments
involving NOD.GFP (Figures 2A–2C; Figure S1) and Ai14 mice (Figure 3), Pax7 was detected by immunoﬂuorescence staining with a rabbit polyclonal antibody (1:50, ab187339; Abcam, Cambridge, UK),
and PDGFRa was detected by immunoﬂuorescence staining with a
rabbit polyclonal antibody (1:100, catalog no. ABIN790499; Antibodies Online, Atlanta, GA, USA). Speciﬁcally, 10-mm sections
were ﬁxed with 4% paraformaldehyde in PBS for 20 min, then permeabilized in 0.5% Triton X-100 (Sigma, St. Louis, MO, USA) diluted
in PBS followed by blocking in 10% fetal bovine serum (Deﬁned;
Thermo Fisher Scientiﬁc, Waltham, MA, USA), 0.1% Triton X-100
in PBS. The primary antibody was then added at the speciﬁed dilution
and incubated overnight at 4 C. To reduce background staining, we
incubated sections with homemade anti-mouse fragment antigen
binding, constant region (FAB-c) diluted 1:1 in PBS prior to blocking.
The secondary antibody (goat anti-rabbit IgG Alexa Fluor 488 or goat
anti-mouse IgG Alexa Fluor 594 from Thermo Fisher Scientiﬁc, Waltham, MA, USA) was used at 1:100 dilution and was incubated at
room temperature for 1 h. Slides were mounted in Citiﬂuor (Citiﬂuor,
Hatﬁeld, PA, USA). All images were captured using a Nikon Eclipse
E800 ﬂuorescence microscope equipped with a Leica DFC7000T camera and the LAS version 4.9 acquisition software (Leica Biosystems,
Wetzlar, Germany).
For morphometric quantiﬁcation, 10 images were stitched using
the merging and stitching plugins in the NIH ImageJ software
(version 1.48b) or the LAS Version 4.9 software (Leica Biosystems,
Wetzlar, Germany). All myoﬁbers in the entire cryosection were
quantiﬁed.
PCR and Sequencing

Genomic DNA was extracted from OCT embedded samples using
genomic DNA prep buffer (50 mM Tris [pH 8.0], 100 mM ethylenediaminetetraacetic acid, 100 mM NaCl, 1% SDS, and Proteinase K
0.5 mg/mL) overnight at 55 C. The solution was ﬂocculated with
6 M NaCl and DNA precipitate by isopropanol. Genomic PCR was
performed as previously published.8 In brief, a forward primer
(50 TTTGTTGATTCTAAAAATCCCATGTTG 30 ) in intron 22 and
reverse primer (50 GGACTGAAGAACTTGGAGAAGGA 30 ) in
intron 23 were used to amplify a fragment spanning exon 23. For
PCR, 100 ng of the template DNA was ampliﬁed with Q5 High Fidelity polymerase (New England Biolabs, Ipswich, MA, USA) using the
following cycling conditions: 92 C for 3 min, 35 cycles at 92 C for
20 s, 60 C or 62.5 C for 20 s, 72 C for 2 min, and ﬁnal extension
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at 72 C for 10 min. For nested PCR, 10 mL of the ﬁrst-round PCR
product was mixed with nested forward primer (50 -ATGTCTTAA
TAATGTTTCACTGTAGG-30 ), nested reverse primer (50 - AAA
GGAAGATGGTACAGTGTTAGGG-30 ), deoxyribonucleotide triphosphates (dNTPs), and Q5 High Fidelity Taq polymerase. The
following cycling conditions were used for nested PCR: 92 C for
3 min, 35 cycles at 92 C for 20 s, 60 C for 20 s, 72 C for 15 s, and ﬁnal
extension at 72 C for 10 min. The PCR product was electrophoresed
on a 1% agarose gel. Gel images were captured using a Li-Cor Odyssey
Fc imaging system (Li-Cor Biosciences, Lincoln, NE, USA).
Excision of exon 23 and ﬂanking intronic sequence by CRISPR resulted in an 470-bp PCR product. This PCR product from nested
PCR was gel extracted and blunted using PFUultraII polymerase
(Agilent Biosciences, Santa Clara, CA, USA). Blunted PCR products
were cloned to a sequencing plasmid pCR using the Zero Blunt
pCR cloning kit (Thermo Fisher Scientiﬁc, Waltham, MA, USA).
Cloned plasmids were transformed to competent E. coli. Isolated
clones were randomly selected for plasmid preparation. Sanger
sequencing was performed using forward and reverse primers in
nested PCR. Raw chromatograms were visualized using SnapGene
software (version 3.0.3; GSL Biotech).
gRNA and Cas9 Vector Genome Determination

Genomic DNA extracted from OCT embedded tissue was puriﬁed
and diluted to 0.5 ng/mL following DNA concentration determination
using the Qubit dsDNA high-sensitivity assay kit (Thermo Fisher
Scientiﬁc, Waltham, MA, USA). Vector genome copy number relative
to diploid genomic DNA was determined using a TaqMan PCR
assay with TaqMan Universal PCR master mix (Thermo Fisher
Scientiﬁc, Waltham, MA, USA). Primers and probes for detecting the
SaCas9 vector were 50 -CGCACAGAAGATGATCAATGAGATG-30
(forward primer), 50 -TTCGGATAATCTCTTCAATGCGTTCA-30
(reverse primer), and 50 -TTGGTCTGCCGGTTTC-30 (probe). Primers
and probes for detecting the gRNA vector were 50 -GAGCGCACCA
TCTTCTTCAAG-30 (forward primer), 50 -TGTCGCCCTCGAACTT
CAC-30 (reverse primer), and 50 -ACGACGGCAACTACA-30 (probe).
Cycle parameters were as follows: 95 C for 10 min followed by 40 cycles
of 95 C for 15 s, 60 C for 1 min. The copy number was determined
quantitatively by comparing the threshold value with a copy number
standard curve derived from known amounts of the cis plasmid.
Statistical Analysis

Data are presented as mean ± SD. Statistical analysis was performed
using GraphPad Prism V7 (GraphPad Software, La Jolla, CA, USA).
The normality of data distribution was tested with the Shapiro-Wilk
normality test. Statistical signiﬁcance was determined using an unpaired Student’s t test with or without a Welch correction depending
on the SD. In the case of unequal variance, a Mann-Whitney U test
was used. A p < 0.05 was considered statistically signiﬁcant.
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