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Gene therapy and antisense approaches hold promise for the
treatment of Duchenne muscular dystrophy (DMD). The
advantages of both therapeutic strategies can be combined by
vectorizing antisense sequences into an adeno-associated virus
(AAV) vector. We previously reported the efficacy of AAV-U7
small nuclear RNA (U7snRNA)-mediated exon skipping in the
mdx mouse, the dys�/utr� mouse, and the golden retriever
muscular dystrophy (GRMD) dog model. In this study, we
examined the therapeutic potential of an AAV-U7snRNA tar-
geting the human DMD exon 51, which could be applicable
to 13% of DMD patients. A single injection of AAV9-U7
exon 51 (U7ex51) induces widespread and sustained levels of
exon 51 skipping, leading to significant restoration of dystro-
phin and improvement of the dystrophic phenotype in the
mdx52 mouse. However, levels of dystrophin re-expression
are lower than the skipping levels, in contrast with previously
reported results in the mdx mouse, suggesting that efficacy of
exon skipping may vary depending on the targeted exon. Addi-
tionally, while low levels of exon skipping were measured in the
brain, the dystrophin protein could not be detected, in line with
a lack of improvement of their abnormal behavioral fear
response. These results thus confirm the high therapeutic po-
tential of the AAV-mediated exon-skipping approach, yet the
apparent discrepancies between exon skipping and protein
restoration levels suggest some limitations of this experimental
model.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is a neuromuscular disorder
that affects 1 out of 5,000 live male births and is caused by mutations
in the dystrophin (DMD) gene. Most mutations cause a disruption of
the reading frame, leading to the absence of the dystrophin protein at
the sarcolemma of muscle fibers, thus resulting in progressive muscle
weakness. One of the most promising therapeutic strategies for DMD
aims to transform an out-of-frame mutation into an in-frame muta-
tion. This would give rise to an internally truncated but still functional
protein, as observed in Becker muscular dystrophy (BMD), in which
in-frame mutations may lead to a milder phenotype.1,2 This so-called
exon-skipping strategy can be achieved using antisense oligonucleo-
tides (ASOs) that interfere with splicing signals or regulating elements
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in the exon, thus leading to the skipping of the targeted exon at the
precursor (pre-)mRNA level.3–6 The applicability of ASO-based ther-
apies has now been demonstrated in clinical trials using different
chemistries of ASOs targeting the human dystrophin exon 51 in
DMD patients. In September 2016, eteplirsen, a phosphorodiamidate
morpholino oligomer (PMO) developed by Sarepta Therapeutics, was
approved by the US Food and Drug Administration (FDA), although
additional trials were requested to establish the clinical benefit.7

Recently, gene therapy approaches using adeno-associated virus
(AAV) encoding microdystrophin genes have also gained increasing
attention. Following many encouraging preclinical studies in mice
and dogs,8,9 several clinical trials have been launched to evaluate
this strategy in the clinic. In March 2019, 9 months into their phase
1/2 study, Sarepta Therapeutics announced very encouraging results
on four DMD patients treated with AAVrh74.MHCK7.microdystro-
phin, showing approximately 80% dystrophin-positive fibers.10

Both exon-skipping and gene therapy approaches face distinct chal-
lenges such as poor cellular uptake and rapid clearance from the cir-
culation for ASOs, which therefore require repeated administrations.
Alternatively, AAV-mediated gene therapy is limited by the vector
packaging capacity, imposing a much shorter dystrophin (micrody-
strophin) than the potential dystrophin resulting from exon skipping.

Advantages of these two therapeutic approaches can successfully be
combined through the use of AAV-U7 small nuclear RNA
(U7snRNA): antisense sequences can be delivered to cells using viral
vectors carrying a gene, such as the modified U7snRNA gene, from
which the antisense sequence is transcribed.11 U7snRNA is normally
involved in histone pre-mRNA 30 end processing, but it can be con-
verted into a versatile tool for splicing modulation following a small
change in the binding site for Sm/Sm-like (Lsm) proteins.12 This
strategy protects the antisense sequence from degradation, as the
linical Development Vol. 17 June 2020 ª 2020 The Author(s). 1037
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Figure 1. Selection of AAV9-U7snRNA Construct

(A) Representation of the different U7snRNAs and their

target on the dystrophin pre-mRNA. (B) Structure of the

AAV vectors encoding the different U7snRNA cassettes.

The U7snRNA cassette is inserted between the two in-

verted terminal repeats (ITRs) and is composed of the

engineered U7snRNA sequence (gray box) carrying

different antisense sequences, placed under the control

of its natural U7 promoter (hatched box) and 30 down-
stream elements (white box). (C) Two different AAV9-

U7snRNA constructs (ex51 long1 and dtex51) were in-

jected intramuscularly in the tibialis anterior (TA) ofmdx52

mice (6E+10 vg/TA). 3 weeks after AAV9-U7 injection,

mice were sacrificed and the exon 51 skipping level was

evaluated by nested RT-PCR (top) and qRT-PCR (bot-

tom). Results are expressed as mean ± SEM (n = 3 TAs/

condition).
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ASO is embedded into a small-nuclear ribonucleoprotein particle,
and allows its accumulation in the nucleus where the splicing occurs.
We have previously demonstrated the therapeutic potential of AAV-
mediated exon skipping in mouse models of DMD,11,13,14 as well as in
the golden retriever muscular dystrophy (GRMD) dog model.15

Recently, Audentes Therapeutics has announced the expansion of
their AAV technology platform to include AAV-mediated exon-skip-
ping approaches. In collaboration with Nationwide Children’s Hospi-
tal, Audentes is developing AT702, an AAV-U7snRNA designed to
induce exon 2 skipping for the treatment of DMD patients with du-
plications in exon 2 and mutations in exons 1–5 of the dystrophin
gene and is expected to commence a phase 1/2 study in 2020.10

Considering that 13% of DMD patients are eligible for exon 51 skip-
ping,16 it is of interest to develop AAV-U7snRNA targeting exon 51
and evaluate its therapeutic potential following systemic delivery in a
DMD mouse model. In this study, we evaluated the ability of an
AAV9 (AAV serotype 9)-U7 exon 51 (U7ex51) vector to induce
exon 51 skipping and to restore expression of the full-length dystro-
phin (Dp427) in the exon 52-deficientmdxmouse model (mdx52), in
which exon 52 has been deleted by gene targeting, thus causing a
rupture of the reading frame and the absence of the protein.17 In
the present study, we show that AAV9-U7ex51 induces widespread
and sustained levels of exon 51 skipping, leading to significant resto-
ration of dystrophin and improvement of the dystrophic phenotype
after systemic delivery. Considering that AAV9 vectors are able to
cross the blood-brain barrier (BBB) when administered intravenously
(i.v.),18 we also investigated the impact of AAV9-U7ex51 on brain
dystrophin expression and mouse behavior. While low levels of
exon 51 skipping were measured, brain dystrophin expression could
not be detected, in line with the lack of behavioral improvement. Alto-
gether these results confirm the therapeutic potential of the AAV-
mediated exon-skipping approach but also highlight some limitation
of the mdx52 mouse model.
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RESULTS
Validation of the U7snRNA Construct in mdx52 Mice by

Intramuscular Injection

Two different U7snRNA constructs were engineered to target exon 51
of the human dystrophin mRNA: U7-dtex51,14 containing two anti-
sense sequences targeting internal regions of exon 51, and U7-ex51
long1, containing a single but longer antisense sequence targeting
region +59 +103 of exon 51 (Figure 1A; Table 1). Both constructs
were shown to efficiently skip the human DMD exon 51 in vitro in
the human muscle cell line CHQ and in vivo following intramuscular
injection in the tibialis anterior (TA) muscle of the humanized DMD
(hDMD) mouse model (Figures S1A and S1B). In contrast with the
hDMD mouse model carrying the entire human DMD gene,19,20

the mdx52 mouse model was engineered directly on the murine
DMD gene.17 The antisense sequences of the U7snRNA constructs,
designed to target specifically the human DMD exon 51, therefore
present a few mismatches with the mouse exon 51: two mismatches
out of 45 bases for U7-ex51 long1 (95.5% homology), and four mis-
matches out of 43 bases for U7-dtex51 (90.7% homology) (Table 1).
Thus, it was important to select which of the U7 constructs skips
the murine exon 51 most effectively. Both constructs were therefore
introduced into distinct AAV9 viral vectors for in vivo evaluation
(Figure 1B) following intramuscular injections in the TA muscle of
mdx52 mice. Analyses of exon 51 skipping level 3 weeks after
AAV9-U7 injection showed a higher potency of the U7-ex51 long1
construct than the U7-dtex51 to skip the murine exon 51 (Figure 1C).
These results are consistent with the number of mismatches, since
U7-ex51 long1 is the construct with fewer mismatches. We therefore
selected the AAV9-ex51 long1 construct for the next in vivo evalua-
tion in mdx52 mice.

AAV9-ex51 Induces Widespread Exon 51 Skipping and

Dystrophin Restoration in mdx52 Mice

mdx52 mice were injected i.v. with 3E+13 vector genomes (vg) of
AAV9-ex51 long1 (referred to as AAV9-ex51 hereafter). A first group
2020



Table 1. Antisense Sequences Inserted into U7snRNA Constructs

Targeting the Human DMD Exon 51

Name
Target Region
in Exon 51 Antisense Sequences

U7-ex51 long1 +59+103
50-GCAGGTACCTCCAACATCAAGGAAG
ATGGCATTTCTAGTTTGGAG-30

U7-dtex51
(+68+87)/
(+160+182)

50-CCTCTGTGATTTTATAACTTGAT/TCA
AGGAAGATGGCATTTCT-30

U7-ex51 long1 targets region +59+103 of the human DMD exon 51 and U7-dtex51 tar-
gets 2 regions (+68+87 and +160+182). Underlined nucleotides represent the location of
mismatches with the mouse exon 51.
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of mice was analyzed 8 weeks post-injection to evaluate both exon 51
skipping level and dystrophin protein restoration. TheRT-PCR results
presented in Figure 2A shows a skipped 51 product in all analyzed tis-
sues. Quantification of exon 51 skipping (Figure 2A, bottom) revealed
a significant level of skipping in skeletal muscles (40%–76% of total
dystrophin mRNA level) and an average of 18% of skipping across
the stomach, duodenum, and ileum smooth muscles. High levels of
skipping were particularly found in the heart (90%), which is consis-
tent with the known efficacy of AAV9 in cardiac muscle.21

We then analyzed the levels of dystrophin protein re-expression in the
different muscles by western blot (Figure 2B). Significant amounts of
dystrophin protein were detected in all samples, albeit at relatively
lower levels compared with the level of exon 51-skipped mRNA: pro-
tein re-expression in skeletal muscles ranged from 10% to 25%,
whereas levels of skipping ranged from 40% to 76% in the qRT-
PCR analysis. Likewise, only 22% of dystrophin protein was quanti-
fied in the heart compared to 90% of exon 51 skipping.

Immunostainings were also performed in muscle sections from the
TA, triceps, diaphragm, and heart from wild-type (WT), mdx52 con-
trol mice, and AAV9-ex51-treated mice to determine the localization
and distribution of the muscle dystrophin protein (Figure 2C). InWT
mice, dystrophin was localized at the sarcolemma of all muscle fibers,
whereas dystrophin expression was absent in tissues from mdx52
mice, except for a few revertant fibers as previously reported.17 Eight
weeks after the i.v. injection of AAV9-ex51, we found about 50%–60%
of dystrophin-positive fibers in the different muscles, although most
of them expressed a weaker dystrophin signal as compared with WT
muscle sections. This was particularly true in the heart, where the in-
tensity of the signal clearly appears lower but where most of the fibers
were dystrophin positive.

Interestingly, a difference between skipped mRNA and protein levels
was also observed in vitro in human DMD myoblasts carrying a
similar deletion of exon 52 and transduced with AAV-U7ex51 vector
(98% of exon 51 skipping gave rise to 47% of dystrophin restoration,
Figure S2).

To evaluate the functional outcome of the restored dystrophin pro-
tein, we tested the performance of treated mice in the rotarod test.
Molecula
It has previously been described that mdx52mice display lower mus-
cle strength than do WT mice, by measuring their specific force, grip
power, and running capacities.22 In this study, we report that mdx52
mice have a clear motor deficit in the rotarod test. Indeed, mdx52
mice had unaffected equilibrium on the immobile rod (session 1)
and could walk as well as WT mice when the rod rotated at a low
(4 rpm) and constant speed (session 2). However, mdx52 mice fell
off rapidly compared to WT mice when they had to walk on the
rotating rod during a progressive acceleration phase (from 4 to
40 rpm in 5 min) in session 3 of this test (fall latency of 116.7 ±

12.09 s inmdx52 and 196.1 ± 13.47 s in WT mice, p = 0.0002), which
confirms a significantly reduced muscle strength inmdx52mice (Fig-
ure 2D). In contrast, AAV9-ex51-treated mdx52 mice performed as
well as theWTmice (fall latency of 199 ± 20.62 s, p = 0.7427), demon-
strating a significant improvement of muscle function (Figure 2D).

AAV9-ex51 Induces Exon 51 Skipping in the Brain

Considering that AAV9 is known to cross the blood-brain barrier
(BBB), albeit in low quantities,18 we also quantified the level of
exon skipping and dystrophin protein expression in brain after
AAV9-ex51 injection, more specifically in the cortex, cerebellum,
and hippocampus. The RT-PCR results (Figure 3A) reveal the pres-
ence of a skipped product in these three brain structures. The qRT-
PCR quantification (Figure 3B) detected 4.3%, 4.2%, and 6.7% of
exon 51 skipping in the cortex, cerebellum, and hippocampus, respec-
tively, thus confirming the ability of our AAV9 vector to cross the
BBB. However, dystrophin protein restoration could not be detected
either by western blot (Figure 3C) or immunohistochemistry (Fig-
ure S3) in these brain structures.

Moreover, we also investigated the fear response, an emotional
response that is known to be drastically enhanced in the classical
mdxmouse lacking the brain full-length dystrophin due to a nonsense
mutation in exon 23.23,24 This robust phenotype is thought to reflect
an enhancement of defensive behavior in response to a threat due to
altered function of the fear circuit, independently from motor, respi-
ratory, or cardiac defects.23,25 This specific phenotype is characterized
inmice bymeasuring the duration of their tonic immobility (freezing)
in response to a restraint-induced mild stress. In this study, the mice
were submitted to a brief (10-s) restraint and then released in a cage,
and their activity was monitored for 5 min. In response to this acute
mild stress, the mdx52 mice spent about 85% of their time freezing,
while a baseline immobility level of only 22% was measured in the
WTmice (Figure 3D). These results indicate thatmdx52mice display
the same emotional disturbance as domdxmice. However, when this
was tested inmdx52mice treated with the AAV9-ex51 vector, we did
not detect any significant improvement as compared with the control
mdx52 mice, suggesting that the treatment did not have the capacity
to compensate for this brain-dependent abnormal behavior
(Figure 3D).

Long-Lasting Effect of the AAV9-ex51 Vector

In order to evaluate the long-lasting effect of the AAV9-ex51 treat-
ment, we analyzed a second group of mice 6 months after AAV
r Therapy: Methods & Clinical Development Vol. 17 June 2020 1039
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Figure 2. AAV9-ex51 Induces Dystrophin

Restoration and Functional Improvement 8 Weeks

after Injection

(A) Visualization and quantification of exon 51 skipping

level inmdx52muscles by nested RT-PCR (top) and qRT-

PCR (bottom) (n = 3 mice). (B) Detection of dystrophin

restoration in skeletal muscles by western blot compared

to control (PBS)mdx52mice (0%) and WT mice. 20 mg of

total proteins was loaded for all samples, with amounts of

WT tissues ranging from 10% to 60% for the WT control.

Quantification using Empiria Studio (LI-COR Biosciences)

reveals 9%–25% of restored dystrophin across the

various muscles (n = 3 mice). (C) Immunostaining of

dystrophin in WT, mdx52 PBS, and AAV9-ex51-treated

mice. Scale bars, 100 mm. TA, tibialis anterior; Gas,

gastrocnemius; Quad, quadriceps; Tri, triceps; Bi, biceps;

Dia, diaphragm; ST, stomach; Duo, duodenum; ILE,

ileum. (D) Fall latency during the acceleration phase on the

rotating rod (session 3) in the rotarod test (WT, n = 11;

mdx52 PBS, n = 12; AAV9-ex51, n = 5). Results are ex-

pressed as mean ± SEM. **p < 0.01 (Mann-Whitney U

tests).
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injection. The RT-PCR results in Figure 4A demonstrate the presence
of the exon 51-skipped product in all analyzed skeletal muscle sam-
ples, smooth muscles, and brain structures. qRT-PCR quantification
revealed high levels of exon 51 skipping, with an average of about 60%
in skeletal muscles, as well as in heart (90%) and smooth muscles
(20%). These levels of skipping were not statistically different from
those measured 8 weeks after the injection. Low levels of exon 51 skip-
ping were also detected in the brain structures by both RT-PCR and
qPCR (Figure 4A). However, again, the brain dystrophin protein was
not detectable in these samples (Figure S3) and the enhanced fear
phenotype was still not improved by the treatment (Figure S4). In
the skeletal muscles and heart, however, dystrophin expression was
readily detectable by western blot (Figure 4B) and immunohisto-
chemistry (Figure 4C). Overall dystrophin restoration measured
1040 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
across the different muscles 6 months after the
AAV injection was similar (not statistically
different) to that observed after 8 weeks, con-
firming the sustained effect of the treatment.

The functionality of the restored dystrophin
was assessed 6 months after the injection using
different motor tests. Mice were first placed on
an inverted grid for 120 s and their fall latency
was recorded (Figure 5A). While WT mice
spent the entire time gripped to the grid,
mdx52 mice rapidly fell off (about 2 s after the
beginning of the test). After AAV9-ex51 injec-
tion, mdx52 mice performed similarly to WT
mice, and a maximal fall latency of 120 s was re-
corded in all of them (hence the absence of SEM
for WT and treated mdx52 histogram bars).
When mice had to grip a wire with their fore-
limbs (Figure 5B), control mdx52 mice could not sustain their grip
and fell off more rapidly than did WT mice and AAV9-ex51-treated
mice, about 2 s after the beginning of the test. In the wire suspension
test mice may also express a traction reflex, allowing them to grip the
wire with at least one of their hindpaws. This performance was also
analyzed using a scoring method as described in Figure S5.26

mdx52 mice tried to execute tractions but did not succeed, demon-
strating a lack of strength in their forelimbs as reflected by their
low score in this analysis. In contrast, both WT and AAV9-ex51-
treatedmdx52mice were able to execute tractions and reached higher
scores, as most of them could hang onto the wire with the forepaws
and even move along the wire in at least some of the three successive
trials, thus demonstrating a strong improvement of muscle strength
in treated mdx52 mice.



Figure 3. AAV9-ex51 Induces Exon 51 Skipping in

the Brain

(A) Visualization of exon 51 skipping in the cortex, cere-

bellum, and hippocampus of AAV9-Ex51-treated mdx52

mice compared with mdx52 PBS mice by nested RT-

PCR. (B) Quantification of exon 51 skipping level inmdx52

mouse brain by qRT-PCR 8 weeks after AAV9-ex51 in-

jection (n = 3mice). (C) Detection of dystrophin restoration

in brain (cerebellum) by western blot compared tomdx52

mice (0%) and WT mice. 20 mg of total proteins was

loaded for all samples, with amounts of WT tissues

ranging from 3.3% to 9.9% for the WT control. No dys-

trophin can be detected in treated mice (n = 3 mice). See

the same results for cortex and hippocampus in Fig-

ure S2. (D) Freezing response: mdx52 mice were mildly

stressed by a 10-s restraint and then released in a cage to

measure their fear response characterized by tonic

immobility (freezing behavior) for 5 min. WT mice only

showed freezing during about 20% of the 5-min testing

period, while freezing amount in control mdx52 mice

reached 80%, thus reflecting their abnormally enhanced fear response. No improvement was observed in mdx52 mice treated with the AAV9-ex51 vector (WT, n = 5;

mdx52 PBS, n = 6; AAV9-ex51, n = 6). Results are expressed as mean ± SEM. **p < 0.01 (Mann-Whitney U tests).

www.moleculartherapy.org
The treatment effect was also evaluated through the measurement of
myomesin-3 (MYOM3) levels in the serum of treated mice. As previ-
ously described, MYOM3 is present in sera from DMD patients and
some animal models of DMD and is substantially decreased after dys-
trophin and muscle restoration, making MYOM3 a promising
biomarker for monitoring therapeutic outcomes in DMD.27 Our re-
sults confirm that MYOM3 levels are elevated in the serum of control
mdx52 mice and are significantly decreased in AAV9-ex51-treated
mice at both time points (8 weeks and 6 months) (Figure 5C). We
also confirmed that MYOM3 levels are more reliable than creatine ki-
nase (CK) levels, as exemplified in Figure 5D where levels of CK were
only slightly lower 8 weeks and 6 months after AAV9-ex51 treatment
but not statistically different from control mdx52 mice (PBS).

Finally, levels of serum urea, creatinine, albumin, alkaline phospha-
tase (ALP), bilirubin, and transaminases (alanine aminotransferase
[ALT] and aspartate aminotransferase [AST]) were measured 8 weeks
and 6 months after AAV9-ex51 injection (Figure 5D), and no signif-
icant increase in those levels were observed, suggesting an absence of
toxicity of the treatment.

DISCUSSION
In this study, we demonstrate widespread and high levels of exon 51
skipping leading to sustained restoration of muscle dystrophin in the
mdx52 model following a single injection of the AAV9-U7ex51 vec-
tor, confirming the therapeutic potential of the AAV-mediated
exon skipping approach. mdx52 mice were injected with a relatively
high dose of vector (3E+13 vg of AAV9-ex51) since one of the objec-
tives was actually to reach substantial levels of skipping in order to
investigate the resulting levels of protein restoration and potential
therapeutic benefit in mdx52 mice. It cannot be excluded that lower
doses of AAV vector encoding a U7-ex51 specific to the mouse
exon 51 would induce a similar effect, but the goal here was not to
Molecula
determine the dose/efficiency relationship but rather to evaluate the
skipping/protein relationship. Surprisingly, while the levels of exon
51 skipping were high in skeletal muscles (from 40% to 76%) and
even higher in heart (90%), the levels of dystrophin protein restora-
tion were lower, ranging between 10% and 25%, which represents
on average a 4-fold discrepancy between skipped mRNA and protein
levels. In contrast, previous studies in the original mdx mouse model
carrying a nonsense mutation in exon 23 have shown a rather good
correlation between exon 23 skipping and dystrophin restoration,
regardless of the skipping approach (ASO or AAV-U7 based).13,28

In line with our present results, previous work investigating exon
51 skipping induced by ASOs in the mdx52 model also revealed
some discrepancies between exon skipping and dystrophin restora-
tion levels.22 Aoki et al.22 even had to use a combination of two
ASOs to skip the exon 51 efficiently enough (30%–70%) to allow dys-
trophin restoration in the range of 10%–30%. In their discussion, the
authors commented that the ASO therapeutic dose for exon 51 skip-
ping in themdx52mice (320 mg/kg/dose to reach 20% of dystrophin)
was approximately 4-fold higher than doses required for exon 23
skipping in the mdx mouse (approximately 80 mg/kg/dose). This
highlights a difference between exons, which is important to consider
when taking these approaches to the clinic. However, the difference
observed between the two models lies more in the protein levels
than the skipping levels. The exon 51 skipping levels that we report
herein following AAV9-ex51 injection are particularly high and not
significantly different from exon 23 skipping levels previously ob-
tained using a similar dose of AAV9-ex23.13 Nonetheless, this trans-
lates into lower levels of dystrophin restoration than those reported
after exon 23 skipping.13 This difference could be due to a defect in
protein translation from the exon 51-skipped mRNA or to a differ-
ence in DMD mRNA levels between the classical mdx and mdx52
models. DMD transcript imbalance between 50 and 30 was previously
described and shown to influence dystrophin levels.29 A detailed
r Therapy: Methods & Clinical Development Vol. 17 June 2020 1041
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Figure 4. AAV9-ex51 Injection Induces Long-Term

Exon 51 Skipping and Dystrophin Restoration

(A) Visualization and quantification of exon 51 skipping

level in mice tissues by nested RT-PCR (top) and qRT-

PCR (bottom) (n = 3 mice/group). Levels of exon 51

skipping are not significantly different 6 months after

AAV9-ex51 long1 injection compared to 8 weeks. (B)

Detection of dystrophin restoration in skeletal muscles by

western blot compared to mdx52 mice (0%) and WT

mice. 20 mg of total proteins was loaded for all samples,

with amounts of WT tissues ranging from 10% to 60% for

the WT control. Quantification using Empiria Studio (LI-

COR Biosciences reveals no significant changes in per-

centage of dystrophin restoration between 8 weeks and

6 months (n = 3 mice/group). (C) Immunostaining of

dystrophin in WT (top), control mdx52 (middle), and

AAV9-ex51-treated mice (bottom). Scale bars, 100 mm.

Results are expressed as mean ± SEM.
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study of the 50-30 dystrophin transcript imbalance in themdx52would
be useful to evaluate whether the slopes are steeper than in the mdx
mouse model. Alternatively, this discrepancy could be due to an insta-
bility of the resulting protein where the D51–52 dystrophin may be
less stable than the D23 dystrophin, and some of it may be degraded
or not reaching the membrane to be stabilized within the dystrophin-
associated protein complex (DAPC). Interestingly, we also observed
this difference in vitro in human DMD myotubes carrying a deletion
of exon 52, although to a lesser extent.

Several studies have investigated the biophysical properties of inter-
nally deleted dystrophin proteins or fragments within the central
rod domain, especially around exon 43–51.30–32 Sahni et al.31 re-
ported in 2012 that the D51–52 fragment had a significantly
reduced melting temperature but otherwise no particular stability is-
sues. Subsequent studies conducted using the entire proteins rather
than fragments suggested there was little measurable change in stabil-
ity in vitro between exon 51-skipped proteins and full-length human
dystrophin.32

Considering that we found a less profound difference in vitro in
human myotubes (�98% of exon 51 skipping giving rise to approxi-
mately 48% of dystrophin protein), it cannot be excluded that the dis-
1042 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
crepancies may be specific or enhanced in the
mdx52model due to the particular genetic engi-
neering of the deletion, since exon 52 has been
deleted by gene targeting (i.e., replaced with
the neomycin gene),17 as opposed to real dele-
tions at the genomic levels found in DMD
patients.

Remarkably, very few patients have been identi-
fied with such a specific in-frame deletion of
exons 51–52 (only one individual reported in
the UMB database with normal CK levels),
which could suggest an asymptomatic phenotype in carriers who
would therefore never be identified. This would argue in favor of a
highly functional D51–52 dystrophin, as previously suggested by
Aoki et al.,22 although stability issues cannot be ruled out. In this
study, we show that restoration of approximately 20% ofD51–52 dys-
trophin allows a strong improvement of muscle and motor functions,
as demonstrated by the performance of treatedmdx52mice in the ro-
tarod, inverted grid, and wire suspension tests, as well as by the
decrease of serum MYOM3 levels. This is of particular importance
considering that the resulting protein is predicted to lack most of
hinge 3 region and that the severity of BMD patients with in-frame
deletions including hinge 3 can vary significantly.33,34 Our functional
results therefore confirm previous findings from Aoki et al.22 suggest-
ing the functionality of D51–52 dystrophin.

In this work, we report for the first time an abnormally enhanced
defensive behavior in response to a threat in themdx52mouse model,
which appears to be fully comparable to the phenotype previously
described in the Dp427-deficient mdx mouse model. The freezing
response is indeed a robust test highlighting a specific neurobehavio-
ral deficit independent of motor, respiratory, or cardiac defects,24,25

which has been associated with the lack of dystrophin in brain struc-
tures involved in emotional processing.23 We have previously



Figure 5. AAV9-Ex51 Induces Long-Term Functional Improvement

(A) Fall latency in the inverted grid test in AAV9-Ex51-treatedmice (n = 3), WTmice (n = 4), and control PBSmdx52mice (n = 5). Amaximum score of 120 swas given when the

mice did not fall. (B) Fall latency in the wire suspension test in AAV9-Ex51-treated mice (n = 3), WT mice (n = 4), and control PBSmdx52mice (n = 5). (C) Levels of MYOM3 in

serum 8weeks (n = 3) or 6months (n = 3) after AAV9-ex51 injection as quantified by western blot using Empiria Studio (LI-CORBiosciences) and normalized to controlmdx52

mice (n = 6). (D) Serum CK, urea, creatinine, albumin, AST, ALP, ALT, and bilirubin levels were measured 8 weeks (n = 3) or 6 months (n = 3) after AAV9-ex51 injection

compared to WT (n = 11) and control mdx52 mice (n = 9). Results are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 (Mann-Whitney U tests).
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demonstrated that low levels of exon 23 skipping and dystrophin
restoration (<6%) in the brain ofmdxmice following systemic admin-
istration of tricyclo-DNA (tcDNA) ASOs result in an apparently full
normalization of this fear response.28,35 Considering the reported
ability of AAV9 to cross the BBB at a low level following i.v. admin-
istration,18 we investigated the effect of AAV9-ex51 treatment in the
brain.We clearly identified exon 51 skipping in the cortex, hippocam-
pus, and cerebellum of treatedmdx52mice, at levels that were at least
comparable to or even greater than the levels previously reported in
the mdxmouse with tcDNA ASOs. However, in this study, in treated
mdx52mice the brain dystrophin protein could not be detected using
western blot or immunofluorescence techniques. This may be due to
the discrepancy observed in themdx52model between skipping levels
and protein restoration (approximately 4-fold). Since the mean level
of skipping in the brain samples was about 5%, 4-fold lower levels of
dystrophin protein would make it only 1.2% and therefore quite chal-
lenging to detect. Consistent with the lack of dystrophin restoration,
AAV9-ex51-treated mice did not show any improvement in the
Molecula
behavioral test as compared to the control (untreated) mdx52 mice.
However, we cannot exclude the possibility that a functionally detri-
mental change of the structure of the brain D51–52 dystrophin, such
as the partial loss of the hinge 3 domain, could have different effects in
muscle and brain tissues. To explore these hypotheses further, we are
currently trying to induce higher levels of exon 51 skipping in the
CNS using local delivery.

Mouse models lacking multiple dystrophin isoforms, such as the
mdx52 mouse, which also lacks other CNS dystrophins (Dp260,
Dp140) in addition to the loss of the full-length Dp427, are expected
to present more severe behavioral/cognitive deficits than the mdx
mouse, which only lacks Dp427. They could therefore represent a
particular useful tool to investigate the role of the various dystrophin
isoforms in the brain and the potential of currently developed molec-
ular tools for brain gene therapy. However, one should keep in mind
that the levels of exon skipping need to be restored to relatively high
levels to be able to detect protein restoration in this model.
r Therapy: Methods & Clinical Development Vol. 17 June 2020 1043
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In this study we also confirm the long-lasting effect of AAV vectors, as
a single AAV9-ex51 injection induced sustained levels of exon skip-
ping and dystrophin restoration in skeletal, smooth, and cardiac mus-
cles for up to 6 months. Nevertheless, we have previously reported a
progressive loss of both AAV vectors and dystrophin-positive fibers
in a 5-year follow-up study in the GRMD model,15 as well as in the
more severe dys�/utr� mouse model.36 This progressive decay may
in part be due to the persistence of the dystrophic process, particularly
in severe models, similar to what occurs in BMD. This is of significant
importance for future clinical trials since the production of neutral-
izing antibodies following the first injection of AAV prevents re-
administration of this type of vector. The humoral response is also
a challenge for patients with pre-existing AAV neutralizing anti-
bodies37,38 who are usually excluded from AAV trials. Besides the hu-
moral response, the adaptive immune response is often discussed in
AAV gene therapy, and the T cell response to AAV capsid has been
reported in many trials.9,39 As an additional hurdle, recent studies
suggest that activation of the innate immune response may be a sig-
nificant concern for high-dose systemic AAV gene therapy.40,41 These
immunological challenges are common to all AAV gene therapy ap-
proaches, including the AAV-microdystrophin approach currently in
trials. However, the AAV-U7snRNA strategy clearly presents many
other advantages, including the time- and tissue-specific effects and
avoiding any ectopic expression of the transgene/corrected gene, as
opposed to the use of strong promoters in “classical” gene therapy.
Moreover, the small size of the U7snRNA gene is particularly conve-
nient, considering the low packaging capacity of AAV vectors, and it
even allows the insertion of several snRNA cassettes into a single AAV
in order to induce double or even multiple exon skipping.14

Compared with synthetic ASOs facing poor cellular uptake and rapid
circulation clearance, the use of AAV-U7snRNA allows specific sub-
cellular localization of the antisense sequence and long-term correc-
tion, and it limits the potential toxicity induced by life-long treatment
with ASOs.

In summary despite the immunological barriers faced by viral vectors
regarding their potential re-administration, the AAV-U7snRNA-
mediated antisense approach represents a very promising tool for
the treatment of DMD.

MATERIALS AND METHODS
U7snRNA Constructs and AAV Production

The different U7snRNA constructs specific to the human DMD exon
51 were engineered from the previously described U7smOPT-SD23/
BP22 (modified murine U7snRNA gene).11 Antisense sequences tar-
geting mouse exon 23 were replaced by antisense sequences targeting
different internal regions of human exon 51. U7-ex51 long1 contains
a single 45-mer antisense sequence targeting region +59+103 of exon
51. U7-dtex51 contains 20-mer (+68+87) and 23-mer (+160+182)
antisense sequences targeting two internal regions of exon 51. The re-
sulting U7snRNA fragments were then introduced between the in-
verted terminal repeat (ITR) of a pAAV construct into an AAV vector
construct for subsequent AAV vector production. AAV9-pseudo-
typed vectors were prepared by co-transfection in 293T cells of
1044 Molecular Therapy: Methods & Clinical Development Vol. 17 June
pAAV-U7, pXX6 encoding adenovirus helper functions and
pAAV2/9pITRCO2 that contains the AAV9 rep and cap genes. Vec-
tor particles were purified on iodixanol gradients from cell lysates ob-
tained 72 h after transfection, titers were measured by quantitative
real-time PCR, and quality control was performed using silver nitrate
to check the presence of VP1, VP2, and VP3 proteins, as previously
described.42

Animal Experiments

Animal procedures were performed in accordance with national and
European legislation, approved by the French government (Ministère
de l’Enseignement Supérieur et de la Recherche, Autorisation APAFiS
#6518). mdx52 (C57BL/6J) mice were bred in our animal facility at
the Plateforme 2Care, UFR des Sciences de la Santé, Université de
Versailles-Saint Quentin, and were maintained in a standard 12-h
light/12-h dark cycle with free access to food and water. Mice were
weaned after 4–5 postnatal weeks, and two to five individuals were
housed per cage.

Intramuscular Injections. Three 6- to 8-week-old mdx52 mice were
injected once in the TA, under general anesthesia using 1.5%–2% iso-
flurane, with 6E+10 vg of AAV9-U7-ex51 long1 or AAV9-U7-dtex51
(n = 3 TA/condition). An age-matched mdx52 group receiving an
equivalent volume of sterile saline was included as control. Animals
were euthanized 3 weeks after AAV9 injection, and TAs were har-
vested and snap-frozen in liquid nitrogen-cooled isopentane and
stored at �80�C before further analysis.

i.v. Injections. Six 6- to 8-week-oldmdx52mice were injected once i.v.
in the retro-orbital sinus, under general anesthesia using 1.5%–2%
isoflurane, with 3E+13 vg of AAV9-U7-ex51-long1. An age-matched
mdx52 group receiving an equivalent volume of sterile saline was
included as control. Blood samples were collected 8weeks or 6months
after the injection. Animals were euthanized 8 weeks or 6 months af-
ter the AAV9 injection, and tissues were harvested and snap-frozen in
liquid nitrogen-cooled isopentane and stored at�80�C before further
analysis. Sample sizes and n values are indicated in each figure legend.
Investigators were blinded for RNA and protein analyses.

Serum Analysis

Analyses of serum CK, ALT, AST, ALP, bilirubin, creatinine, urea,
and albumin levels were performed by the pathology laboratory at
the Mary Lyon Centre, Medical Research Council, Harwell, Oxford-
shire, UK.

For MYOM3 detection, mouse sera were diluted at 1:20 before
loading onto 3%–8% Criterion XT Tris-acetate protein gel, following
the manufacturer’s instructions (Bio-Rad, France). MYOM3 protein
was detected by probing the nitrocellulose membrane with
MYOM3 primary rabbit polyclonal antibody (Proteintech, Manches-
ter, UK), followed by incubation with a goat anti-rabbit secondary
antibody (IRDye 800CW goat anti-rabbit immunoglobulin G [IgG],
LI-COR Biosciences, Germany). Bands were visualized using the Od-
yssey imaging system (LI-COR Biosciences, Lincoln, NE USA). Signal
2020



www.moleculartherapy.org
intensities in treated samples were quantified and normalized to PBS
control mice signals using the Image Studio software (LI-COR Biosci-
ences, Germany).

RNA Analysis

Total RNA was isolated from muscle cells or intervening muscle sec-
tions collected during cryosection using TRIzol reagent according to
the manufacturer’s instructions (Thermo Fisher Scientific, USA). Al-
iquots of 500 ng of total RNA were used for RT-PCR analysis using
the Access RT-PCR system (Promega, USA) in a 50-mL reaction using
the external primers exon 49 forward (50-GATTGAAGTAACAGTT
CACGG-30) and exon 53 reverse (50-CCAGCCATTGTGTTGAA
TCC-30). The cDNA synthesis was carried out at 45�C for 45 min,
directly followed by the primary PCR of 30 cycles of 95�C (30 s),
58�C (1 min), and 72�C (2 min). 2 mL of these reactions was then
re-amplified in nested PCRs by 30 cycles of 95�C (30 s), 58�C
(1 min), and 72�C (1 min) using the internal primers exon 50 forward
(50-TTTACTTCGGGAGCTGAGGA-30) and the same exon 53
reverse (50-CCAGCCATTGTGTTGAATCC-30). PCR products
were analyzed on 2% agarose gels. Exon 51 skipping was also
measured by TaqMan qRT-PCR as previously described using
TaqMan assays that were designed against the exon 50–51 or exon
50–53 templates using a custom assay design tool (Life Technologies)
(assay Ex50–51: Mm01216958_m1 and assay Ex50–53: AID1U27).
50 ng of cDNA was used as input per reaction, and all assays were
carried out in triplicate. Assays were performed under fast cycling
conditions on a Bio-Rad CFX384 Touch real-time PCR detection sys-
tem, and all data were analyzed using the absolute copy number
method. For a given sample the copy number of exon 50–51 and
exon 50–52 were determined using the standards Ex48–55D52 and
Ex48–55D51+52, respectively. Exon 51 skipping was then expressed
as a percentage of total dystrophin (calculated by the addition of
exon 50–51 and exon 50–53 copy numbers).

Western Blot Analysis

Protein extracts were obtained from pooled muscle sections treated
with radioimmunoprecipitation assay (RIPA) lysis and extraction
buffer (Thermo Fisher Scientific, USA) complemented with SDS
powder (5% final) (Bio-Rad, France), and the total protein concentra-
tion was determined with a bicinchoninic acid (BCA) protein assay
kit (Thermo Fisher Scientific, USA). Samples were denatured at
100�C for 3 min, and 20 mg of protein was loaded onto NuPAGE
3%–8% Tris-acetate protein gels (Invitrogen), following the manufac-
turer’s instructions. Dystrophin protein was detected by probing the
membrane with NCL-DYS1 primary monoclonal antibody (Novo-
castra, Newcastle, UK), and vinculin was detected as an internal con-
trol with the hVin-1 primary antibody (Sigma), followed by incuba-
tion with a goat anti-mouse secondary antibody (IRDye 800CW
goat anti-mouse IgG, LI-COR Biosciences, Germany). Bands were
visualized using the Odyssey CLx system (LI-COR Biosciences,
Germany). The quantification was done using a standard curve
with 0%, 10%, 20%, 30%, 40%, and 60% of the corresponding WT
tissues and normalized to an internal control (vinculin) (Empiria
Studio, LI-COR Biosciences, Germany).
Molecula
Immunohistochemistry Analysis

Sections of 10 mm were cut from at least two-thirds of the muscle
length of the various tissues (TA, triceps brachialis, diaphragm, and
cardiac muscle) at 100-mm intervals. Cryosections were examined
for dystrophin expression using the rabbit polyclonal antibody dys-
trophin (dilution 1:500; catalog no. RB-9024-P Thermo Scientific),
which was then detected by goat anti-rabbit IgG Alexa Fluor 488
(dilution 1:500; Thermo Scientific). Controls prepared by omitting
primary antibody showed no specific staining. Images were taken at
equivalent locations and exposure times using a Leica DMI-4000 mi-
croscope (Leica Microsystems, �20 objective) equipped with a Zyla
5.5 sCMOS camera (Oxford Instruments Group). Images were crop-
ped, and scale bar of 100 mm was added using ImageJ software.

Brain fresh-frozen cryosections of 30 mm were collected onto
Superfrost+ slides, thawed for 2 min at room temperature (RT), fixed
in acetone/methanol (1:1) for 5 min at �20�C, washed in PBS, incu-
bated first in a blocking solution for 45 min (10% normal goat serum,
0.3% Triton X-100, and 1% BSA), then overnight at 4�C with a mono-
clonal anti-dystrophin primary antibody (DYS1 Leica; dilution, neat),
and washed and incubated with secondary antibody Alexa Fluor 647
(1:400, 1 h, RT). Controls prepared by omitting the primary antibody
showed no specific staining. Images were taken at equivalent locations
and exposure times using a laser scanning confocal microscope (Zeiss
LSM 700, �40 objective). Stacks of seven to eight images (1,024 �
1,024 pixels) spaced by 1 mm were recorded at a magnification of
156 nm/pixel.

Functional Evaluation

Freezing Response

The mouse was restrained by a trained experimenter by grasping the
scruff and back skin between the thumb and index finger while
securing the tail between the third and little fingers and tilting the an-
imal upside down. After 10 s, the mouse was released to a new cage
(16 � 28 cm, with 12-cm-high walls; illumination, 100 lx) and then
videotracked for 5 min using the ANY-maze software (Stoelting).
All mice were tested between 10:00 a.m. and 1:00 p.m. Unconditioned
fear responses induced by this acute stress were characterized by pe-
riods of tonic immobility (freezing) during the 5-min recording
period in the novel cage. Complete immobilization of the mouse,
except for respiration, was regarded as a freezing response. This
was typically quantified as episodes of immobility lasting at least 1
s, with a 90% immobility sensitivity (10% body motion allowed). In
all experiments, the percent time the mouse was freezing was calcu-
lated for group comparisons. The investigator was blinded to the
mouse group assignment during experiments.

Rotarod

Locomotor function was evaluated by using a mouse rotarod with
adjustable speed and acceleratingmode (catalogno. #47600,UgoBasile,
Italy). Three to five mice were tested in parallel; the apparatus was
cleaned with 100% ethanol after each trial. On the first day between
9:00 a.m. to 1:00 p.m. (session 1), equilibrium was tested by placing
each mouse on the non-rotating rod, with its body axis perpendicular
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to the rod longitudinal axis. The time the animal stayed on the rod was
recorded and the trial stopped when the animal fell or after 180 s. In the
afternoonbetween 1:00p.m. and 5:00p.m. (session2),micewere placed
on the rod rotating at a constant speed (4 rpm), its head directed against
the direction of rotation so that it had to progress forward and synchro-
nize its walk with the speed of the rod to maintain balance. Training
consisted of five successive trials with a 15-min inter-trial interval
(ITI); fall latency was recorded during each trial with a 180-s cutoff
duration. Locomotor function was analyzed 24 h later (session 3) by
placing mice on the rotating rod, which accelerated from 4 to 40 rpm
in a 5-min trial. Evaluation then consisted of four successive trials
with a 60-min ITI; fall latency was recorded during each trial with a
300-s cutoff duration, and a mean score was then calculated.

Inverted Grid Test

Mice were placed individually on a cage wire screen about 35 cm
above a table. After slowly inverting the screen upside down to
180� the ability to maintain a grip was monitored (fall latency) and
a maximum score of 120 s given if the animal did not fall. Testing
was repeated three times with a 5-min ITI and the mean fall latency
was then calculated.

Wire Suspension Test

The mouse was hung by the forepaws on a 25-cmwire (3 mm in diam-
eter) resting on two vertical supports and elevated 35 cm above a flat
surface. Three trials spaced by a 5-min pause were performed with
each trial limited to a 60-s duration. The amount of time spent by the
mouse hanging on to the wire and the latency to touch the wire with
one hindpaw were recorded during each trial; a mean score was then
calculated. Other qualitative parameters were recorded and a score
was attributed corresponding to the best performance achieved within
the minute of testing according to the following scale:43 0, fell off; 1,
clung to the wire with two forepaws; 2, attempted to climb on to the
wire besides clinging to it with two forepaws; 3, hung on to the wire
with two forepaws and one or both hind paws; 4, hung on to the wire
with all four paws with the tail additionally wrapped around the bar;
5, escaped to one of the supports.

Statistical Analysis

Data were expressed asmeans± SEM and analyzed with the GraphPad
Prism 7 software (GraphPad, San Diego, CA, USA). The “n” refers to
the number of mice per group. Comparisons of statistical significance
were assessed by non-parametricMann-WhitneyU tests for two-group
comparisons and aKruskal-Wallis test for comparison of three ormore
groups followed by a Dunn’s multiple comparison test. Significant
levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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