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Significance

Exon skipping is a promising 
therapeutic concept for Duchenne 
muscular dystrophy (DMD) caused 
by frameshift mutations of the 
DMD gene. However, current 
delivery strategies for antisense 
oligonucleotides or gene editing 
tools limit exon skipping to a 
proportion of (cardio)myocytes; 
the full therapeutic potential 
remains thus unclear. Here, we 
generated a model of ubiquitous 
correction of DMD by systemic 
deletion of exon 51 in a dystrophic 
pig model lacking DMD exon 52. 
Molecular, pathological, and 
clinical alterations were largely 
rescued, supporting the 
optimization of exon skipping 
strategies as a clinically relevant 
goal. Due to the high susceptibility 
of pigs to dystrophic muscle 
lesions, DMDΔ51-52 pigs 
resembling a form of Becker 
muscular dystrophy (BMD) will 
uncover long-term outcomes 
within a reasonable time frame.
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Duchenne muscular dystrophy (DMD) is a fatal X-linked disease caused by mutations in 
the DMD gene, leading to complete absence of dystrophin and progressive degeneration 
of skeletal musculature and myocardium. In DMD patients and in a corresponding pig 
model with a deletion of DMD exon 52 (DMDΔ52), expression of an internally short-
ened dystrophin can be achieved by skipping of DMD exon 51 to reframe the transcript. 
To predict the best possible outcome of this strategy, we generated DMDΔ51-52 pigs, 
additionally representing a model for Becker muscular dystrophy (BMD). DMDΔ51-52 
skeletal muscle and myocardium samples stained positive for dystrophin and did not 
show the characteristic dystrophic alterations observed in DMDΔ52 pigs. Western blot 
analysis confirmed the presence of dystrophin in the skeletal muscle and myocardium 
of DMDΔ51-52 pigs and its absence in DMDΔ52 pigs. The proteome profile of skel-
etal muscle, which showed a large number of abundance alterations in DMDΔ52 vs. 
wild-type (WT) samples, was normalized in DMDΔ51-52 samples. Cardiac function 
at age 3.5 mo was significantly reduced in DMDΔ52 pigs (mean left ventricular ejec-
tion fraction 58.8% vs. 70.3% in WT) but completely rescued in DMDΔ51-52 pigs 
(72.3%), in line with normalization of the myocardial proteome profile. Our findings 
indicate that ubiquitous deletion of DMD exon 51 in DMDΔ52 pigs largely rescues 
the rapidly progressing, severe muscular dystrophy and the reduced cardiac function of 
this model. Long-term follow-up studies of DMDΔ51-52 pigs will show if they develop 
symptoms of the milder BMD.

Duchenne muscular dystrophy | Becker muscular dystrophy | pig model |  
exon skipping | pathology

Duchenne muscular dystrophy (DMD) is a neuromuscular disorder caused by 
loss-of-function mutations in the X-linked dystrophin gene (DMD), one of the largest 
protein-coding genes in the mammalian genome (1). The disease affects almost exclusively 
males and leads to progressive muscle weakness, heart failure, and a significant reduction 
of life expectancy. The majority (∼68%) of DMD mutations are deletions of one or more 
exons, with mutation hotspots in the range of exons 45 to 55 and exons 2 to 10 (reviewed 
in ref. 2). Frame-shift mutations lead to the formation of a nonfunctional, truncated 
dystrophin or the complete absence of dystrophin due to premature stop-codons (reviewed 
in ref. 3). A prominent example is the loss of exon 52, which resembles one of the most 
frequent DMD mutations in humans (reviewed in ref. 4). Here, mutant DMD transcripts 
can be reframed by skipping of exon 51 or exon 53. The conversion of an out-of-frame 
into an in-frame mutation allows the production of at least partially functional dystrophin 
and turns DMD into Becker muscular dystrophy (BMD), which is characterized by a 
later-onset, milder symptoms and slower progression, as compared to DMD (3).

Therapeutic exon skipping uses antisense oligonucleotides (ASOs) to induce alternative 
splicing of the pre-mRNA by inhibiting spliceosome coupling. After extensive validation 
of various ASO-mediated exon skipping strategies in dystrophic mdx mouse models and 
canine DMD models (reviewed in ref. 5), three phosphorodiamidate morpholino ASOs 
have been developed for clinical use: eteplirsen (Exondys 51; 2016) for skipping of exon 
51 and golodirsen (Vyondys 53; 2019) and viltolarsen (Viltepso; 2020) for skipping of 
exon 53 (reviewed in ref. 6). However, muscle biopsies of treated patients showed that 
only about 1% of the normal dystrophin protein level could be restored with eteplirsen 
(reviewed in ref. 7) and golodirsen (8) after 48 wk and about 6% with viltolarsen after 20 
to 24 wk of treatment (9). Moreover, the treatment requires weekly intravenous infusions 
as the reframing occurs on the DMD pre-mRNA level.

The advent of gene editing with CRISPR/Cas9 facilitates permanent exon skipping on 
the genomic level as a therapeutic strategy for DMD (reviewed in refs. 10–12). The 
potential of this concept was demonstrated in the mdx mouse model by adeno-associated 
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viral vector (AAV)-mediated somatic gene editing to remove the 
mutated exon 23 (13–15), resulting in the synthesis of an inter-
nally shortened but functional dystrophin protein.

A large animal study was performed in a canine DMD model 
harboring a missense mutation in the 5′ splice site of exon 50 that 
results in deletion of exon 50 in the DMD mRNA, formation of 
a nonsense codon, and premature termination of dystrophin trans-
lation (16). Amoasii et al. (17) delivered by intravenous infusion 
at an age of 1 mo either 2 × 1013 or 1 × 1014 viral genomes (vg) 
per kg body weight (BW) of each an AAV9 encoding Cas9 and a 
second AAV9 coding one guide RNA targeting a region adjacent 
to the exon 51 splice acceptor site (sgRNA-51). Eight weeks after 
treatment, dystrophin levels between 3% and 90% and up to 92% 
of normal were reported in different skeletal muscles and in the 
heart, respectively.

For treatment of a clinically severe porcine DMD model lacking 
exon 52 (DMDΔ52) (18, 19), Moretti et al. (20) selected an effi-
cient pair of guide RNAs upstream and downstream of DMD 
exon 51 and expressed them from 2 different AAV9 vectors 
together with the N-terminal or C-terminal parts of an intein-split 
Streptococcus pyogenes Cas9 nuclease (21). Six weeks after unilateral 
intramuscular injection of 2 × 1013 vg for each vector per kg BW 
into 10- to 14-d-old piglets, histology revealed restitution of 
membrane-localized dystrophin in the treated areas. For intrave-
nous application, the AAV9 particles were coated with polyami-
doamine dendrimer (PAMAM-G2) nanoparticles to increase their 
myotropism. With the higher dose tested (2 × 1014 vg for each 
vector/kg BW), up to 32% DMD gene editing was achieved in 
skeletal muscle, associated with the restoration of dystrophin pro-
tein. Clinical benefits of the high-dose i.v. treatment included an 
improved activity profile of the DMD piglets as well as a reduction 
of serum creatine kinase activities. In addition, structural improve-
ments of the skeletal muscle tissue such as a reduced occurrence 
of rounded myofibers with centralized nuclei, an increased capil-
lary density, as well as decreased mononuclear cell infiltration and 
interstitial fibrosis were observed. Augmented muscle twitch 
amplitude and tetanic contraction force indicated functional 
improvement (20).

Nevertheless, the AAV-mediated exon 51 deletion approach 
will just reach a certain proportion of muscle cells. To predict the 
best possible outcome of this therapeutic strategy, we generated 
DMDΔ51-52 pigs by genetic engineering, thus having the 
in-frame deletion in the DMD gene in every cell. This represents 
at the same time a tailored pig model for BMD. Our study demon-
strates that additional exon 51 deletion in subjects lacking DMD 
exon 52 can restore dystrophin and normalize skeletal muscle and 
cardiac function in juvenile and young adult individuals. 
Long-term follow-up studies of DMDΔ51-52 pigs will provide 
insights into the functional and molecular derangements in this 
form of BMD.

Results

Generation of DMDΔ51-52 (BMD) Pigs. Deletion of DMD 
exon 51 was performed in primary cells of a male DMDΔ52 
pig using a split Cas9 system and guide RNAs upstream and 
downstream of exon 51 as described in Methods and Fig. 1A. 
DMDΔ51-52 single-cell clones were verified by Sanger sequencing 
and used for somatic cell nuclear transfer (SCNT). A total of 
259 SCNT embryos were transferred to three estrus-synchronized 
recipient gilts. Two recipients got pregnant and gave birth to a 
total of one stillborn and nine live piglets. All piglets carried the 
correct deletion of DMD exon 51. Seven DMDΔ51-52 piglets 
could be raised. Four DMDΔ51-52 piglets were killed after 

echocardiography at age 3.5 mo, age-matched to groups of wild-
type (WT) and DMDΔ52 (DMD) pigs, for tissue collection. 
Another DMDΔ51-52 boar was killed at age 9 mo. Sperm from 
this animal was frozen for future breeding. The sperm showed 
high motility during the routine check before freezing. The last 
two DMDΔ51-52 boars are still, at an age of 23 mo (May 2023), 
used for sperm collection, as well as for natural mating, to establish 
a breeding herd. To exclude off-target effects in the primary cell 
clones and the cloned DMDΔ51-52 piglets, the five most likely 
off-target sites for each guide RNA were PCR-amplified and 
sequenced as described previously (20). No off-target mutations 
were revealed (SI Appendix, Fig. S1).

To demonstrate the restoration of an intact reading frame by 
the DMDΔ51-52 mutation, mRNA was extracted from the triceps 
brachii muscle and reverse transcribed to generate cDNA. Sanger 
sequencing of a PCR product spanning exons 50 to 53 confirmed 
the lack of exons 51 and 52 in the BMD animals, while cDNA 
from DMD muscle lacked only exon 52 (Fig. 1B). The lengths of 
the PCR products were additionally confirmed by gel electropho-
resis (Fig. 1C).

Finally, the restored DMD reading frame in the DMDΔ51-52 
pigs resulted in the presence of dystrophin protein in the skeletal 
muscle (Fig. 1D) and myocardium (Fig. 1E) as detected by immu-
nohistochemistry using an antibody against human dystrophin 
binding the rod-domain (NCL-DYS1, Leica Biosystems).

Changes in Muscle Damage–Related Serum Markers. Serum CK 
activity, a diagnostic marker for myocardial and skeletal muscle 
damage in DMD (22), was highly increased in 4-mo-old DMDΔ52 
pigs but reduced to WT levels in age-matched DMDΔ51-52 pigs 
(Fig. 1F). In line with the association between disease severity and 
low serum creatinine levels in human dystrophinopathy patients 
(23), serum creatinine was significantly reduced in DMDΔ52 vs. 
WT pigs but retained at normal levels in the DMDΔ51-52 group 
(Fig. 1G). ALT levels were significantly elevated in the DMDΔ52 
vs. WT pigs but normal in the DMDΔ51-52 group (Fig. 1H). 
The latter also displayed significantly lower serum troponin I levels 
compared to the DMDΔ52 group (Fig. 1I).

Western Blot Analysis of Dystrophin. Two widely used anti-
dystrophin antibodies were used to characterize dystrophin 
in the skeletal muscle (Fig.  2A) and myocardium (Fig.  2B) of 
DMDΔ51-52 vs. WT pigs. NCL-DYS1 binds the rod domain 
(amino acids 1181 to 1388 of human dystrophin) and NCL-
DYS2 the C terminus (amino acids 3669 to 3685 of human 
dystrophin). In addition, antibodies against dysferlin (DYSF) 
and actin (ACT) were used. NCL-DYS1 detected the full-length 
dystrophin (Dp427) and two smaller isoforms. A similar pattern 
was previously detected with NCL-DYS1 in the skeletal muscle 
of WT dogs (24). NCL-DYS2 detected Dp427. The pattern in 
DMDΔ51-52 tissues was similar as is the corresponding WT 
tissues, whereas in DMDΔ52 tissues, dystrophin was completely 
absent. The calculated size difference (~3%) between full-length 
Dp427 and the 117 amino acids shorter version in DMDΔ51-52 
pigs was not clearly resolved by the gradient gels used in our 
analysis. Moreover, the abundance of dystrophin appeared to be 
reduced in DMDΔ51-52 compared to WT samples. This was 
confirmed by a targeted mass spectrometry–based quantification 
of specific dystrophin peptides (Fig. 2C) for the myocardium but 
not for skeletal muscle.

Pathological Alterations of Skeletal Muscles of DMDΔ51-52 Pigs. 
Four DMDΔ51-52 pigs were killed at age 3.5 mo, and samples of 
skeletal muscle, myocardium, and thoracic and abdominal organs 
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were taken. These samples were subjected to histopathological 
examination and compared with samples of age-matched DMDΔ52 
and WT pigs. In contrast to the substantial histomorphological 
alterations of skeletal muscles of DMDΔ52 pigs (SI  Appendix, 
Fig. S2), the BMD model presented an almost restored histology. 
Masson trichrome staining of triceps brachii muscle sections 
indicated a marked proportion of fibrosis in the DMDΔ52 group 

but not in the DMDΔ51-52 samples (Fig.  3A). Myosin heavy 
chain 3 (embryonic myosin, MYH3), a marker for damage-related 
muscle regeneration (25), was detected in many regenerating fibers 
in triceps brachii muscle of DMDΔ52 pigs but was absent in 
sections of WT and DMDΔ51-52 muscle (Fig.  3B). While the 
muscles of the dystrophin-deficient pigs present a high proportion 
of muscle fiber section profiles with central nuclei, the pigs with 

Fig. 1. Generation and characterization of DMDΔ51-52 animals. (A) In vitro deletion of DMD exon 51 in a porcine DMDΔ52 kidney cell line by intein-mediated 
split-Cas9 system and subsequent nuclear transfer using the correctly modified cells, followed by embryo transfer to estrus-synchronized recipient sows. (B and C)  
Sanger sequencing (B) as well as agarose gel DNA electrophoresis (C) confirmed the absence of exons 51 and 52 in cDNA generated from mRNA of triceps brachii 
muscle samples in DMDΔ51-52 animals but not in DMDΔ52 and WT samples. (D and E) Immunohistochemical detection of dystrophin protein in the triceps muscle (D) 
and (E) myocardium. Bars = 100 µm. (F–I) Clinical chemical parameters in the blood serum: creatine kinase (CK; F), creatinine (G), alanine aminotransferase (ALT; H),  
and troponin I (I). The graphs show the median and the interquartile range (nWT = 5, n DMDΔ52 = 7, nDMDΔ51-52 = 5 for F–H; nWT = 4, n DMDΔ52 = 5, nDMDΔ51-52 = 5 for I). 
Significant differences are indicated: *P < 0.05; **P < 0.01; ***P < 0.001; and n.s. = not significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
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the shortened dystrophin have only a mildly increased number: 
WT: 0.91%; DMDΔ52: 13.77%; DMDΔ51-52: 2.48% (15 
systematically randomly sampled fields of view (89,700 μm2) 
analyzed per case at 40× objective magnification; animals 
per group: nWT = 4; nDMDΔ52 = 4; nDMDΔ51-52 = 4) (Fig.  3C). 
Another hallmark of DMD muscle is a large variation in muscle  
fiber diameters (18). For quantification, we measured the minimal 

Feret’s diameter of triceps brachii muscle fibers, which revealed 
a significantly (P < 0.001) increased variance in DMDΔ52 
(51.9%) compared to WT samples (26.8%). In DMDΔ51-52 
samples, the variance was in the same range (26.4%) as in WT 
animals (10 systematically randomly sampled fields of view 
(89,700 μm2) analyzed per case at 40× objective magnification; 
animals per group: nWT = 4; nDMDΔ52 = 4; nDMDΔ51-52 = 4; analyzed 

Fig. 2. Detection of dystrophin by western blot analysis and mass spectrometry. Samples of the triceps brachii muscle (A) and myocardium (B) from BMD 
(Δ51-52), WT, and DMD (Δ52) pigs were analyzed using the anti-dystrophin antibodies NCL-DYS1 and NCL-DYS2, and with antibodies against DYSF and pan 
ACT. Molecular weight (MW) markers are shown at the right side of the blots. (C) Mass spectrometry–based quantification of specific peptides from different 
regions of the dystrophin protein. The graphs show abundance ratios normalized to WT dystrophin levels, median, and the interquartile range (n = 4 per group). 
Significant differences are indicated: Student’s t test: *P < 0.05; **P < 0.01; n.s. = not significant; and n.d. = not detected.
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Fig. 3. Normalization of skeletal muscle histology and proteome profile in 3.5-mo-old DMDΔ51-52 animals. (A) Representative Masson trichrome stained paraffin 
sections of triceps brachii muscle. (B) Immunohistochemical detection of embryonic myosin-3 (MYH3) (brown color) of triceps brachii muscle. Bars represent 
100 µm (Inset: bar = 50 μm). (C and D) Proportion of muscle fiber profiles with central nuclei (C) and variation in minimal Feret diameters of muscle fibers (D) in 
triceps brachii muscle. The graphs show the median and the interquartile range (nWT = 4, n DMDΔ52 = 4, nDMDΔ51-52 = 4). Significant differences are indicated: *P < 
0.05; ***P < 0.001; and n.s. = not significant. (E–J) Proteome analysis of skeletal muscle samples (triceps brachii muscle; nWT = 5, nDMDΔ52 = 4, nDMDΔ51-52 = 4). Principal 
component analysis (E). Volcano plot visualization of proteome alterations in DMDΔ52 vs. WT (F) and DMDΔ51-52 vs. WT (G) samples with the permutation-based 
false discovery rate (FDR) significance cutoff (FDR < 0.05) depicted by the black curves. Unsupervised hierarchical clustering of differentially abundant proteins 
(one-way ANOVA, permutation-based FDR < 0.05) across three conditions (H). High and low z-scored protein abundance values are shown in red and light blue 
respectively. The heatmap rows were partitioned into homogenous regions using the k-means algorithm (k = 3). (I) Profile plots with mean values (solid black line) 
of the three clusters of differentially abundant proteins. (J) Enrichment analysis of proteins from each cluster. The color of the bubble indicates the significance 
of the enrichment and the size of the bubble indicates the corresponding number of differentially abundant proteins (referred to as gene count in the figure). 
Enrichment represents the magnitude of over-representation. Cl, cluster; PC, principal component.
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muscle fiber sections per group: nWT = 2,364; nDMDΔ52 = 3,313; 
nDMDΔ51-52 = 1,701) (Fig. 3D).

Restored Cardiac Function in 3.5-Mo-Old DMDΔ51-52 Pigs. 
Dilated cardiomyopathy is a characteristic pathology in DMD, 
which leads to reduced cardiac function and is one of the main 
reasons for the reduced life expectancy (26). Although no prominent 
pathomorphological alterations of the myocardium were revealed 
at age 3.5 mo (SI Appendix, Fig. S3A), DMDΔ52 pigs (n = 12) 
showed a significantly reduced left ventricular ejection fraction 
(LVEF; 58.8% vs. 70.3% in WT; Fig.  4A) and left ventricular 
fractional shortening (LVFS; 30.6% vs. 39.9% in WT; Fig. 4B). 
In contrast, cardiac function was normalized in DMDΔ51-52 pigs 
(LVEF: 72.3%; LVFS: 40.9%; n = 7). In addition to the 3.5-mo-old 

group, a further DMDΔ51-52 pig (#11914) was killed for tissue 
collection at age 9 mo, age-matched to the original DMDΔ52 pig 
(#6790), the cell donor for the used porcine kidney cell line. Thus, 
both animals are clones, except for the deletion of DMD exon 51 in 
#11914. In contrast to 4-mo-old DMDΔ52 pigs, #6790 presented 
significant pathological changes in the left ventricle wall including 
fibrosis and activation of MYH3. These changes were absent in 
the age-matched DMDΔ51-52 pig #11914 and in a WT control 
(SI Appendix, Fig. S3B).

Normalization of the Skeletal Muscle and Myocardial Pro
teome Profiles in DMDΔ51-52 Pigs. To map proteome changes 
between animals with different DMD mutation status in an 
unbiased and comprehensive manner, we performed a label-free 

Fig. 4. Normalization of heart function and myocardial proteome profile in 3.5-mo-old DMDΔ51-52 animals. (A and B) Measurements of cardiac function in 
3.5-mo-old animals (nWT = 12, nDMDΔ52 = 12, nDMDΔ51-52 = 7). Left ventricular ejection fraction (A) and left ventricular fractional shortening (B). The graphs show the 
median and the interquartile range. Significant differences are indicated: ***P < 0.001 and n.s. = not significant. (C–H) Proteome analysis of myocardium samples 
(nWT = 5, nDMDΔ52 = 4, nDMDΔ51-52 = 4). Principal component analysis (C). Volcano plot visualization of proteome alterations in DMDΔ52 vs. WT (D) and DMDΔ51-52 vs. 
WT (E) samples with the permutation-based FDR significance cutoff (FDR < 0.05) depicted by the black curves. Unsupervised hierarchical clustering of differentially 
abundant proteins (one-way ANOVA, permutation-based FDR < 0.05) across three conditions (F). High and low z-scored protein abundance values are shown in 
red and light blue, respectively. The heatmap rows were partitioned into homogenous regions using the k-means algorithm (k = 2). (G) Profile plots with mean 
values (solid black line) of the three clusters of differentially dependent proteins. (H) Enrichment analysis of proteins from each cluster. The color of the bubble 
indicates the significance of the enrichment, and the size of the bubble indicates the corresponding number of differentially abundant proteins (referred to as 
gene count in the figure). Enrichment represents the magnitude of overrepresentation. Cl, cluster; PC, principal component.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
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liquid chromatography–tandem mass spectrometry analysis (LC-
MS/MS) of myocardial and skeletal muscle samples from WT 
(n = 5), DMDΔ52 (n = 4), and DMDΔ51-52 (n = 4) pigs. The 
dataset has been submitted to the ProteomeXchange Consortium 
via the PRIDE (27) partner repository with the dataset identifier 
PXD039533 (28). A total of 1,761 and 2,521 protein groups were 
identified with high confidence (FDR < 0.01) in the skeletal muscle 
(Dataset S1) and myocardium samples (Dataset S2), respectively.

For skeletal muscle, proteome profiles of DMDΔ52 drastically 
differed from the WT samples, while the difference was not pro-
nounced between DMDΔ51-52 and WT pigs (Fig. 3E). Accordingly, 
volcano plot visualization of proteome alterations demonstrated that 
a large fraction of proteins (~57.6%) were changed in abundance 
between DMDΔ52 and WT samples (Fig. 3F), whereas no proteins 
were significantly altered in abundance between DMDΔ51-52 and 
WT samples (Fig. 3G). To further inspect the proteome alterations 
caused by the different dystrophin mutations, we performed one-way 
ANOVA using a permutation-based FDR of 0.05 and compared the 
protein abundance levels between all three groups simultaneously 
(Dataset S3). Unsupervised hierarchical clustering of all significantly 
altered proteins (Fig. 3H) further demonstrated that unfavorable 
proteome changes induced by the DMDΔ52 mutation are largely 
negated by DMDΔ51-52. Partitioning of the heatmap with the 
k-means method followed by enrichment analysis revealed three 
distinct clusters (Fig. 3I) and associated biological pathways (Fig. 3J 
and Dataset S4). The majority of proteins from cluster 1, which 
were mainly associated with ribosomes and translation, were ele-
vated in DMDΔ52 compared to WT samples but normalized in 
DMDΔ51-52 samples. Furthermore, proteins of clusters 2 and 3 
had similar abundance levels in DMDΔ51-52 and WT samples but 
were altered in DMDΔ52 samples. Enrichment analysis revealed 
that these proteins are involved in various key metabolic processes, 
e.g., oxidative phosphorylation, glycolysis, fatty acid degradation, 
and others. Since fibrosis is a hallmark of DMD, we specifically 
looked at proteins known to be part of collagen-containing extra-
cellular matrix. These proteins were strongly elevated in the 
DMDΔ52 but not in DMDΔ51-52 samples compared to WT 
samples (SI Appendix, Fig. S4).

A similar pattern of proteome changes was observed in the 
myocardium, although proteome alterations were less pronounced 
compared to skeletal muscle (Fig. 4C). Statistical analysis revealed 
that significant proteome alterations were detectable only in 
DMDΔ52 (Fig. 4D) but not in DMDΔ51-52 samples (Fig. 4E). 
Accordingly, hierarchical cluster analysis of differentially abundant 
proteins from the ANOVA demonstrated the normalization of 
the proteome alterations observed between DMDΔ52 and WT 
in DMDΔ51-52 animals (Fig. 4 F and G and Dataset S5). 
Functional enrichment analysis reflected that especially proteins 
being part of cytoplasmic translation, fatty acid degradation, car-
bohydrate catabolic process, and others (Fig. 4H and Dataset S6) 
were altered in DMDΔ52 and were found to be normalized in 
DMDΔ51-52 myocardium samples.

Discussion and Outlook

Among the large number of different mutations causing DMD, 
a common denominator is the corruption of the DMD reading 
frame. Mutations that do not cause a frame-shift, even if they 
sometimes affect much larger parts of the gene, enable an atten-
uated clinical course, termed BMD (3). This fact led to various 
experimental therapeutic approaches aiming to restore an intact 
reading frame, either at the posttranscriptional level (as in the case 
of ASO therapy) or at the genomic level (by genome editing), 
which promises a lasting effect. Both therapeutic approaches have 

in common that they reach only a proportion of the (cardio-)
myocytes, limiting the efficacy of dystrophin restoration. Thus, 
there is a need for DMD animal models that predict the best 
possible therapeutic outcome of exon skipping strategies.

Multiexon skipping approaches can address a large proportion 
of DMD patients: Skipping of exons 45-55 could be used for 465 
(72.4%) out of a cohort of 642 DMD patients (29). Among dif-
ferent candidates for single-exon skipping, exon 51 appears most 
promising since it could be used for 117 (14.3%) patients of the 
same cohort. We thus decided to develop a porcine DMD model 
lacking DMD exon 52, which is amenable to exon 51 skipping 
(20). This led to partial restoration of dystrophin and promising 
improvements of the clinical phenotype. To predict the potential 
of this exon skipping strategy, we engineered the best possible 
outcome by generating DMDΔ51-52 pigs. These were produced 
by SCNT from gene-edited DMDΔ51-52 cells and did not show 
mutations at the most likely off-target sites, suggesting a low risk 
for such events with the used guide RNAs, similar to our previous 
study on somatic deletion of exon 51 in DMDΔ52 pigs (20).

In contrast to DMDΔ52 pigs (DMD), which present with a 
high variance in muscle fiber diameters, centralized nuclei, and 
fibrotic tissue regions—DMDΔ51-52 pigs (BMD) lack the char-
acteristic hallmarks of DMD. In particular, the skeletal muscle 
architecture was indistinguishable from WT tissue, in marked 
contrast to DMD samples (Fig. 3). Moreover, a reduction of car-
diac function (i.e., left ventricular ejection fraction or left ven-
tricular fractional shortening), which was prominent in 3.5-mo-old 
DMDΔ52 pigs, was absent in age-matched DMDΔ51-52 pigs 
(Fig. 4). In this study, the ejection fraction was calculated from 
the program using M-mode data since a full 2D EDV and ESV 
area was not always obtainable. The resulting values are systemat-
ically higher than values obtained by 2D calculations. However, 
the differences between groups are consistent with 2D and other 
measurements such as fluoroscopy (20).

The rescue of the clinically severe DMD in DMDΔ52 pigs by 
systemic deletion of DMD exon 51 in DMDΔ51-52 pigs is due 
to the restoration of dystrophin, which was demonstrated by 
immunohistochemistry, western blot analyses, and mass spectrom-
etry. Western blot analysis detected the same pattern of dystrophin 
immunoreactive proteins in DMDΔ51-52 samples as in WT 
samples, most prominently Dp427. Interestingly, the abundance 
of dystrophin appeared to be lower in DMDΔ51-52 than in WT 
samples, which was confirmed for the myocardium by targeted 
mass spectrometry analysis. This observation indicates that ~75% 
of the normal dystrophin level is sufficient to support normal 
cardiac function, at least in young animals (3.5 mo). Furthermore, 
the DMDΔ51-52 pig provides an interesting model for future 
studies of transcriptional/posttranscriptional mechanisms regu-
lating the abundance of internally shortened dystrophin.

There is evidence in both DMD patients (30) and dystrophin- 
deficient animal models (31) that dystrophin restoration can lead 
to an anti-dystrophin immune response. This aspect is not relevant 
for the DMDΔ51-52 pig model since an intact DMD reading 
frame is present from initiation of development and dystrophin 
is expressed before maturation of the immune system.

Our findings in DMDΔ51-52 pigs confirm and extend previ-
ous reports in the mdx mouse model with a spontaneous mutation 
of Dmd exon 23 leading to a premature stop codon. In 2017, Eric 
Olson’s lab corrected exon 23 by virtue of CRISPR-Cas9, guide 
RNA and ssODN injection into zygotes. Their implantation into 
pseudopregnant recipients resulted in the birth of mice carrying 
different levels (2 to 100%) of mutation correction in a mosaic 
pattern. CK levels were negatively correlated with the percentage 
of gene correction (32). In another study, the same group used 

http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
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Cpf1, a unique class 2 CRISPR effector (33). However, these mice 
were mosaic, varying from 8 to 50%. Although CK levels varied 
according to the percentage of mosaicism, grip strength was 
largely normalized, indicating a mild phenotype. Remarkably, a 
BMD mouse model (bmx; lacking Dmd exons 45-47) showed 
symptoms intermediate between those of WT C57BL/6 and 
mdx52 mice (34).

In general, dystrophic mouse models display a milder pheno-
type compared to DMD patients and DMDΔ52 pigs. Therefore, 
we used this clinically severe large animal model to address the 
question, to which extent systemic correction of a disrupted DMD 
reading frame by additional excision of exon 51 (DMDΔ51-52) 
can rescue dystrophin expression and the disease phenotype. Of 
note, in the observational period of our study (3.5 mo), no struc-
tural defects were noted in either the skeletal muscle or myocar-
dium of DMDΔ51-52 pigs, correlating well with the normalized 
pump function of the heart. These observations justify postnatal 
DMD correction by exon skipping, as performed by various means 
in preclinical and clinical settings. Correction at the genomic level 
can be performed via CRISPR-Cas9 in myocytic cells after birth. 
These studies were first performed with an AAV-encoded Cas9 
nuclease and guide RNAs in mice (13–15, 35) and later in two 
large animal models, a dog model lacking exon 50 of DMD (17) 
and our porcine DMDΔ52 model. All groups used a two-AAV 
system and obtained decent rates of skeletal muscle correction after 
systemic virus application, whereas correction of cardiomyocytes 
proved more difficult to achieve. As a notable exception, the dog 
model benefitted from targeting an exonic splice enhancer and was 
reported to yield about 90% of WT dystrophin levels in the heart 
(17). In the pig model, however, modest increases of dystrophin 
sufficed to limit the expansion of cardiac fibrosis and electrophysi-
ological instability, which translated into lower rates of sudden 
cardiac death and improved survival (20). Of note, cardiac function 
was improved compared to untreated DMDΔ52 hearts, but—in 
contrast to ubiquitous editing toward a DMDΔ51-52 genotype—
not normalized after systemic treatment of AAV-Cas9-gE51. These 
findings indicate that partial recovery of organ function after 
AAV-based Cas9 transduction and gene correction is caused by 
low-to-moderate (cardio-)myocyte transduction. In addition, a 
certain impact of lacking dystrophin during development should 
be considered since fibrotic changes and proteome alterations are 
already found in newborn DMDΔ52 piglets (19, 36, 37).

Apparently, the lack of both, exons 51 and 52 of DMD, leading 
to a loss of 117 amino acids in the rod domain of dystrophin (3), 
allows for almost normal protein function. The mild symptoms of 
our DMDΔ51-52 model confirm the hypothesis that the rod domain 
is tolerant to large deletions, if these do not affect the reading frame 
(38). Interestingly, the deletion of exon 51 not only affects the twen-
tieth spectrin-like repeat but also the third interspersed hinge. BMD 
patients lacking hinge 3, albeit with larger deletions than a BMD 
control group with intact hinge 3, had milder disease progression, in 
line with the only mild skeletal muscle alterations in DMDΔ51-52 
pigs (39). Moreover, BMD patients lacking the hinge 3 domain have 
a later onset of cardiomyopathy (median age for cardiac involvement: 
43 y) compared with those carrying deletions which leave the hinge 
3 domain intact (median age for cardiac involvement: 29.5 y) (40). 
This could explain the absence of dilated cardiomyopathy in young 
DMDΔ51-52 pigs lacking the hinge 3 domain and the more severe 
cardiac and skeletal muscle alteration of bmx mice, which have an 
intact hinge 3 domain of dystrophin (34).

The observation that large parts of the rod domain can be dis-
pensed without serious functional impairment is well documented 
and led to the development of microdystrophins as therapeutic 
transgenes (41). In this regard, it is tempting to speculate that larger 

deletions in the mutational hotspot of exon 45–55 would also be 
possible in the porcine model without relevant functional impair-
ment, as depicted in human patient-derived iPSCs and mice (42).

BMD patients carrying an in-frame deletion involving exon 51 
were reported to have mild symptoms, but no patients carrying the 
same mutation as our pig model were involved in this study (43). The 
DMDΔ51-52 mutation does however also exist in humans. It is note-
worthy that these patients show a wide range of severity from asymp-
tomatic to mild BMD symptoms up to severe DMD symptoms (44). 
This underlines the need for standardized animal models to study the 
pathophysiological consequences of this mutation. In this respect, the 
comparison between the 9-mo-old DMDΔ52 cell donor pig and its 
corrected age-matched DMDΔ51-52 clone is particularly interesting, 
as it excludes the potential influence of modifier genes.

In summary, our study demonstrates that systemic deletion of 
DMD exon 51 rescues clinically severe DMD in a pig model 
lacking DMD exon 52. At the same time, we generated a large 
animal model for studying the pathophysiology of BMD. Due to 
its rapid muscle growth by hypertrophy, the pig is particularly 
susceptible to dystrophinopathies (45) and should provide insights 
into molecular derangements of this form of BMD within a rea-
sonable time frame.

Methods

Generation of DMDΔ51-52 (BMD) Pigs. All animal experiments were per-
formed according to the German Animal Welfare Act and Directive 2010/63/EU 
on the protection of animals used for scientific purposes and were approved by 
the responsible animal welfare authority (Government of Upper Bavaria; ROB-
55.2-2532.Vet_02-17-136). The microbiological status of the herd was routinely 
monitored [free from notifiable animal diseases according to §4 of the German 
Animal Health Act (TierGesG) and the Ordinance on Notifiable Animal Diseases 
(TierSeuchAnzV)].

For the generation of DMDΔ51-52 (BMD) pigs, DMD exon 51 was 
deleted in a primary kidney cell line (PKC) of a male DMDΔ52 pig (#6790) 
(19). For this purpose, 500,000 kidney fibroblasts were cotransfected with 
two plasmids, each carrying the sequence for a guide RNA (gRNA) binding 
upstream (AGAGTTCCTAAGGTAGAGAGAGG, PAM underlined) or downstream 
(ATAAAGATAAGAGCTGGCAGAGG, PAM underlined) of exon 51 as well as the 
sequence for the N-terminal or C-terminal part of an intein-mediated split-Cas9 
system (21). After a 24-h resting period, clonal separation was performed. In 
total, 107 single-cell clones were picked and screened for the deletion of exon 
51 by PCR using a forward primer located in intron 50 (5′-GTA ATG TCA GGA 
ACT GTG CTA CT-3′) and a reverse primer in intron 51 (5′-ATT CTT CGG GCC TGT 
TAT CC-3′). The resulting PCR products were verified by gel electrophoresis 
and Sanger sequencing. DMDΔ51-52 cell clones were used for SCNT, and the 
reconstructed embryos were transferred laparoscopically to estrous cycle syn-
chronized recipient gilts (46). Offspring were genotyped by PCR detecting the 
deletion of DMD exon 51.

Potential off-target mutations were analyzed as described previously (20). 
Briefly, the most likely off-target sites were predicted using the CRISPOR (47) 
and the CHOPCHOP (48) web tools and ranked according to their CFD and 
Massachusetts Institute of Technology score. The top-five predicted off-targets 
for both guide RNAs (upstream and downstream of exon 51) were amplified 
by PCR using HotStarTaq Plus polymerase (Qiagen) under standard conditions 
from genomic DNA of the initial DMDΔ52 cell donor (#6790) and of two cloned 
DMDΔ51-52 pigs. The selected pigs were representative for the two single-cell 
clones used for SCNT to produce the DMDΔ51-52 pigs. The predicted off-target 
sites and the PCR primers used to amplify them are summarized in SI Appendix, 
Table S1. PCR products were analyzed by Sanger sequencing.

For DMD transcript analysis, RNA was extracted by the TRIzolTM (Thermo Fisher 
Scientific) method from snap-frozen samples of triceps brachii muscle according to 
the manufacturer's instructions. After DNA digestion (dsDNase, Thermo Scientific), 
cDNA was synthesized by superscript reverse transcriptase [RNA to cDNA EcoDryTM 
Premix (Double Primed), TaKaRa], using both oligo(dT)-primers and random primer 
hexamers. For the detection of exon deletions, PCR was performed with the forward 

http://www.pnas.org/lookup/doi/10.1073/pnas.2301250120#supplementary-materials
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primer in DMD exon 50 (5′-AACCCCTGGACTGACCACTA-3′) and the reverse primer 
in DMD exon 53 (5′-TTGTGTAGGGACCCTCCTTCCATG-3′). Since only small amounts 
of DMD Dp427 mRNA, which is the main isoform and at the same time the longest, 
are present in DMDΔ52 animals, five more cycles were carried out in the PCR of the 
DMDΔ52 samples for this nonquantitative detection. PCR products were stained by 
GelRed® (Biotium) and separated by agarose gel DNA electrophoresis, using a 2% aga-
rose gel. The image was taken in a photochamber (UVP GelStudio PLUS, Analytik Jena).

Clinical and Clinical–Chemical Examination. Animals had free access to food 
and water before blood collection from the right jugular vein. Blood samples were 
taken using Serum Monovettes® (Sarstedt). After clotting at room temperature 
for 30 min, the serum was separated by centrifugation at 1.800 rcf for 20 min at 
4 °C. The blood serum was stored at −80 °C until further processing (the storage 
period did not exceed 6 mo). CK values were determined using the CKL ACN 057 
kit on a Cobas 311 Analyser System as described previously (19).

Echocardiography. Standard 2D transthoracic echocardiography (Esaote 
MyLab X8) was performed in 3.5-mo-old DMDΔ51-52 pigs (n = 7) as previously 
described (19). Briefly, the pigs were kept under general anesthesia which was 
induced with 20 mg/kg ketamine (Ursotamin®, Serumwerk Bernburg) and 2 
mg/kg azaperone (Azaporc®, Serumwerk Bernburg) and maintained with 4 mg/
kg/h of propofol (Propofol 2%, Fresenius Kabi). Pigs were placed in right lateral 
recumbency. Systolic function and dimensions of the heart were evaluated in the 
right parasternal long-axis four-chamber view using the M-mode. The average 
of three measurements over different heart cycles was taken. To evaluate cardiac 
function and morphology, a complete echocardiogram was performed. Results 
were compared with echocardiographic data from age-matched DMDΔ52 (n = 
4) and WT pigs (n = 7) (19), which had been examined by the same investigator, 
and an additional set of contemporary DMDΔ52 (n = 8) and WT pigs (n = 5).

Histopathology. Fully anesthetized animals [ketamine (Ursotamin®, Serumwerk 
Bernburg), azaperone (Azaporc®, Serumwerk Bernburg), and propofol (Propofol 
2%, Fresenius Kabi)] were killed by intravenous injection of potassium chloride 
(KCl 7.45%, Braun, Melsungen, Germany). Tissue specimens of various skeletal 
muscles (including the triceps brachii muscle, gluteobiceps muscle, diaphragm, 
and tongue) and of the ventricular myocardium (each three transmural sections 
from the left, right, and septal myocardium) were systematically sampled as 
described previously (49). Tissue samples were formalin fixed and routinely 
embedded in paraffin. Sections of 3 µm thickness were stained with hematox-
ylin–eosin. Masson’s trichrome (MT) connective tissue stain (50) was used to 
demonstrate fibrosis. Stained sections were examined with an Olympus BX 41 
light microscope (Olympus). Digital images were acquired at 10-fold objective 
magnification using a digital camera (DP 72, Olympus) and adapted software (VIS-
Visiopharm Integrator System™ Version 3.4.1.0, Visiopharm A/S). The samples for 
histopathological investigation were not blinded to the investigator.

Immunohistochemistry. For immunohistochemical (IHC) detection of cellular 
dystrophin abundance patterns in paraffin sections of triceps brachii muscle and 
myocardium specimens, monoclonal mouse anti-DYS1 (rod domain; NCL-DYS1, 
clone Dy4/6D3, Leica Biosystems; dilution 1:20, overnight at 4 °C) and biotinylated 
goat anti-mouse IgG (no. 115-065-146, lot 118375, Jackson ImmunoResearch; 
dilution 1:250, 1 h at room temperature) were used as primary and secondary 
antibodies. For detection of myosin 3 (MYH3), polyclonal rabbit anti-myosin 3 
(Myosin 3 antibody, RB934, orb385438, Biorbyt, dilution 1:375, overnight at 4 °C)  
and biotinylated goat anti-rabbit IgG antibody (BA-1000-1.5, ZH0818, Vector 
Laboratories, dilution 1:200, 1 h at room temperature) were used. In all IHC exper-
iments, appropriate negative control sections (omission of primary antibody) were 
used. Bound antibodies were detected using the Vectastain Elite ABC HRP kit with 
3.3′-diaminobenzidine tetrahydrochloride dihydrate as chromogen (brown color). 
Meyer’s hemalum was applied as counterstain. Stained sections were photo-
graphed at 40-fold objective magnification using a Leitz DMRBE microscope (Leica 
Microsystems) and a digital camera (DMC4500 camera, Leica Microsystems) with 
adapted software (LAS software, Version 4.13.0, Leica Microsystems).

Western Blot Analyses. Powdered heart and triceps muscle samples were homog-
enized in lysis buffer [4.4 mM Tris, pH 7.5, 9% sodium dodecyl sulfate, 4% glycerol, 
5% β-mercaptoethanol, and Complete® protease inhibitor] (51), and protein con-
centration was determined at A280 using the IMPLEN nanophotometer. Twenty-five 
micrograms of total protein was separated by 4 to 8% Tris–acetate gradient PAGE 

(NuPAGE®; Thermo Fisher Scientific) and blotted to PVDF membranes (Immobilon-P, 
0.45 µm; Merck Millipore). Immunodetection was performed using the following 
mouse monoclonal primary antibodies: anti-dystrophin aa 1181–1388 (#NCL-DYS1, 
dilution 1:600); anti-dystrophin aa 3669-3685 (#NCL-DYS2, dilution 1:600); anti-
dysferlin (#NCL-Hamlet, dilution 1:1,000) (all from Leica Biosystems); and anti-pan 
actin (#MAB1501, dilution 1:40,000; Sigma Aldrich). As secondary antibodies, 
horseradish peroxidase–coupled polyclonal goat anti-mouse antibodies (115-035-
146, dilution 1:10,000, Jackson ImmunoResearch) were used. Bound antibodies 
were visualized using SuperSignalTM ECL reagent (Thermo Fisher Scientific) and ECL 
ChemoStar Imager (INTAS). For stripping, membranes were incubated in stripping 
buffer (2% SDS, 62.5 mm Tris/HCl, pH 6.7, and 100 mM β-mercaptoethanol) for 60 
min at 70 °C. Afterwards, membranes were washed, blocked, and incubated with 
the next primary antibody.

Proteomics. Frozen samples of the skeletal muscle (triceps brachii) and myocar-
dium (left ventricular wall) were placed into precooled tubes and cryopulverized 
in a Covaris CP02 Automated Dry Pulverizer (Covaris) according to the manufac-
turer's instructions. Powdered tissues were lysed in 8 M urea/0.5 M NH4HCO3 
with the aid of ultrasonication (18 cycles of 10 s) using a Sonopuls HD3200 
(Bandelin). Protein concentration was measured using a Pierce 660 nm Protein 
Assay (Thermo Fisher Scientific). After reduction and alkylation of cysteine resi-
dues, 20 μg of protein was digested sequentially first with Lys-C (FUJIFILM Wako 
Chemicals Europe GmbH) for 4 h and subsequently with modified porcine trypsin 
(Promega) for 16 h at 37 °C.

For nano-liquid chromatography (LC)–tandem mass spectrometry (MS/MS) 
analysis, 1 μg of the digest was injected on an UltiMate 3000 nano-LC system cou-
pled online to a Q-Exactive HF-X instrument (Thermo Fisher Scientific) operated 
in the data-dependent acquisition mode. Briefly, peptides were transferred to a 
PepMap 100 C18 trap column (100 µm × 2 cm, 5 µM particles, Thermo Scientific) 
and separated on an analytical column (PepMap RSLC C18, 75 µm × 50 cm, 2 
µm particles, Thermo Scientific) at 250 nL/min flow rate with a 160-min gradient 
of 3 to 25% of solvent B followed by 10-min rise to 40% and 5-min rise to 85%. 
Solvents A and B consisted of 0.1% FA in water and acetonitrile, respectively. MS 
spectra were acquired using one full scan and 15 data-dependent MS/MS scans.

Raw data processing was carried out using MaxQuant (version 1.6.7.0) (52) 
and its built-in search engine Andromeda (53). For all searches, the NCBI RefSeq 
Sus scrofa database (downloaded in October 2022) alongside the MaxQuant 
contaminants fasta file was used. The MaxLFQ approach was used for protein 
intensity normalization (54). All statistical analyses and visualization were done 
using Perseus (55) or the R framework (56) with custom scripts. Proteins with 
valid values in at least 3 samples of all replicates of at least one condition were 
considered for downstream analysis. To handle missing values, the left-censored 
missing value imputation strategy with random numbers drawn from a normal 
distribution of 1.8 SD down shift and with a width of 0.3 of each sample was 
employed. Volcano plots for dual comparisons were generated using a two-
tailed Student’s t test and permutation-based FDR cutoff of 0.05, alongside 
an s0-parameter (57) of 0.1. Comparisons between multiple conditions were 
performed using a one-way ANOVA. Nonparametric permutation-based FDR 
correction was employed to account for multiple testing issue. To determine 
exact pair-wise differences, Tukey’s HSD (honestly significant difference) post 
hoc test was used. For unsupervised clustering, principal component analysis 
and hierarchical clustering [ComplexHeatmap R package (58)] were applied. 
To reveal the proteins with similar abundance profiles across conditions, the 
k-means algorithm was used for partitioning the heatmap into homogeneous 
regions. Overrepresentation analysis was performed using the WebGestaltR 
package (59) and the functional category of Kyoto Encyclopedia of Genes and 
Genomes and “GO Biological Process nonRedundant.” The FDR was controlled 
using the Benjamini–Hochberg method.

Targeted Quantification of Dystrophin by Mass Spectrometry. Parallel reac-
tion monitoring analysis was performed on the same LC-MS instrument as described 
above. One microgram of peptides was separated with 3 to 25% solvent B in 30 min 
followed by a ramp to 40% B in 5 min. Solvents A and B consisted of 0.1% FA in water 
and acetonitrile, respectively. For each peptide, three product ions were selected 
for quantification, and peak areas were normalized to the total ion chromatogram. 
Data analysis was done in Skyline 22.2.0.351 (60). Statistics and visualization were 
done using R with a custom script. As an internal control, 100 fmol of corresponding 
synthetic heavy peptides (JPT Peptide Technologies) was spiked in.
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Statistical Analysis. Clinical chemical data (CK, creatinine, ALT, and troponin I; Fig. 1), 
quantitative histological data (proportion of muscle fiber profiles with central nuclei 
and variation in the mean Feret diameter of muscle fibers; Fig. 3), and heart function 
data (left ventricular ejection fraction and left ventricular fractional shortening; Fig. 4) 
were analyzed by one-way analysis of variance (PROC GLM, SAS 9.4, SAS Institute 
Inc.) taking the effect of group (WT, DMDΔ52, and DMDΔ51-52) into account. Least 
squares means (LSMs) and SEs of LSMs were calculated for the groups and compared 
using unpaired Student’s t tests. Correction for multiple testing was performed with 
the Bonferroni method using the ADJUST=BON argument. P < 0.05 was considered 
significant. The normalized abundance ratios of different dystrophin peptides (Fig. 2) 
between groups were compared using the unpaired Student’s t test.

Data, Materials, and Software Availability. Proteomics data have been deposited 
in ProteomeXchange Consortium via the PRIDE partner repository. The data set can be 
accessed via https://www.ebi.ac.uk/pride/archive with the identifier.
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