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A novel mouse model of Duchenne muscular dystrophy carrying a
multi-exonic Dmd deletion exhibits progressive muscular
dystrophy and early-onset cardiomyopathy
Tatianna Wai Ying Wong1,2, Abdalla Ahmed1,3, Grace Yang1, Eleonora Maino1,2, Sydney Steiman1,
Elzbieta Hyatt1, Parry Chan1, Kyle Lindsay1, Nicole Wong1, Diane Golebiowski4, Joel Schneider4,
Paul Delgado-Olguıń1,3, Evgueni A. Ivakine1,5,* and Ronald D. Cohn1,2,6,7,*

ABSTRACT
Duchenne muscular dystrophy (DMD) is a life-threatening
neuromuscular disease caused by the lack of dystrophin, resulting
in progressive muscle wasting and locomotor dysfunctions. By
adulthood, almost all patients also develop cardiomyopathy, which
is the primary cause of death in DMD. Although there has been
extensive effort in creating animal models to study treatment
strategies for DMD, most fail to recapitulate the complete skeletal
and cardiac disease manifestations that are presented in affected
patients. Here, we generated a mouse model mirroring a patient
deletion mutation of exons 52-54 (Dmd Δ52-54). The Dmd Δ52-54
mutation led to the absence of dystrophin, resulting in progressive
muscle deterioration with weakenedmuscle strength. Moreover,Dmd
Δ52-54 mice present with early-onset hypertrophic cardiomyopathy,
which is absent in current pre-clinical dystrophin-deficient mouse
models. Therefore, Dmd Δ52-54 presents itself as an excellent pre-
clinical model to evaluate the impact on skeletal and cardiac muscles
for both mutation-dependent and -independent approaches.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked progressive
and lethal neuromuscular disease that affects one in 5000 boys
(Bladen et al., 2015; Mendell and Lloyd-Puryear, 2013). The DMD
disease first manifests as muscle weakness before the age of five,
eventually resulting in most patients becoming wheelchair bound by
15 years old (Mavrogeni et al., 2015; Miller and Wessel, 1993).
Because both skeletal and cardiac muscles are affected in DMD,

patients develop cardiac and respiratory complications (Bushby
et al., 2010; Judge et al., 2011). By the age of 10, 81% of patients
experience cardiac involvement which includes hypertrophic
cardiomyopathy (HCM), dilated cardiomyopathy (DCM), or
defective cardiac conduction (Nigro et al., 1990). By adulthood,
almost all DMD patients present with cardiomyopathy, where most
cardiac manifestations develop into DCM at late disease stages
(Mavrogeni et al., 2015; Nigro et al., 1990). While the available
symptomatic management, such as ventilation, has life-prolonging
effects, it also results in more patients eventually developing
cardiomyopathy, which is currently the leading cause of mortality
for DMD patients (Meyers and Townsend, 2019).

DMD is caused by the absence of the dystrophin protein, which is
localized at the sarcolemma of the skeletal and cardiac muscles, and
is an essential component of the dystrophin glycoprotein complex
(DGC) (Ervasti et al., 1990). Dystrophin is comprised of key
functional domains such as the actin-binding domain (ABD),
cysteine-rich domain (CR), and C-terminal domain (CT), and
almost 80% of the protein is composed of the largely redundant rod
domain (Harper et al., 2002; Koenig et al., 1988; Nicolas et al.,
2012). On the other hand, the ABD, CR, and CT domains are
responsible for bridging cytosolic actin to the extracellular matrix
via other DGC proteins. By recruiting the DGC components to the
sarcolemma, dystrophin maintains muscle integrity during the
cycles of muscle contraction and relaxation. Therefore, the absence
of dystrophin expression results in the loss of DGC components,
leading to DMD disease manifestation.

Dystrophin is encoded by the DMD gene, which at 2.3 Mb, is the
largest gene in the human genome (den Dunnen et al., 1989). DMD
is transcribed into a 14 kb mature mRNA composed of 79 exons and
translated into the 427 kDa protein (Hoffman et al., 1987). The lack
of dystrophin expression is due to mutations within the DMD gene,
where 70% of theDMDmutation spectrum is comprised of single or
multi-exonic deletions, mostly occurring within the DMD
mutational hot spot spanning exons 2-20 and 45-55 (Bladen et al.,
2015; Mendell and Lloyd-Puryear, 2013). These deletion mutations
disrupt the open reading frame (ORF), producing a premature
termination codon and hence preventing dystrophin expression.

Current developing therapies for DMD caused by deletion
mutations revolve around restoring expression of a shorter
dystrophin protein. These approaches include converting the
DMD mutation into an in-frame deletion mutation found in the
milder Becker muscular dystrophy (BMD), and the gene transfer of
a compact dystrophin called microdystrophin (Aartsma-Rus et al.,
2009; Wong and Cohn, 2017). Although these approaches have
been shown to restore dystrophin expression in pre-clinical
dystrophin-deficient mouse models, these small animal models
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have provided insight of treatment outcome mainly in skeletal
muscles (Bostick et al., 2011; Hakim et al., 2017; Liu et al., 2005;
Schinkel et al., 2012). These dystrophin-deficient models have a
natural late onset of cardiomyopathy, and therefore are not suitable
tools to study cardiac implications of these strategies.
Among the currently available DMD animal models, only a rat

model (Dmdmdx) has been described to recapitulate DMD disease
progression in skeletal muscle and exhibit a cardiac phenotype at
12 weeks, but it does not fully reflect cardiac function (Larcher et al.,
2014). Also, Dmdmdx carries an 11 bp deletion within exon 23,
which lies outside of the DMD mutation hot spot. Therefore, this
model could only be utilized as a dystrophin-deficient model, and
is less likely to be used for individualized therapeutic approaches.
Here, we generated a mouse model recapitulating the patient

deletion mutation of DMD exons 52-54 in the mouse Dmd gene
(Dmd Δ52-54). Dystrophin is absent in the Dmd Δ52-54 mice,
leading to lack of muscle fiber integrity. Dmd Δ52-54 display
dystrophic muscle histology and compromised motor strength,
which is prolonged from 12 to 52 weeks. Moreover, Dmd Δ52-54
exhibits an early onset of cardiac hypertrophy and tachycardia
compared to current DMD mouse models. The Dmd Δ52-54
deletion mutation represents 0.3% of all DMD patients (UMD-
TREAT-NMD DMD database), and lies within the Dmdmutational
hot spot. Therefore, this deletion mutation is amenable towards
multiple developing therapeutic strategies for DMD that are
either mutation-dependent or mutation-independent. Overall, Dmd

Δ52-54 presents as an important mouse model in DMD pre-clinical
studies due to its early skeletal and cardiac phenotype, potentially
revealing long-term therapeutic implications.

RESULTS
The generation of a Dmd Δ52-54 mouse line using CRISPR/
Cas9
The deletion of Dmd exons 52-54 is predicted to disrupt the ORF
(Fig. 1A) leading to the lack of dystrophin expression and
consequential development of a muscular dystrophy phenotype.
To generate a mouse model carrying the Dmd Δ52-54 mutation
(Dmd Δ52-54) using CRISPR/Cas9, two sgRNAs were designed
within each of intron 51 and intron 54 (Fig. 1B, Table 1). Two
sgRNAs were utilized rather than one at each intronic region to
enhance the frequency of deletion events. The respective sgRNAs
were then delivered with Streptococcus pyogenes Cas9 mRNA
through pronuclear microinjections, and the resultant pups were
genotyped based on the presence of the intended deletion junction
(Fig. 1C, Table 1). After the pronuclear injection, one out of 28 pups
carried the desired Dmd Δ52-54 mutation. The 116 kb deletion was
validated through whole-genome sequencing, where non-specific
events were not detected at the top ten off-target sites of each
sgRNA. Sanger sequencing also revealed a 1 bp insertion between
predicted Cas9 cleavage sites (Fig. 1C). In summary, we generated
Dmd Δ52-54, the first mouse model carrying a multi-exonic
deletion in the Dmd mutational hot spot.

Fig. 1. CRISPR/Cas9-mediated generation of Dmd Δ52-
54 mice. (A) Exon map of Dmd Δ52-54. As a result of the
mutation, exons 51 and 55 (orange) are out of frame.
(B) sgRNAs compatible with the S. pyogenes Cas9 system
were designed to target regions within Dmd intron 51
(in51g1 and in51g2) and intron 54 (in54g2 and in54g3).
The founder Dmd Δ52-54 carried the deletion produced by
in51g2 and in54g3 (green), leading to a deletion of 116 kb.
(C) Genotyping with the corresponding primer sets
(Table 1) detects deletion junctions present in Dmd Δ52-54
mice. The deletion junction was confirmed using Sanger
sequencing, which also detected a one base pair insertion
between Cas9 cut sites (highlighted in orange). WT, wild-
type control; neg, PCR negative control; PAM, protospacer
adjacent motif.
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Dmd Δ52-54 mice lack dystrophin expression and DGC
recruitment to the sarcolemma
The mouse generation strategy using CRISPR/Cas9 was designed to
leave the splice sites upstream of exon 55 unaffected. Reverse
transcription PCR (RT-PCR) amplifying the region between exon
51 and exon 55 detected a deletion of 420 bp in the Dmd Δ52-54
mice transcript expressed in heart tissues, corresponding to the
deletion of Dmd exons 52-54 (Fig. 2A). Because the ORF is
disrupted in the Dmd Δ52-54 mutation, a premature termination
codon in exon 55 was produced. Consequently, dystrophin was not
expressed in Dmd Δ52-54 mice, as observed in the gastrocnemius,
triceps, diaphragm, and heart muscles (Fig. 2B,C). Due to the
lack of dystrophin, DGC components such as α-syntrophin and
β-sarcoglycan were not recruited to the sarcolemma (Fig. 2D).

Dmd Δ52-54 mice display progressive dystrophic muscle
histology
Because correct dystrophin and DGC localization is essential in
myofiber integrity and muscle function, DMD patients lacking
dystrophin expression experience progressive muscle deterioration.
This phenotype of exacerbated muscle degeneration and
regeneration is classically indicated in Hematoxylin and Eosin-
stained tissue cross sections (Fig. 3A) by (1) the presence of
immature myofibers containing centralized nuclei; (2) the
heterogeneity in muscle fiber sizes, which illustrates the different
cycles of muscle turnover (Briguet et al., 2004); and (3) the
development of fibrotic tissue.

In gastrocnemius, triceps, and diaphragm from 12-week-oldDmd
Δ52-54mice (Fig. 3A), 60%, 69% and 52% of myofibers contained

Fig. 2. Dmd Δ52-54 mice lack dystrophin
expression. (A) RT-PCR detection and Sanger
sequencing of deletion junctions in Dmd
transcripts in heart tissues of wild-type (WT) and
Dmd Δ52-54 (Δ52-54) mice. mGAPDH is shown
as a control. (B) Protein isolated from
gastrocnemius and heart tissues showed
absence of dystrophin in Dmd Δ52-54 mice. Anti-
vinculin is used as the loading control.
(C) Immunofluorescence staining detected the
sarcolemma using laminin-α2 (green) and the
presence of dystrophin (red) in wild-type andDmd
Δ52-54 cross sections of the indicated tissues.
Scale bar: 100 µm. (D) Immunofluorescence
staining probing for dystrophin, α-syntrophin and
β-sarcoglycan in gastrocnemius cross sections of
WT and Dmd Δ52-54 mice. Scale bar: 110 µm.
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Fig. 3.Dmd Δ52-54 displays dystrophic histology. (A) Hematoxylin and Eosin (H&E) staining of gastrocnemius cross sections from 12-week-old wild-type (WT)
and Dmd Δ52-54 mice. Scale bar: 50 µm. (B) Quantification of centralized nuclei in 12-week-old wild-type (n=4) and Dmd Δ52-54 (n=5) mice. (C) Average
minimum Feret’s diameter and (D-F) distributions of minimum Feret’s diameter were quantified using H&E cross sections from wild-type (n=4) and Dmd Δ52-54
(n=4-5) mouse lines. (G) Masson’s trichrome staining was performed on gastrocnemius, triceps, diaphragm and heart tissues of 12-week-old wild-type
(n=4-5) and Dmd Δ52-54 (n=4-5) mice, and the fibrotic area was quantified. Scale bar: 250 µm. All data are presented as the mean±s.d. Statistical analyses
were performed using a Student’s t-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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centralized nuclei, respectively (Fig. 3B). While there was no
difference in the average minimum Feret’s diameter in skeletal
muscle between Dmd Δ52-54 and wild-type mice (Fig. 3C), Dmd
Δ52-54 myofibers in gastrocnemius and triceps were more
heterogeneous and smaller in size compared to those in wild-type
mice (Fig. 3D,E). Collectively, this confirmed the increased muscle
turnover in the gastrocnemius and triceps of Dmd Δ52-54 mice, but
not in the diaphragm (Fig. 3F). Corresponding to the excessive
muscle degeneration in Dmd Δ52-54 mice compared to wild-type
mice, increased fibrosis was evident in the gastrocnemius, triceps,
diaphragm and heart tissues ofDmd Δ52-54mice by 2.9-, 3.6-, 2.4-,
and 3.8-fold, respectively, further reinforcing the overall dystrophic
histology (Fig. 3G).
Elevated muscle turnover was also observed inDmd Δ52-54mice

at 52 weeks (Fig. 4A). In the gastrocnemius, triceps and diaphragm,
an average of 57%, 60%, and 45% of myofibers contained
centralized nuclei, respectively (Fig. 4B). On average, there was a
28% and 32% decrease in myofiber size in the gastrocnemius and
triceps, respectively, compared to wild-type mice, but such a
decrease was not observed in the diaphragm (Fig. 4C). There was
also a significant shift in myofiber size in the gastrocnemius, triceps
and diaphragm tissues at 52 weeks, where the majority of the Dmd
Δ52-54 myofibers were smaller compared to those in wild-type
(Fig. 4D-F). Regarding the diaphragm, this shift in myofiber size
was only evident at an older age and not at the 12-week-old time
point (Fig. 4F). There was also a 2-fold increase in fibrosis in the
diaphragm at 52 weeks compared to 12-week-oldDmd Δ52-54mice
(Fig. 4G). Taken together, the histological analyses at 12 and
52 weeks indicate that muscular dystrophy is progressive in Dmd
Δ52-54 mice, similar to that in DMD patients.

The absence of dystrophin in Dmd Δ52-54 mice leads to
compromised muscle strength
Owing to the loss of myofiber integrity in the dystrophin-deficient
Dmd Δ52-54 mice, there was an elevated level of serum creatine
kinase of ∼1.7-fold compared to levels in wild-type mice at both 12
and 52 weeks (Fig. 5A). This further supports the presence of
damaged myofibers in the Dmd Δ52-54 mice, and hence muscle
atrophy and necrosis, emulating the DMD disease. Degenerated
myofibers are displaced by fat deposition and fibrosis, which leads
to pseudohypertrophy (Kornegay et al., 2012), and is consistent
with the heavier body weight observed for Dmd Δ52-54 mice at 12
and 52 weeks (Fig. 5B). However, muscle histology (Figs 3A and
4A) indicated that the pseudohypertrophy observed in Dmd Δ52-54
mice is primarily attributed to fibrotic development (Figs 3G and
4G). Because the presence of fibrosis impairs skeletal muscle
function, the dystrophic Dmd Δ52-54 mice had weakened muscle
strength from 12 to 52 weeks of age, where there was a decreased
grip strength by 20-30% compared to that of wild-type mice
(Fig. 5C). Altogether, Dmd Δ52-54 mice present features in
accordance with a muscular dystrophy phenotype.

Dmd Δ52-54 mice develop cardiac hypertrophy and
tachycardia
Loss of dystrophin negatively impacts the heart function of DMD
patients and can lead to progressive hypertrophy, arrhythmia or
dilation of the heart (Hermans et al., 2010). Although heart weight
of Dmd Δ52-54 mice did not consistently indicate larger hearts
throughout the 12-, 28- and 52-week time points (Fig. S1A), Dmd
Δ52-54 cardiomyocytes had an increased cell surface area of ∼1.4-
fold at both 12 and 52 weeks compared to those of wild-type mice
(Fig. 6A). Cardiac hypertrophy in Dmd Δ52-54 mice was further
validated using echocardiography (Fig. S1B), which was

observed throughout 12 to 52 weeks of age. During systole and
diastole, there was a 15-25% and 8-21% increase in posterior
wall thickness, respectively (Fig. 6B; Fig. S1C). This was
coupled with a reduction in chamber systolic volume by 41%
and diastolic volume by 22% (Fig. 6C; Fig. S1D). In addition,
ventricular diameter was reduced by 19% during systole and
9% during diastole, collectively indicating a constrictive
hypertrophic response (Fig. 6D; Fig. S1E). To assess cardiac
stress, we examined the expression levels of Nppa which
encodes the atrial natriuretic peptide (ANP). Nppa expression
increased by 2.6-fold in Dmd Δ52-54 mice compared to
expression in wild-type mice at 12 weeks, indicating a stress
response (Fig. 6E). Similarly, heart rate was significantly
increased by 22%, 17% and 27% during 12-, 28- and 52-week
time points, indicating consistent tachycardia in Dmd Δ52-54
mice (Fig. 6F). The ejection fraction and fractional shortening
were also increased in Dmd Δ52-54 mice by 22% and 36%
respectively (Fig. 6G; Fig. S1F). Overall, Dmd Δ52-54 mice
present with cardiac hypertrophy and tachycardia throughout
their lifespan, recapitulating the heart phenotype of DMD
patients.

DISCUSSION
As the development of therapies for DMD advances, the demand for
representative DMD animal models also grows to evaluate their
efficacies and long-term impact. Thus far, pre-clinical research
studying strategies involving restoration of a truncated but
functional version of dystrophin has been conducted most
frequently in the mdx model, which is the most commonly used
dystrophin-deficient mouse model (Liu et al., 2005; Long et al.,
2016; Mann et al., 2001; Nelson et al., 2016; Tabebordbar et al.,
2016). The mdx mouse strain carries a point mutation in exon 23 of
Dmd, resulting in a premature stop codon, and therefore lacks
dystrophin expression (Sicinski et al., 1989). While mdx is the most
studied mouse model for DMD, it does not fully mimic human
DMD progression. Mdx mice have an early onset of muscle
degeneration and necrosis at 3 weeks, followed by rapid muscle
regeneration in skeletal muscles that compensates for the previous
myonecrosis by 6 weeks (Duddy et al., 2015). Although mdx mice
only exhibit mild muscle degeneration in the limb muscle, the
disease progression in the diaphragm is more representative of what
is seen in patients with DMD (Louboutin et al., 1993; Stedman
et al., 1991). However, DMD patient cardiomyopathy, which is
detected during childhood, is not reflected in the mdx mice.
Although mdx mice exhibit an elevated heart rate at 10-12 weeks,
cardiac fibrosis and ventricular hypertrophy are not observed until
29 and 42 weeks of age, respectively (Au et al., 2011; Chu et al.,
2002; Quinlan et al., 2004).

This mild cardiac phenotype in mdx mice is attributed to the
elevated expression of utrophin, which is an autosomal homolog of
dystrophin (Love et al., 1989; Matsumura et al., 1992). Utrophin has
80% sequence similarity to the C-terminal end of dystrophin and
also binds to the DGC, and therefore can functionally compensate
for a lack of dystrophin (Deconinck et al., 1997). Although utrophin
is expressed at the sarcolemma in prenatal stages, a 4-fold increase
in utrophin levels have been observed in the mdx adult heart
(Matsumura et al., 1992). The functionality of utrophin inmdxmice
was further emphasized when mdx mice were crossed to utrophin
knockout mice, generating the mdx:utrn−/− mouse strain (Grady
et al., 1997). The mdx:utrn−/− strain exhibits muscle deterioration
starting at 2 weeks, with evident fibrotic development by 10 weeks
of age (Grady et al., 1997). Although mdx:utrn−/− mice show
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Fig. 4. Dmd Δ52-54 mice exhibit dystrophic histology at 52 weeks. (A) Hematoxylin and Eosin (H&E) staining of gastrocnemius cross sections from
52-week-old wild-type (WT) and Dmd Δ52-54 (Δ52-54) mice. Scale bar: 50 µm. (B) Quantification of centralized nuclei in 52-week-old wild-type (n=4) and Dmd
Δ52-54 (n=5) mice. Using H&E cross sections, (C) average minimum Feret’s diameter and (D-F) distributions of minimum Feret’s diameter were quantified
fromwild-type (n=3) andDmd Δ52-54 (n=5) mouse lines. (G) Masson’s trichrome staining was performed on gastrocnemius, triceps, diaphragm and heart tissues
of 52-week-old wild-type (n=3-4) and Dmd Δ52-54 (n=5) mice, and the fibrotic area was quantified. Scale bar: 250 µm. All data are presented as the mean±s.d.
Statistical analyses were performed using a Student’s t-test. ns, not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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degeneration in skeletal and cardiac muscle, worsened cardiac
contractility, increased heart rate and a stunted life expectancy like
DMD patients, cardiac hypertrophy and ventricular dilation are not
reflected in this strain (Grady et al., 1997; Janssen et al., 2005).
In an effort to represent DMD patient disease manifestation in a

mouse model, the mdx model was backcrossed into the DBA/2J
genetic background, producing the D2-mdx mouse line, which
exhibits severe muscular dystrophy (Fukada et al., 2010). Unlike the
original mdx strain on the C57BL/10 background, elevated atrophy,
fibrosis and calcification occurs in the skeletal muscles of D2-mdx
mice, which correlates with weaker muscle strength (Coley et al.,
2016; van Putten et al., 2019). In the heart, fibrosis and calcification
are already apparent in D2-mdx mice at 10 weeks, and cardiac
hypertrophy was observed at 34 weeks. Although cardiac stress is
detected in D2-mdx (van Putten et al., 2019), there is no significant
difference in heart rate or systolic and diastolic function compared
to that of DBA/2J wild-type mice (Hakim et al., 2017). Therefore
cardiac fibrosis found in D2-mdx at 25 weeks of age is most likely
attributable to the DBA/2J background (Hakim et al., 2017). Also,
calcification observed in the skeletal and heart muscles is
uncommonly found in DMD patients, further emphasizing the
limitations of using D2-mdx mice to understand the full systemic
impact of DMD-targeting therapies (Hakim et al., 2017;
Verhaart et al., 2019).
Several mouse models carrying DMD patient-specific deletion

mutations have been generated using CRISPR/Cas9. Deletion of
DMD exon 45 is the most common DMD exonic deletion mutation
observed in patients, and the mutation has been introduced into the
humanized DMD (hDMD) mouse strain, where the human DMD
gene is inserted into the mouse chromosome 5 (Young et al., 2017).
The resultant strain was then crossed to D2-mdx mice, generating
hDMD del45 mdxD2 mice (Young et al., 2017). Although the

hDMD del45 mdxD2 strain shows dystrophic histology such as
inflammation, calcium deposits and fibrosis, skeletal and cardiac
function has not been assessed (Young et al., 2017). Single exon
deletion of DMD exon 50 (ΔEx50) and exon 44 (ΔEx44) are also
among the most commonly reported DMD deletion mutations
(Bladen et al., 2015). These mutations have been introduced into the
endogenous mouseDmd gene on a C57BL/6J background, and both
the resulting mouse strains exhibit severe muscular dystrophy and
weakened muscle strength, but cardiac function has not been
addressed (Amoasii et al., 2017; Min et al., 2019). The largest
patientDMD deletion recapitulated in a mouse model is the deletion
of Dmd exons 8-34 (del8-34) (Egorova et al., 2019). Del8-34 mice
show histological and muscle function phenotypes of muscular
dystrophy, but the cardiac function was also not evaluated
(Egorova et al., 2019). Taken together, these studies illustrate the
void in mouse models recapitulating the DMD disease progression
in both skeletal and heart muscles.

Here, we generated the Dmd Δ52-54 model, which faithfully
emulates the DMD patient disease phenotype. Dmd Δ52-54 mice
lack dystrophin expression, and DGC components essential to
muscle function and structure are not recruited to the sarcolemma.
Therefore Dmd Δ52-54 mice experience muscle deterioration and
fibrotic development, leading to compromised muscle strength,
which is observed from 12 weeks to 52 weeks. The mdx diaphragm
and Dmd Δ52-54 diaphragm follow similar DMD progression and
have comparable levels of centralized nuclei and fibrosis (Giordano
et al., 2015). However, Dmd Δ52-54 mice have an early onset of
cardiac dysfunction at 12 weeks, unlike the mdx and D2-mdx
models used in pre-clinical studies. This cardiac phenotype includes
ventricular hypertrophy, reduced ventricular volume and
tachycardia that persists throughout 12 to 52 weeks. In DMD
patients, the ejection fraction declines as the disease progresses,

Fig. 5. Dmd Δ52-54 mice exhibit
elevated body weight and
compromised muscle strength from 12
to 52 weeks. (A) Serum CK activity of
Dmd Δ52-54 (Δ52-54) mice relative towild-
type (WT) mice at 12 and 52 weeks. (B)
Body weight of wild-type (n=4) and Dmd
Δ52-54 (n=13) mice at 12, 28 and
52 weeks of age. (C) Forelimb and
hindlimb grip strength of wild-type (n=4)
and Dmd Δ52-54 (n=13) mice at 12, 28
and 52 weeks of age. All data are
presented as the mean±s.d. Statistical
analyses were performed using Student’s
t-test. ns, not significant; *P<0.05;
**P<0.01; ***P<0.001; ****P<0.0001.
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reaching levels as low as 25-30% (Meyers and Townsend, 2019;
Tandon et al., 2015). This decrease in ejection fraction is not
recapitulated in the Dmd Δ52-54 mice. The elevated ejection
fraction and fraction shortening in the Dmd Δ52-54 mice are likely
due to increased sympathetic activity in DMD, which was also
previously reported in the mdxmouse model, consequently causing
increased heart rate and contractility (Chu et al., 2002; Puhl et al.,
2016). Although DMD patients mainly present with dilated
cardiomyopathy, Dmd Δ52-54 mice exhibit a phenotype similar to
HCM. However, left ventricular remodeling has been observed in
∼50% of end-stage patients with HCM, transitioning into DCM

(Harris et al., 2006). Therefore, the Dmd Δ52-54 model should be
monitored to later stages to understand whether the hypertrophic
cardiac phenotype will progress into DCM. Overall, Dmd Δ52-54 is
a representative model of DMD disease progression, and its early
disease manifestation allows it to be a powerful tool in
understanding long-term therapeutic outcomes impacting both
skeletal and cardiac muscles.

Because theDmd Δ52-54 deletion disrupts the ORF, the mutation
is amenable to single exon or multi-exon skipping to restore the
reading frame while converting the out-of-frame deletion into an in-
frame deletion representative of BMD. Exon 55 can be excluded in

Fig. 6. Dmd Δ52-54 mice develop long-
term persistent cardiac hypertrophyand
tachycardia. (A) Wheat germ agglutinin
(WGA) staining of left ventricular cross
sections was conducted in wild-type (WT)
and Dmd Δ52-54 (Δ52-54) mice at
12 weeks (WT, n=5; Δ52-54, n=3) and
52 weeks (WT, n=4; Δ52-54, n=4). Scale
bar: 50 μm. (B-D) The heart in wild-type and
Dmd Δ52-54 mice was analyzed at 12, 28
and 52 weeks using echocardiography to
determine left ventricular posterior wall
thickness during systole (B), left ventricular
systolic volume (C) and left ventricular end
systolic diameter (D). (E) mRNA
expression of Nppa in whole hearts of
wild-type and Δ52-54 mice at 12 weeks.
(F) Heart rate and (G) ejection fraction in
wild-type and Dmd Δ52-54 mice was
analyzed at 12, 28 and 52 weeks using
echocardiography. In B-D and F-G, n=5-6
for WT, n=5-7 for 52-54. All data are
presented as the mean±s.d. Statistical
analyses were performed using Student’s
t-test. ns, not significant; *P<0.05;
**P<0.01.
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the Dmd Δ52-54 model, creating a truncated dystrophin protein
without affecting dystrophin functional domains – a change that is
applicable to 2.7% of all DMD patients carrying deletion mutations
(Aartsma-Rus et al., 2009). Multi-exon removal can also be studied
using the Dmd Δ52-54 model, creating a shorter dystrophin protein
without exons 45-55. Since patients carrying the deletion of DMD
exons 45-55 are asymptomatic or present with mild BMD, strategies
yielding this mutation could impact 63% of all DMD patients with
deletion mutations (Béroud et al., 2007). Restoring the ORF by
excluding DMD exons can be executed through antisense
oligonucleotide (ASO) treatment or gene editing (Aartsma-Rus
et al., 2009;Wong andCohn, 2017). To date, skipping ofDMD exons
45-55 using ASO treatment has been studied in patient cells, mdx52
mice (which carry a Dmd exon 52 deletion) and a humanized DMD
mouse model to understand the skipping efficiency and/or level of
dystrophin restoration (Aoki et al., 2012; Echigoya et al., 2015, 2019;
Lee et al., 2018; van Vliet et al., 2008). However, improvement in
cardiac function was not assessed in these studies, because cardiac
pathology has not been described in these mouse models.
Considering the progressive DMD disease observed in Dmd Δ52-

54 mice, this model could be utilized to study mutation-dependent
strategies through ASO treatment or gene editing. Moreover, Dmd
Δ52-54mice could be utilized as an informative dystrophin-deficient
model for mutation-independent strategies, such as upregulation of
utrophin or other DMD disease modifiers (van den Bergen et al.,
2015; Vo and McNally, 2015; Weir et al., 2004; Wojtal et al., 2016).
In summary, we generated the first mouse model carrying a Dmd

multi-exonic deletion, derived from a 116 kb deletion within the
Dmd mutational hot spot. Comprehensive characterization of Dmd
Δ52-54 mice revealed a dystrophic phenotype in skeletal muscles
leading to locomotor dysfunction. To our knowledge, Dmd Δ52-54
is the first mouse model carrying aDmd deletion mutation to exhibit
early onset of a dystrophic cardiac phenotype and cardiac functional
abnormalities, as shown through fibrotic development, ventricular
hypertrophy and tachycardia. Therefore, due to its early skeletal and
cardiac phenotype, the Dmd Δ52-54 mouse strain represents an
animal model for DMD pre-clinical studies, where long term
therapeutic implications can be thoroughly evaluated.

MATERIALS AND METHODS
sgRNA design
sgRNAs specific for Streptococcus pyogenes Cas9 were designed for the
generation of the Dmd Δ52-54 mouse line using the benchling.com online
tool (Table 1).

Synthesis of sgRNAs and Cas9 mRNA
All single guide (sgRNAs) were synthesized as described by Gertsenstein
and Nutter (2018). Injectionmixes for pronuclear injections included 10 ng/µl
of each sgRNA and 20 ng/µl of Cas9 mRNA (Life Technologies; A23978)
(Gertsenstein and Nutter, 2018).

Pronuclear microinjections
For embryo donors, we used 3- to 4-week-old C57BL/6J (Jackson) females.
Pseudopregnant surrogates were CD-1 (ICR) females (Charles River).

All procedures were conducted according to Behringer et al., 2014. In
brief, embryo donors were super-ovulated and mated overnight with male
breeders. Successfully mated females were selected and the oviducts were
dissected to isolate fertilized embryos. The embryos were subjected to
pronuclear microinjection with sgRNAs and Cas9 mRNA, and transferred
into the oviducts of surrogate females (Behringer et al., 2014). Mice were
backcrossed for three generations and then intercrossed before being used
for analysis. Only male mice were used in this study. All animal procedures
were conducted in compliancewith the Animals for Research Act of Ontario
and the Guidelines of the Canadian Council on Animal Care. Animal

protocols performed at The Centre for Phenogenomics (TCP), Toronto, were
reviewed and approved by the local Animal Care Committee.

DNA and RNA extraction and analyses
For genotyping analysis, mouse tails were biopsied at 2 weeks old, and
DNA was extracted using a DNAeasy Blood and Tissue kit (Qiagen). One
microliter of the yielded DNA was used for PCR with DreamTaq
polymerase (Thermo Fisher Scientific) and the primers shown in Table 1.
For in-depth molecular analyses, DNA from tissues was isolated using a
DNAeasy Blood and Tissue kit (Qiagen). For RNA isolation, mouse tissues
were sectioned, collected in 1.4-mm Zirconium Bead pre-filled tubes (OPS
Diagnostics) and homogenized using a MagNA Lyser (Roche Diagostic).
RNA was then extracted using TRIzol Reagent (Thermo Fisher Scientific).

One microgram of RNAwas used for cDNA synthesis by SuperScript III
reverse transcriptase (Thermo Fisher Scientific). The cDNA was used in
subsequent RT-PCRwith the primers shown in Table 1. For qRT-PCR, 5 ng
of cDNA was used for every reaction, and reactions were performed using
WISENT ADVANCED qPCR mastermix with SUPERGREEN dye
(Wisent) on a CFX384 Touch real-time PCR Detection System (Bio-Rad)
(primers in Table 1). All samples were run in triplicate. Data were analyzed
using CFX Manager Software (Bio-Rad) and normalized to Rpl13a
expression levels.

Whole genome sequencing
DNA extracted from Dmd 52-54mouse tails was utilized for whole genome
sequencing (WGS), which was performed using the Illumina HiSeq X
system (San Diego, CA, USA) by The Centre for Applied Genomics
(TCAG) at the Hospital for Sick Children. A Qubit Fluorometer High
Sensitivity Assay (Thermo Fisher Scientific, Waltham,MA, USA) was used
to evaluate DNA yield and the Nanodrop (Thermo Fisher Scientific)
OD260/OD280 ratio was used to check DNA purity. In brief, 400 ng of each
DNA sample was used for library preparation using the Illumina TruSeq
PCR-free DNA Library Prep Kit, where DNAwas sonicated into an average
of 350-bp fragments. A-tailed and indexed TruSeq Illumina adapters were
ligated to end-repaired sheared DNA fragments before the library was
amplified. Libraries were analyzed using Bioanalyzer DNA High
Sensitivity chips (Agilent Technologies, Santa Clara, CA, USA) and
quantified using qPCR. The libraries were loaded in equimolar quantities
and pair-end sequenced on the Illumina HiSeqX platform to generate 150-
bp reads. Integrative Genomics Viewer (IGV) version 2.8.2 was used for
analysis with GRCm38/mm10 as the murine reference genome. The top ten
predicted off-target sites were identified using benchling.com.

Functional tests
Forelimb and hindlimb grip strength tests were performed by The Centre for
Phenogenomics in Toronto based on the TREAT-NMD SOPDMD_M.2.2.001
protocol. Agematched 12-, 28- and 52-week-oldmaleC57BL/6J andDmdΔ52-
54were lowered over the grid of the grip strength meter (Bioseb) with the torso
parallel to the grid. Forepaws and hindpawswere allowed to attach to the grid
before pulling themouse back by the tail, and themaximal grip strength value
of themousewas recorded. The testwas done in triplicates, where the average
grip strength value was corrected by the mouse body weight.

For the echocardiography, male mice were scanned using the Vevo2100
ultrasound machine (VisualSonics, Toronto, Canada) with a 30 MHz
transducer as described previously (Zhou et al., 2005). All mice were
scanned under 1.5% isoflurane anesthesia for 20-30 min with careful
monitoring of the body temperature to maintain it at 37-38°C (TREAT-
NMD DMD_M.2.2.003). All measurements were conducted using the
cardiac package of the Vevo 2100 v1.6.0 software.

In vivo tibialis anterior contraction tests were performed as previously
described (Kemaladewi et al., 2019). Briefly, contractile activity was
measured using the 1300A: 3-in-1 Whole Animal System and analyzed
using the Dynamic Muscle Analysis 5.5 and 5.3 high-throughput software
(Aurora Scientific). The mice were anaesthetized using ketamine-xylazine
solution at 100 mg/kg and 10 µl mg/kg to body weight, respectively,
through intraperitoneal injection. Percutaneous electrodes were placed in
the tibialis anterior and contractile output was measured.

9

RESEARCH ARTICLE Disease Models & Mechanisms (2020) 13, dmm045369. doi:10.1242/dmm.045369

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

https://www.benchling.com/
https://www.benchling.com/


Clinical chemistry
Mice were euthanized using cervical dislocation and whole blood was
collected into BD Microtainer Capillary Blood Collector tubes (Fisher
Scientific) from the chest cavity immediately after heart dissection. Blood
was centrifuged at 10,000 g at 4°C for 5 min. Clear serum was extracted and
stored at −80°C.

Serumwasmeasured using the Liquid Creatine Kinase Reagent Kit (Pointe
Scientific) as per the manufacturer’s protocol. In brief, serum was diluted in
1× PBS at a 1:4 ratio and incubated with reagent for 2 min. Absorbance was
measured at 340 nm and readings were recorded every 2 min two more times.
Final serum creatine kinase (CK) was calculated using the manufacturer’s
protocol, and serum CKwas plotted relative to an average of serum CK levels
of seven (12 weeks) and four wild-type mice (52 weeks).

Tissue processing
Quickly after cervical dislocation, mouse hearts were arrested in diastole
through direct KCl (1 M KCl in PBS) injection. All muscles dissected were
frozen in cooled isopentane in liquid nitrogen as previously described
(Nelson et al., 2016).

Histological staining
All muscles were sectioned at 8 µm for histological staining. Hematoxylin
and Eosin (H&E) staining was conducted using a standard protocol
(Fischer et al., 2008). H&E slides were then scanned using the 3DH
Pannoramic Slide Scanner by the Imaging Facility at the Hospital for Sick
Children. CaseViewer (3DHISTECH) was used for image acquisition.
Centralized nuclei were quantified using ImageJ 1.52a software from a total of
300 myofibers.

Trichrome staining was performed at the Pathology lab at The Centre for
Phenogenomics, Toronto (TREAT-NMD SOP MDC1A_M.1.2.003).
Trichrome-stained slides were scanned using a Hamamatsu Nanozoomer
and analyzed using the NDP.view2 Viewing Software. Three frames
containing at least 300 fibers each were used for fibrosis quantification using
ImageJ 1.51 software.

Immunofluorescence staining and analysis
All muscle tissues were sectioned at 8 µm for immunofluorescence staining.
Sections were fixed in ice-cold methanol and blocked with blocking buffer
(3% normal goat serum and 0.2% BSA in PBS). Primary antibodies
were incubated overnight at 4°C. Primary antibodies used were rabbit
polyclonal anti-dystrophin (abcam15277; Abcam; 1:200), rabbit polyclonal
anti-syntrophin-α 1 (ab11187; Abcam; 1:600), rabbit polyclonal anti-
β-sarcoglycan (ab222241; Abcam; 1:100) and rat monoclonal anti-laminin-
2 (α2 chain; 4H8-2; Sigma Aldrich; 1:500). Secondary antibodies used were
goat polyclonal anti-rabbit Alexa Fluor 594-conjugated (Thermo Fisher
Scientific; 1:250) and goat polyclonal anti-rat Alexa Fluor 488-conjugated
(Thermo Fisher Scientific; 1:250) antibodies.

For wheat germ agglutinin (WGA) staining, sections were incubated with
10 µg/ml wheat germ agglutinin conjugated to Alexa Fluor 594 (W11262;
Invitrogen). Cell surface areawas quantified from at least 100 cardiomyocytes
using ImageJ 1.51 software.

For sections stained with anti-laminin-α2, slides were scanned as
described previously (Kemaladewi et al., 2017) and Feret’s diameter was
quantified (TREAT-NMD SOPDMD-M1.2.001) using Open-CSAM in the
ImageJ 1.51 software (Desgeorges et al., 2019).

Western blotting
Protein was extracted from homogenized mouse tissue by adding a 1:1
solution of RIPA homogenizing buffer (50 mM Tris-HCl pH 7.4, 150 mM
NaCl and 1 mM EDTA) and RIPA double-detergent buffer (2%
deoxycholate, 2% NP-40, 2% Triton X-100 in RIPA homogenizing
buffer) supplemented with protease inhibitor cocktail (Roche), as
previously described (Kemaladewi et al., 2019). Total protein
concentration was quantified using a Pierce BCA protein assay kit
(Thermo Fisher Scientific). Protein (15 μg) was prepared and western
blotting was conducted according to the NuPAGE electrophoresis system
(Thermo Fisher Scientific). Primary antibodies utilized were mouse
monoclonal anti-dystrophin (MANDYS8; Sigma Aldrich; 1:5000), mouse
monoclonal anti-vinculin (V284; Millipore; 1:2500) and mouse monoclonal
anti-β-actin (sc-47778; Santa Cruz Biotechnology; 1:10,000).

Statistical analysis
GraphPad Prism version 7 was used to conduct Student’s t-tests for all
statistical analyses.
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Table 1. Oligonucleotides used for generation and analysis of Dmd Δ52-54 mice.

Purpose Primer Sequence (5′ to 3′)

Dmd Δ52-54 mouse generation in51g1 ACAGCGCTTAAGTTATCTGC
in51g2 ATTGGTGGAGGGATTATATG
in54g3 GAAGGAATATAGGGTGATAG
in54g2 GACTCATTGGAAGGAGTGAT

Genotyping m_in51-2-F AGTACCATTGTCCCATATGTACATG
m_in54-3-R GAGTGTCCTAGAAGAAAATTTGGAATTTG

RT-PCR mus_Dmd_ex51-F CTAGAAATGCCATCTTCTTTGCTGTTG
mus_Dmd_ex56-R TGGCCATTTTCATCAAGATTGTGATAG

qRT-PCR Nppa Fwd GGGTAGGATTGACAGGATTGG
Nppa Rvrse CTCCTTGGCTGTTATCTTCGG
Rpl13a Fwd GAAGGCTAAGATCCACTACCG
Rpl13a Rvrse TTTATTGTGCTCAGACCAGGAG

10

RESEARCH ARTICLE Disease Models & Mechanisms (2020) 13, dmm045369. doi:10.1242/dmm.045369

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

https://treat-nmd.org/wp-content/uploads/2016/08/MDX-DMD_M.1.2.001-24.pdf
https://datadryad.org/stash/dataset/doi:10.5061/dryad.0zpc866vx
https://datadryad.org/stash/dataset/doi:10.5061/dryad.0zpc866vx
https://dmm.biologists.org/lookup/doi/10.1242/dmm.045369.supplemental
https://dmm.biologists.org/lookup/doi/10.1242/dmm.045369.supplemental


References
Aartsma-Rus, A., Fokkema, I., Verschuuren, J., Ginjaar, I., van Deutekom, J.,
van Ommen, G.-J. and den Dunnen, J. T. (2009). Theoretic applicability of
antisense-mediated exon skipping for Duchenne muscular dystrophy mutations.
Hum. Mutat. 30, 293-299. doi:10.1002/humu.20918

Amoasii, L., Long, C., Li, H., Mireault, A. A., Shelton, J. M., Sanchez-Ortiz, E.,
McAnally, J. R., Bhattacharyya, S., Schmidt, F., Grimm, D. et al. (2017).
Single-cut genome editing restores dystrophin expression in a new mouse model
of muscular dystrophy. Sci. Transl. Med. 9, eaan8081. doi:10.1126/scitranslmed.
aan8081

Aoki, Y., Yokota, T., Nagata, T., Nakamura, A., Tanihata, J., Saito, T., Duguez,
S. M. R., Nagaraju, K., Hoffman, E. P., Partridge, T. et al. (2012). Bodywide
skipping of exons 45-55 in dystrophic mdx52 mice by systemic antisense delivery.
Proc. Natl. Acad. Sci. USA 109, 13763-13768. doi:10.1073/pnas.1204638109

Au, C. G., Butler, T. L., Sherwood, M. C., Egan, J. R., North, K. N. and Winlaw,
D. S. (2011). Increased connective tissue growth factor associated with cardiac
fibrosis in the mdx mousemodel of dystrophic cardiomyopathy. Int. J. Exp. Pathol.
92, 57-65. doi:10.1111/j.1365-2613.2010.00750.x

Behringer, R., Gertsenstein, M., Vintersten Nagy K. and Nagy, A. (2014).
Manipulating the Mouse Embryo: A Laboratory Manual, 2nd edn. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory Press.

Béroud, C., Tuffery-Giraud, S., Matsuo, M., Hamroun, D., Humbertclaude, V.,
Monnier, N., Moizard, M.-P., Voelckel, M.-A., Calemard, L. M., Boisseau, P.
et al. (2007). Multiexon skipping leading to an artificial DMD protein lacking amino
acids from exons 45 through 55 could rescue up to 63% of patients with Duchenne
muscular dystrophy. Hum. Mutat. 28, 196-202. doi:10.1002/humu.20428

Bladen, C. L., Salgado, D., Monges, S., Foncuberta, M. E., Kekou, K., Kosma,
K., Dawkins, H., Lamont, L., Roy, A. J., Chamova, T. et al. (2015). The TREAT-
NMD DMD global database: analysis of more than 7,000 Duchenne muscular
dystrophy mutations. Hum. Mutat. 36, 395-402. doi:10.1002/humu.22758

Bostick, B., Shin, J.-H., Yue, Y. andDuan, D. (2011). AAV-microdystrophin therapy
improves cardiac performance in aged female mdx mice. Mol. Ther. 19,
1826-1832. doi:10.1038/mt.2011.154

Briguet, A., Courdier-Fruh, I., Foster, M., Meier, T. and Magyar, J. P. (2004).
Histological parameters for the quantitative assessment of muscular dystrophy in the
mdx-mouse. Neuromuscul. Disord. 14, 675-682. doi:10.1016/j.nmd.2004.06.008

Bushby, K., Finkel, R., Birnkrant, D. J., Case, L. E., Clemens, P. R., Cripe, L.,
Kaul, A., Kinnett, K., McDonald, C., Pandya, S. et al. (2010). Diagnosis and
management of Duchenne muscular dystrophy, part 1: diagnosis, and
pharmacological and psychosocial management. Lancet Neurol. 9, 77-93.
doi:10.1016/S1474-4422(09)70271-6

Chu, V., Otero, J. M., Lopez, O., Sullivan, M. F., Morgan, J. P., Amende, I. and
Hampton, T. G. (2002). Electrocardiographic findings in mdx mice: a cardiac
phenotype of Duchenne muscular dystrophy. Muscle Nerve 26, 513-519. doi:10.
1002/mus.10223

Coley, W. D., Bogdanik, L., Vila, M. C., Yu, Q., Van Der Meulen, J. H.,
Rayavarapu, S., Novak, J. S., Nearing, M., Quinn, J. L., Saunders, A. et al.
(2016). Effect of genetic background on the dystrophic phenotype in mdx mice.
Hum. Mol. Genet. 25, 130-145. doi:10.1093/hmg/ddv460

Deconinck, A. E., Rafael, J. A., Skinner, J. A., Brown, S. C., Potter, A. C.,
Metzinger, L., Watt, D. J., Dickson, G., Tinsley, J. M. and Davies, K. E. (1997).
Utrophin-dystrophin-deficient mice as a model for Duchenne muscular dystrophy.
Cell 90, 717-727. doi:10.1016/S0092-8674(00)80532-2

den Dunnen, J. T., Grootscholten, P. M., Bakker, E., Blonden, L. A., Ginjaar,
H. B., Wapenaar, M. C., van Paassen, H. M., van Broeckhoven, C., Pearson,
P. L. and van Ommen, G. J. (1989). Topography of the Duchenne muscular
dystrophy (DMD) gene: FIGE and cDNA analysis of 194 cases reveals 115
deletions and 13 duplications. Am. J. Hum. Genet. 45, 835-847.

Desgeorges, T., Liot, S., Lyon, S., Bouvier̀e, J., Kemmel, A., Trignol, A.,
Rousseau, D., Chapuis, B., Gondin, J., Mounier, R. et al. (2019). Open-CSAM,
a new tool for semi-automated analysis of myofiber cross-sectional area in
regenerating adult skeletal muscle. Skelet. Muscle 9, 2. doi:10.1186/s13395-018-
0186-6

Duddy, W., Duguez, S., Johnston, H., Cohen, T. V., Phadke, A., Gordish-
Dressman, H., Nagaraju, K., Gnocchi, V., Low, S. and Partridge, T. (2015).
Muscular dystrophy in the mdx mouse is a severe myopathy compounded by
hypotrophy, hypertrophy and hyperplasia. Skelet. Muscle 5, 16. doi:10.1186/
s13395-015-0041-y

Echigoya, Y., Aoki, Y., Miskew, B., Panesar, D., Touznik, A., Nagata, T.,
Tanihata, J., Nakamura, A., Nagaraju, K. and Yokota, T. (2015). Long-term
efficacy of systemic multiexon skipping targeting dystrophin exons 45-55 with a
cocktail of vivo-morpholinos in mdx52 mice. Mol. Ther. Nucleic Acids 4, e225.
doi:10.1038/mtna.2014.76

Echigoya, Y., Lim, K. R. Q., Melo, D., Bao, B., Trieu, N., Mizobe, Y., Maruyama,
R., Mamchaoui, K., Tanihata, J., Aoki, Y. et al. (2019). Exons 45-55 skipping
using mutation-tailored cocktails of antisense morpholinos in the DMD gene.Mol.
Ther. 27, 2005-2017. doi:10.1016/j.ymthe.2019.07.012

Egorova, T. V., Zotova, E. D., Reshetov, D. A., Polikarpova, A. V., Vassilieva,
S. G., Vlodavets, D. V., Gavrilov, A. A., Ulianov, S. V., Buchman, V. L. and
Deykin, A. V. (2019). CRISPR/Cas9-generated mouse model of Duchenne

muscular dystrophy recapitulating a newly identified large 430 kb deletion in the
human DMD gene. Dis. Model. Mech. 12, dmm037655. doi:10.1242/dmm.
037655

Ervasti, J. M., Ohlendieck, K., Kahl, S. D., Gaver, M. G. and Campbell, K. P.
(1990). Deficiency of a glycoprotein component of the dystrophin complex in
dystrophic muscle. Nature 345, 315-319. doi:10.1038/345315a0

Fayssoil, A., Nardi, O., Orlikowski, D. and Annane, D. (2013). Cardiac
asynchrony in Duchenne muscular dystrophy. J. Clin. Monit. Comput. 27,
587-589. doi:10.1007/s10877-013-9472-3

Fischer, A. H., Jacobson, K. A., Rose, J. and Zeller, R. (2008). Hematoxylin and
eosin staining of tissue and cell sections. CSH Protoc. 2008, pdb.prot4986.
doi:10.1101/pdb.prot4986

Fukada, S.-I., Morikawa, D., Yamamoto, Y., Yoshida, T., Sumie, N., Yamaguchi,
M., Ito, T., Miyagoe-Suzuki, Y., Takeda, S., Tsujikawa, K. et al. (2010). Genetic
background affects properties of satellite cells and mdx phenotypes.
Am. J. Pathol. 176, 2414-2424. doi:10.2353/ajpath.2010.090887

Gertsenstein, M. and Nutter, L. M. J. (2018). Engineering point mutant and
epitope-tagged alleles in mice using Cas9 RNA-guided nuclease. Curr. Protoc.
Mouse Biol. 8, 28-53. doi:10.1002/cpmo.40

Giordano, C., Mojumdar, K., Liang, F., Lemaire, C., Li, T., Richardson, J.,
Divangahi, M., Qureshi, S. and Petrof, B. J. (2015). Toll-like receptor 4 ablation
in mdx mice reveals innate immunity as a therapeutic target in Duchenne
muscular dystrophy. Hum. Mol. Genet. 24, 2147-2162. doi:10.1093/hmg/ddu735

Grady, R. M., Teng, H., Nichol, M. C., Cunningham, J. C., Wilkinson, R. S. and
Sanes, J. R. (1997). Skeletal and cardiac myopathies in mice lacking utrophin and
dystrophin: a model for Duchenne muscular dystrophy. Cell 90, 729-738. doi:10.
1016/S0092-8674(00)80533-4

Hakim, C. H., Wasala, N. B., Pan, X., Kodippili, K., Yue, Y., Zhang, K., Yao, G.,
Haffner, B., Duan, S. X., Ramos, J. et al. (2017). A five-repeat micro-dystrophin
gene ameliorated dystrophic phenotype in the severe DBA/2J-mdx model of
Duchenne muscular dystrophy.Mol. Ther. Methods Clin. Dev. 6, 216-230. doi:10.
1016/j.omtm.2017.06.006

Harper, S. Q., Hauser, M. A., DelloRusso, C., Duan, D., Crawford, R. W., Phelps,
S. F., Harper, H. A., Robinson, A. S., Engelhardt, J. F., Brooks, S. V. et al.
(2002). Modular flexibility of dystrophin: implications for gene therapy of Duchenne
muscular dystrophy. Nat. Med. 8, 253-261. doi:10.1038/nm0302-253

Harris, K. M., Spirito, P., Maron, M. S., Zenovich, A. G., Formisano, F., Lesser,
J. R., Mackey-Bojack, S., Manning, W. J., Udelson, J. E. and Maron, B. J.
(2006). Prevalence, clinical profile, and significance of left ventricular remodeling
in the end-stage phase of hypertrophic cardiomyopathy.Circulation 114, 216-225.
doi:10.1161/CIRCULATIONAHA.105.583500

Hermans, M. C. E., Pinto, Y. M., Merkies, I. S. J., de Die-Smulders, C. E. M.,
Crijns, H. J. G. M. and Faber, C. G. (2010). Hereditary muscular dystrophies and
the heart. Neuromuscul. Disord. 20, 479-492. doi:10.1016/j.nmd.2010.04.008

Hoffman, E. P., Brown, R. H., Jr and Kunkel, L. M. (1987). Dystrophin: the protein
product of the Duchenne muscular dystrophy locus. Cell 51, 919-928. doi:10.
1016/0092-8674(87)90579-4

Janssen, P. M. L., Hiranandani, N., Mays, T. A. and Rafael-Fortney, J. A. (2005).
Utrophin deficiency worsens cardiac contractile dysfunction present in dystrophin-
deficient mdx mice. Am. J. Physiol. Heart Circ. Physiol. 289, H2373-H2378.
doi:10.1152/ajpheart.00448.2005

Judge, D. P., Kass, D. A., Thompson, W. R. and Wagner, K. R. (2011).
Pathophysiology and therapy of cardiac dysfunction in Duchenne muscular
dystrophy. Am. J. Cardiovasc. Drugs 11, 287-294. doi:10.2165/11594070-
000000000-00000

Kemaladewi, D. U., Maino, E., Hyatt, E., Hou, H., Ding, M., Place, K. M., Zhu, X.,
Bassi, P., Baghestani, Z., Deshwar, A. G. et al. (2017). Correction of a splicing
defect in a mouse model of congenital muscular dystrophy type 1A using a
homology-directed-repair-independent mechanism. Nat. Med. 23, 984-989.
doi:10.1038/nm.4367

Kemaladewi, D. U., Bassi, P. S., Erwood, S., Al-Basha, D., Gawlik, K. I., Lindsay,
K., Hyatt, E., Kember, R., Place, K. M., Marks, R. M. et al. (2019). A mutation-
independent approach for muscular dystrophy via upregulation of a modifier gene.
Nature 572, 125-130. doi:10.1038/s41586-019-1430-x

Koenig, M., Monaco, A. P. and Kunkel, L. M. (1988). The complete sequence of
dystrophin predicts a rod-shaped cytoskeletal protein. Cell 53, 219-228. doi:10.
1016/0092-8674(88)90383-2

Kornegay, J. N., Childers, M. K., Bogan, D. J., Bogan, J. R., Nghiem, P., Wang,
J., Fan, Z., Howard, J. F., Jr, Schatzberg, S. J., Dow, J. L. et al. (2012). The
paradox of muscle hypertrophy in muscular dystrophy. Phys. Med. Rehabil.
Clin. N. Am. 23, 149-172. doi:10.1016/j.pmr.2011.11.014

Larcher, T., Lafoux, A., Tesson, L., Remy, S., Thepenier, V., François, V., Le
Guiner, C., Goubin, H., Dutilleul, M., Guigand, L. et al. (2014). Characterization
of dystrophin deficient rats: a newmodel for Duchenne muscular dystrophy. PLoS
ONE 9, e110371. doi:10.1371/journal.pone.0110371

Lee, J., Echigoya, Y., Duddy, W., Saito, T., Aoki, Y., Takeda, S. and Yokota, T.
(2018). Antisense PMO cocktails effectively skip dystrophin exons 45-55 in
myotubes transdifferentiated from DMD patient fibroblasts. PLoS ONE 13,
e0197084. doi:10.1371/journal.pone.0197084

11

RESEARCH ARTICLE Disease Models & Mechanisms (2020) 13, dmm045369. doi:10.1242/dmm.045369

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

https://doi.org/10.1002/humu.20918
https://doi.org/10.1002/humu.20918
https://doi.org/10.1002/humu.20918
https://doi.org/10.1002/humu.20918
https://doi.org/10.1126/scitranslmed.aan8081
https://doi.org/10.1126/scitranslmed.aan8081
https://doi.org/10.1126/scitranslmed.aan8081
https://doi.org/10.1126/scitranslmed.aan8081
https://doi.org/10.1126/scitranslmed.aan8081
https://doi.org/10.1073/pnas.1204638109
https://doi.org/10.1073/pnas.1204638109
https://doi.org/10.1073/pnas.1204638109
https://doi.org/10.1073/pnas.1204638109
https://doi.org/10.1111/j.1365-2613.2010.00750.x
https://doi.org/10.1111/j.1365-2613.2010.00750.x
https://doi.org/10.1111/j.1365-2613.2010.00750.x
https://doi.org/10.1111/j.1365-2613.2010.00750.x
https://doi.org/10.1002/humu.20428
https://doi.org/10.1002/humu.20428
https://doi.org/10.1002/humu.20428
https://doi.org/10.1002/humu.20428
https://doi.org/10.1002/humu.20428
https://doi.org/10.1002/humu.22758
https://doi.org/10.1002/humu.22758
https://doi.org/10.1002/humu.22758
https://doi.org/10.1002/humu.22758
https://doi.org/10.1038/mt.2011.154
https://doi.org/10.1038/mt.2011.154
https://doi.org/10.1038/mt.2011.154
https://doi.org/10.1016/j.nmd.2004.06.008
https://doi.org/10.1016/j.nmd.2004.06.008
https://doi.org/10.1016/j.nmd.2004.06.008
https://doi.org/10.1016/S1474-4422(09)70271-6
https://doi.org/10.1016/S1474-4422(09)70271-6
https://doi.org/10.1016/S1474-4422(09)70271-6
https://doi.org/10.1016/S1474-4422(09)70271-6
https://doi.org/10.1016/S1474-4422(09)70271-6
https://doi.org/10.1002/mus.10223
https://doi.org/10.1002/mus.10223
https://doi.org/10.1002/mus.10223
https://doi.org/10.1002/mus.10223
https://doi.org/10.1093/hmg/ddv460
https://doi.org/10.1093/hmg/ddv460
https://doi.org/10.1093/hmg/ddv460
https://doi.org/10.1093/hmg/ddv460
https://doi.org/10.1016/S0092-8674(00)80532-2
https://doi.org/10.1016/S0092-8674(00)80532-2
https://doi.org/10.1016/S0092-8674(00)80532-2
https://doi.org/10.1016/S0092-8674(00)80532-2
https://doi.org/10.1186/s13395-018-0186-6
https://doi.org/10.1186/s13395-018-0186-6
https://doi.org/10.1186/s13395-018-0186-6
https://doi.org/10.1186/s13395-018-0186-6
https://doi.org/10.1186/s13395-018-0186-6
https://doi.org/10.1186/s13395-015-0041-y
https://doi.org/10.1186/s13395-015-0041-y
https://doi.org/10.1186/s13395-015-0041-y
https://doi.org/10.1186/s13395-015-0041-y
https://doi.org/10.1186/s13395-015-0041-y
https://doi.org/10.1038/mtna.2014.76
https://doi.org/10.1038/mtna.2014.76
https://doi.org/10.1038/mtna.2014.76
https://doi.org/10.1038/mtna.2014.76
https://doi.org/10.1038/mtna.2014.76
https://doi.org/10.1016/j.ymthe.2019.07.012
https://doi.org/10.1016/j.ymthe.2019.07.012
https://doi.org/10.1016/j.ymthe.2019.07.012
https://doi.org/10.1016/j.ymthe.2019.07.012
https://doi.org/10.1242/dmm.037655
https://doi.org/10.1242/dmm.037655
https://doi.org/10.1242/dmm.037655
https://doi.org/10.1242/dmm.037655
https://doi.org/10.1242/dmm.037655
https://doi.org/10.1242/dmm.037655
https://doi.org/10.1038/345315a0
https://doi.org/10.1038/345315a0
https://doi.org/10.1038/345315a0
https://doi.org/10.1007/s10877-013-9472-3
https://doi.org/10.1007/s10877-013-9472-3
https://doi.org/10.1007/s10877-013-9472-3
https://doi.org/10.1101/pdb.prot4986
https://doi.org/10.1101/pdb.prot4986
https://doi.org/10.1101/pdb.prot4986
https://doi.org/10.2353/ajpath.2010.090887
https://doi.org/10.2353/ajpath.2010.090887
https://doi.org/10.2353/ajpath.2010.090887
https://doi.org/10.2353/ajpath.2010.090887
https://doi.org/10.1002/cpmo.40
https://doi.org/10.1002/cpmo.40
https://doi.org/10.1002/cpmo.40
https://doi.org/10.1093/hmg/ddu735
https://doi.org/10.1093/hmg/ddu735
https://doi.org/10.1093/hmg/ddu735
https://doi.org/10.1093/hmg/ddu735
https://doi.org/10.1016/S0092-8674(00)80533-4
https://doi.org/10.1016/S0092-8674(00)80533-4
https://doi.org/10.1016/S0092-8674(00)80533-4
https://doi.org/10.1016/S0092-8674(00)80533-4
https://doi.org/10.1016/j.omtm.2017.06.006
https://doi.org/10.1016/j.omtm.2017.06.006
https://doi.org/10.1016/j.omtm.2017.06.006
https://doi.org/10.1016/j.omtm.2017.06.006
https://doi.org/10.1016/j.omtm.2017.06.006
https://doi.org/10.1038/nm0302-253
https://doi.org/10.1038/nm0302-253
https://doi.org/10.1038/nm0302-253
https://doi.org/10.1038/nm0302-253
https://doi.org/10.1161/CIRCULATIONAHA.105.583500
https://doi.org/10.1161/CIRCULATIONAHA.105.583500
https://doi.org/10.1161/CIRCULATIONAHA.105.583500
https://doi.org/10.1161/CIRCULATIONAHA.105.583500
https://doi.org/10.1161/CIRCULATIONAHA.105.583500
https://doi.org/10.1016/j.nmd.2010.04.008
https://doi.org/10.1016/j.nmd.2010.04.008
https://doi.org/10.1016/j.nmd.2010.04.008
https://doi.org/10.1016/0092-8674(87)90579-4
https://doi.org/10.1016/0092-8674(87)90579-4
https://doi.org/10.1016/0092-8674(87)90579-4
https://doi.org/10.1152/ajpheart.00448.2005
https://doi.org/10.1152/ajpheart.00448.2005
https://doi.org/10.1152/ajpheart.00448.2005
https://doi.org/10.1152/ajpheart.00448.2005
https://doi.org/10.2165/11594070-000000000-00000
https://doi.org/10.2165/11594070-000000000-00000
https://doi.org/10.2165/11594070-000000000-00000
https://doi.org/10.2165/11594070-000000000-00000
https://doi.org/10.1038/nm.4367
https://doi.org/10.1038/nm.4367
https://doi.org/10.1038/nm.4367
https://doi.org/10.1038/nm.4367
https://doi.org/10.1038/nm.4367
https://doi.org/10.1038/s41586-019-1430-x
https://doi.org/10.1038/s41586-019-1430-x
https://doi.org/10.1038/s41586-019-1430-x
https://doi.org/10.1038/s41586-019-1430-x
https://doi.org/10.1016/0092-8674(88)90383-2
https://doi.org/10.1016/0092-8674(88)90383-2
https://doi.org/10.1016/0092-8674(88)90383-2
https://doi.org/10.1016/j.pmr.2011.11.014
https://doi.org/10.1016/j.pmr.2011.11.014
https://doi.org/10.1016/j.pmr.2011.11.014
https://doi.org/10.1016/j.pmr.2011.11.014
https://doi.org/10.1371/journal.pone.0110371
https://doi.org/10.1371/journal.pone.0110371
https://doi.org/10.1371/journal.pone.0110371
https://doi.org/10.1371/journal.pone.0110371
https://doi.org/10.1371/journal.pone.0197084
https://doi.org/10.1371/journal.pone.0197084
https://doi.org/10.1371/journal.pone.0197084
https://doi.org/10.1371/journal.pone.0197084


Liu, M., Yue, Y., Harper, S. Q., Grange, R. W., Chamberlain, J. S. and Duan, D.
(2005). Adeno-Associated virus-mediated microdystrophin expression protects
young mdx muscle from contraction-induced injury. Mol. Ther. 11, 245-256.
doi:10.1016/j.ymthe.2004.09.013

Long, C., Amoasii, L., Mireault, A. A., McAnally, J. R., Li, H., Sanchez-Ortiz, E.,
Bhattacharyya, S., Shelton, J. M., Bassel-Duby, R. and Olson, E. N. (2016).
Postnatal genome editing partially restores dystrophin expression in a mouse
model of muscular dystrophy. Science 351, 400-403. doi:10.1126/science.
aad5725

Louboutin, J. P., Fichter-Gagnepain, V., Thaon, E. and Fardeau, M. (1993).
Morphometric analysis of mdx diaphragm muscle fibres. Comparison with
hindlimb muscles. Neuromuscul. Disord. 3, 463-469. doi:10.1016/0960-
8966(93)90098-5

Love, D. R., Hill, D. F., Dickson, G., Spurr, N. K., Byth, B. C., Marsden, R. F.,
Walsh, F. S., Edwards, Y. H. andDavies, K. E. (1989). An autosomal transcript in
skeletal muscle with homology to dystrophin. Nature 339, 55-58. doi:10.1038/
339055a0

Mann, C. J., Honeyman, K., Cheng, A. J., Ly, T., Lloyd, F., Fletcher, S., Morgan,
J. E., Partridge, T. A. andWilton, S. D. (2001). Antisense-induced exon skipping
and synthesis of dystrophin in the mdx mouse. Proc. Natl Acad. Sci. USA 98,
42-47. doi:10.1073/pnas.98.1.42

Matsumura, K., Ervasti, J. M., Ohlendieck, K., Kahl, S. D. and Campbell, K. P.
(1992). Association of dystrophin-related protein with dystrophin-associated
proteins in mdx mouse muscle. Nature 360, 588-591. doi:10.1038/360588a0

Mavrogeni, S., Markousis-Mavrogenis, G., Papavasiliou, A. and Kolovou, G.
(2015). Cardiac involvement in Duchenne and Becker muscular dystrophy.World
J. Cardiol. 7, 410-414. doi:10.4330/wjc.v7.i7.410

Mendell, J. R. and Lloyd-Puryear, M. (2013). Report of MDA muscle disease
symposium on newborn screening for Duchenne muscular dystrophy. Muscle
Nerve 48, 21-26. doi:10.1002/mus.23810

Meyers, T. A. and Townsend, D. (2019). Cardiac pathophysiology and the future of
cardiac therapies in Duchenne muscular dystrophy. Int. J. Mol. Sci. 20, 4098.
doi:10.3390/ijms20174098

Miller, G. andWessel, H. B. (1993). Diagnosis of dystrophinopathies: review for the
clinician. Pediatr. Neurol. 9, 3-9. doi:10.1016/0887-8994(93)90002-T

Min, Y.-L., Li, H., Rodriguez-Caycedo, C., Mireault, A. A., Huang, J., Shelton,
J. M., McAnally, J. R., Amoasii, L., Mammen, P. P. A., Bassel-Duby, R. et al.
(2019). CRISPR-Cas9 corrects Duchenne muscular dystrophy exon 44 deletion
mutations in mice and human cells. Sci. Adv. 5, eaav4324. doi:10.1126/sciadv.
aav4324

Nelson, C. E., Hakim, C. H., Ousterout, D. G., Thakore, P. I., Moreb, E. A.,
Castellanos Rivera, R. M., Madhavan, S., Pan, X., Ran, F. A., Yan, W. X. et al.
(2016). In vivo genome editing improves muscle function in a mouse model of
Duchenne muscular dystrophy. Science 351, 403-407. doi:10.1126/science.
aad5143

Nicolas, A., Lucchetti-Miganeh, C., Yaou, R. B., Kaplan, J.-C., Chelly, J.,
Leturcq, F., Barloy-Hubler, F. and Le Rumeur, E. (2012). Assessment of the
structural and functional impact of in-frame mutations of the DMD gene, using the
tools included in the eDystrophin online database.Orphanet J. Rare Dis. 7, 45-15.
doi:10.1186/1750-1172-7-45

Nigro, G., Comi, L. I., Politano, L. and Bain, R. J. (1990). The incidence and
evolution of cardiomyopathy in Duchenne muscular dystrophy. Int. J. Cardiol. 26,
271-277. doi:10.1016/0167-5273(90)90082-G

Puhl, S.-L., Weeks, K. L., Ranieri, A. and Avkiran, M. (2016). Assessing structural
and functional responses of murine hearts to acute and sustained β-adrenergic
stimulation in vivo. J. Pharmacol. Toxicol. Methods 79, 60-71. doi:10.1016/j.
vascn.2016.01.007

Quinlan, J. G., Hahn, H. S., Wong, B. L., Lorenz, J. N., Wenisch, A. S. and Levin,
L. S. (2004). Evolution of the mdx mouse cardiomyopathy: physiological and
morphological findings. Neuromuscul. Disord. 14, 491-496. doi:10.1016/j.nmd.
2004.04.007

Schinkel, S., Bauer, R., Bekeredjian, R., Stucka, R., Rutschow, D., Lochmüller,
H., Kleinschmidt, J. A., Katus, H. A. and Müller, O. J. (2012). Long-term
preservation of cardiac structure and function after adeno-associated virus
serotype 9-mediated microdystrophin gene transfer in mdx mice. Hum. Gene
Ther. 23, 566-575. doi:10.1089/hum.2011.017

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

Stedman, H. H., Sweeney, H. L., Shrager, J. B., Maguire, H. C., Panettieri, R. A.,
Petrof, B., Narusawa, M., Leferovich, J. M., Sladky, J. T. and Kelly, A. M.
(1991). The mdx mouse diaphragm reproduces the degenerative changes of
Duchenne muscular dystrophy. Nature 352, 536-539. doi:10.1038/352536a0

Tabebordbar, M., Zhu, K., Cheng, J. K.W., Chew,W. L.,Widrick, J. J., Yan,W. X.,
Maesner, C., Wu, E. Y., Xiao, R., Ran, F. A. et al. (2016). In vivo gene editing in
dystrophic mouse muscle and muscle stem cells. Science 351, 407-411. doi:10.
1126/science.aad5177

Tandon, A., Villa, C. R., Hor, K. N., Jefferies, J. L., Gao, Z., Towbin, J. A., Wong,
B. L., Mazur, W., Fleck, R. J., Sticka, J. J. et al. (2015). Myocardial fibrosis
burden predicts left ventricular ejection fraction and is associated with age and
steroid treatment duration in duchenne muscular dystrophy. J. Am. Heart Assoc.
4, e001338. doi:10.1161/JAHA.114.001338
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