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Abstract 

Duchenne muscular dystrophy is caused by mutations in the dystrophin-encoding DMD gene . While Duchenne is most commonly caused 
by large intragenic deletions that cause frameshift and complete loss of dystrophin expression, in-frame deletions in DMD can result in 
the expression of internally truncated dystrophin proteins and may be associated with a milder phenotype. In this study, we describe two 
individuals with large in-frame 5 ′ deletions (exon 3–23 and exon 3–28) that remove the majority of the N-terminal region, including part 
of the actin binding and central rod domains. Both patients had progressive muscle weakness during childhood but are observed to have 
a relatively mild disease course compared to typical Duchenne. We show that in muscle biopsies from both patients, truncated dystrophin 
is expressed at the sarcolemma. We have additionally developed a patient-specific fibroblast-derived cell model, which can be inducibly 
reprogrammed to form myotubes that largely recapitulate biopsy findings for the patient with the exon 3–23 deletion, providing a culture 
model for future investigation of this unusual case. We discuss these mutations in the context of previously reported 5 ′ in-frame DMD 

deletions and relevant animal models, and review the spectrum of phenotypes associated with these deletions. 
© 2019 Elsevier B.V. All rights reserved. 
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. Introduction 

Duchenne muscular dystrophy (DMD) is a degenerative 
uscle disorder caused by mutations in DMD, the gene

ncoding the approximately 427 kDa dystrophin protein.
ystrophin is part of the dystrophin-glycoprotein complex

DGC), which provides structural stability at the sarcolemma
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uring muscle contraction by linking the internal cell
ytoskeleton and external extracellular matrix [1] . Mutations
n DMD result in the reduction or absence of the DGC
t the sarcolemma, leading to sarcolemmal instability and
rogressive muscle damage. 

With a prevalence of about 1 in 5000 live male births,
MD is the most common pediatric muscular dystrophy [2] .
utations in DMD result in a large range of phenotypic

ariability. Most DMD mutations are large deletions that lead
o frameshift and complete loss of dystrophin expression,
esulting in the severe DMD phenotype: typically presenting
y age 3–5 years, loss of ambulation around age 10–12 years,
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Fig. 1. Schematic of dystrophin N-terminal deletions in Patients 3–23 and 3–28 . Dystrophin protein domains are shown in light/dark purple (Actin Binding 
Domain 1 and 2, Hinge 1–4, rod domains repeats 1–24). Predicted epitopes for antibodies against dystrophin are shown in green (NCL-Dys1, NCL-Dys2 
and NCL-Dys3). Exon deletions 3–23 and 3–28 result in the loss of the majority of the N-terminal region, including part of ABD1, and a portion of the rod 
repeat domains (R1-R6 for Patient 3–23 and R1-R9 for Patient 3–28). 
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upper limb dysfunction in the late teen years and death due
to cardiac or respiratory failure by their 20–30 s. In some
instances, large multi-exon in-frame mutations in DMD can
result in the expression of an internally deleted dystrophin
protein and lead to a milder form of dystrophy called Becker
muscular dystrophy (BMD). BMD is clinically defined by loss
of ambulation at 16 years or later, although BMD is a more
heterogeneous group with some patients reported with loss
of ambulation as late as the 6th or 7th decade of life [ 3 , 4 ].
Some individuals with large internal deletions are clinically
described as having intermediate muscular dystrophy (IMD)
to connote milder DMD or more severe BMD with loss of
ambulation occurring between ages 13–16 years. 

The main muscle isoform of dystrophin (dp427m) contains
four major domains: a N-terminal actin binding domain
(ABD1), a central rod domain containing a second actin
binding domain (ABD2), a cysteine-rich domain (CR), and
a C-terminal domain (CT) ( Fig. 1 ) (reviewed in [5] ). ABD1
consists of two calponin homology domains, which contain
three actin-binding sites called ABS1, ABS2 and ABS3 [6] .
The central rod domain is the largest domain of dystrophin
and contains 24 spectrin-like repeats (R1-R24), four hinge
regions, and ABD2. 

In this study, we describe two individuals with large in-
frame N-terminal deletions that remove a portion of ABD1,
the hinge 1 and hinge 2 regions and a portion of the rod repeat
domains (R1-R6, encoded by exons 10 to 23, for Patient
3–23 and R1-R9, encoded by exons 10 to 30, for Patient
3–28). Both patients were initially clinically diagnosed with
MD based on early childhood presentations, progressive
roximal weakness and genetic findings predicting loss of
BD1 and protein stability at age of onset. However, over

en years of observation, both have followed a milder course
f disease more consistent with BMD, but at the severe
nd of the BMD spectrum. Each of these unusual mutations
ave been previously reported, though limited information
n clinical course and dystrophin expression is available.
ne patient with an exon 3–23 DMD deletion was described

s DMD phenotype, and 3 patients with 3–28 deletion
ave been reported with DMD or IMD phenotype [ 7 , 8 ].
n order to better characterize the consequences of these
utations on dystrophin expression and disease severity, we

erformed muscle biopsies on both patients to assess amount
f expressed mutant dystrophin protein that localizes to the
arcolemma. For Patient 3–23, we have additionally developed
 patient fibroblast derived cell model that can be inducibly
eprogrammed to myotubes in culture to form myotubes with
imilar dystrophin expression to the biopsy [9] , validating
his tool for future exploration of the functionality of this
runcated dystrophin protein. 

. Materials and methods 

.1. Muscle biopsy immunohistochemistry 

Muscle biopsies were mounted in optimal cutting
emperature compound (OCT - Tissue-Tek) and flash frozen
n liquid nitrogen–cooled isopentane, and stored at - 80 °C
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ntil further processing. Transverse 10 μm cryosections were
locked with 3% bovine serum albumin (BSA) in phosphate
uffered saline (PBS) for 30 min at room temperature.
vidin/biotin blocking kit (Vector Laboratories) was used
ccording to manufacturer’s instructions. Sections were
ncubated in primary antibody in PBS at 4 °C overnight with
he following antibodies: dystrophin rod domain (NCL-Dys1,
:100, Leica Biosystems), dystrophin C-terminal (NCL-Dys2,
:100, Leica Biosystems), dystrophin N-terminal (NCL-
ys3, 1:100, Leica Biosystems), utrophin (MANCHO3, 1:10,
evelopmental Hybridoma Studies Bank), α-SG (IVD3; 1:50;
evelopmental Hybridoma Studies Bank), and spectrin (PA1-
6,007, 1:200, Thermo Fisher Scientific). The location of the
ystrophin antibody epitopes is depicted in Fig. 1 . Primary
ntibodies were detected by biotinylated anti–mouse (BA-
200; 1:500; Vector Laboratories). Fluorescein–conjugated 

vidin D (A-2001; 1:500; Vector Laboratories) was used
o detect secondary antibodies. All sections were mounted
n Vectashield (Vector Laboratories) and visualized using
n Axioplan 2 fluorescence microscope with Axiovision 3.0
oftware (Carl Zeiss Inc). 

.2. Muscle biopsy immunoblot analysis 

Equal quantities of protein samples were resolved
n 4–20% precise protein gels by SDS-PAGE (4–
0% Precise Protein Gels, Thermo Fisher Scientific)
nd transferred to nitrocellulose membrane (Millipore).
embranes were blocked for 1 hour in 5% nonfat dry
ilk in tris buffered saline (TBS) with 0.2% Tween 20

nd incubated in primary antibodies overnight at 4 °C.
ncubations were performed with the following primary
ntibodies: dystrophin C-terminal (NCL-Dys2, 1:100, Leica 
iosystems) and GAPDH (MAB374, 1:50,000, Chemicon). 
orseradish peroxidase–conjugated anti-rabbit IgG and anti-
ouse IgG (GE Healthcare) secondary antibodies were

sed at 1:5000 dilutions in 5% nonfat dry milk and
ncubated at RT for 3 hours. Immunoblots were developed
sing enhanced chemiluminescence (SuperSignal West Pico 

hemiluminescent Substrate; Thermo Fisher Scientific). 

.3. Cell culture and transdifferentiation 

Primary human dermal fibroblasts from patients were
ultured from skin punch and were expanded in growth
edia (Dulbecco’s Modified Eagle Media with 15%

etal bovine serum, 1% nonessential amino acids, 1%
enicillin/streptomycin) [ 9 , 10 ]. Fibroblasts were immortalized
ith lentiviral hTERT and subsequently transduced with
reviously described tamoxifen-inducible lentiviral MyoD- 
RT [11] to create stable cell lines referred as inducible
irectly reprogrammed myotubes (iDRM). At approximately 

0% confluence, the medium was changed for growth
edium supplemented with 5uM of 4-OH tamoxifen. One

ay later, cells were differentiated into multinucleated
yotubes by switching to a differentiation media composed

f DMEM/Ham’s F-10 (v/v) supplemented with 1%
enicillin/streptomycin, 2% horse serum, 2% of Insulin-
ransferrin-selenium solution, and 1uM of 4-OH tamoxifen
or 7 days. 

.4. Cell culture immunofluorescence 

Cells were grown as described above. After myotube
ifferentiation, cells were fixed with acetone as previously
escribed [ 12 , 13 ]. Dystrophin was detected using Dys1, Dys2
nd Dys3 (Rod domain, C-term or N-term, 1:20 dilution
eica). Alpha-sarcoglycan was detected using IVD3 (1/20
ilution, Developmental Studies Hybridoma Bank (DSHB)).
trophin was detected using Macho 3 (1:20 dilution, DSHB).
igG1 and migG2b (BD Bioscience 554,121 and Biologend

,002,202) rabbit igG (Santa Cruz 2027) were used as
ontrols. Secondary antibodies were used at a dilution
f 1:500 (goat anti-mouse A32723 and A11004 and goat
nti-rabbit A32731and A11036, Life Technologies). Pictures
ere obtained using a Zeiss microscope at a 20x or 40x
agnification and processed with Axiovision 3.0 software

Carl Zeiss Inc) and/or 155 ImageJ software. 

. Case presentation and results 

.1. Case presentation: patient 3–23, exon 3–23 deletion 

Patient 3–23 was diagnosed with DMD with an initial
resentation of toe-walking, calf hypertrophy, hyperCKemia, 
nd proximal weakness at age 5 years. Initial CK level was
2,030 U/L. Genetic Del/Dup testing of the DMD gene from
thena Diagnostics identified a de novo exon 3–23 deletion.
he mutation was confirmed by exome sequencing and by a
ustom comparative genomic hybridization (CGH) microarray 

sing 14,022 probes tiled across the DMD gene [14] .
GH results indicated breakpoints located at approximately
hrX:32,395,941 and chrX:32,806,573 (hg18 reference). The 
 

′ breakpoint is about 20 kb away from exon 3 and the 3 

′ 

reakpoint is about 1500 bp from exon 23. 
Patient 3–23 was initiated on 0.75 mg/kg prednisone daily,

hich was modified to deflazacort at 48 mg Saturday/Sunday
t age 14 years, because of his milder than typical DMD
isease progression. At age 9 years, he was able to run, and
resented no difficulties with rising from the floor. At age 15
ears functional measures include a timed rise from floor of
0 seconds and timed 10 M walk/run of 5 seconds. He lost the
bility to rise from the floor at age 16, with a timed 10 M walk
f 9 seconds, and has maintained independent ambulation
now at 17 years of age) with a Northstar Ambulatory
ssessment of 22/34 at age 16 years. He had no cardiac

nsufficiency at age 16, but forced vital capacity at age 16
as at 60% of normal with no breathing support. Muscle
iopsy of the vastus lateralis was obtained at age 9 years
nd revealed diffuse perimysial and endomysial fibrosis, mild
ber size variation, and slightly increased central nuclei. 
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3.2. Case presentation: patient 3–28, exon 3–28 deletion 

Patient 3–28 was diagnosed with DMD at age 4 years with
proximal weakness and an initial CK of 16,028 U/L. Genetic
Del/Dup testing of the DMD gene from Athena Diagnostics
identified an exon 3–28 deletion, and he was initiated on
0.9 mg/kg deflazacort daily at age 4 years. After an initial
improvement in muscle function, he has had progressive
proximal weakness with a timed rise from floor of 8.1 seconds
and 10 M walk/run of 5.1 seconds at age 11 years. At 12
years of age his timed 10 M walk/run was 6.1 seconds and
overall North Star Ambulatory Assessment was 21/34. He
has normal cardiac and pulmonary function at age 11 years.
Muscle biopsy of the vastus lateralis performed at age 7
revealed fiber size variation, increase in central nucleation,
and rare necrotic fibers and slight endomysial fibrosis. Patient
mutation was confirmed by exome sequencing, but precise
deletion boundaries were not determined. 

3.3. Truncated dystrophins are expressed at the sarcolemma 

in patients 3–23 and 3–28 

In order to determine whether the relatively mild
phenotypes in Patient 3–23 and Patient 3–28 correlate with
the expression of truncated dystrophin at the sarcolemma, we
analyzed serial transverse skeletal muscle cryosections using a
panel of antibodies that bind to the N-terminus (Dys3), central
rod domain (Dys1), and C-terminus (Dys2) of dystrophin
( Fig. 1 ). Dys1 staining revealed sarcolemmal localization of
the truncated proteins in both individuals ( Fig. 2 A). While
the epitope for the Dys1 antibody has been reported to
be located within exons 26–30, data from patient samples
indicates that exon 29 is essential for Dys1 antibody binding
[ 15 , 16 ]. Exon 29 is present in both patients, which may
account for the retained Dys1 signal at the sarcolemma. In
both patients, Dys3 antibody (epitope exons 10–12) signal
was not detected at the sarcolemma, which was expected since
the Dys3 epitope is within the genetically deleted region of
dystrophin. 

To further examine the relative abundance of dystrophin
in the patient biopsies, we performed immunoblot analysis
on total muscle extracts prepared from control and patient
biopsies ( Fig. 2 B). The rod-domain antibody Dys1 revealed
robust expression of full-length dystrophin polypeptide
(427 kDa) in control muscle. As expected, full-length
dystrophin protein was not detected in the patient samples.
Rather, truncated proteins consistent with the predicted
protein sizes of approximately 314 kDa (Patient 3–23) and
287 kDa (Patient 3–28) were observed, consistent with the
production of stable dystrophin proteins. 

3.4. Utrophin expression is upregulated in patients 3–23 and
3–28 

We used immunohistochemistry to evaluate expression
and localization of other DGC proteins at the sarcolemma
in both patients ( Fig. 3 ). When dystrophin is not
xpressed, proteins associated with the DGC are typically
educed or absent at the sarcolemma, while sarcolemmal
trophin is increased. Consistent with this pattern, utrophin
xpression was upregulated in both Patients 3–23 and 3–28
elative to healthy unaffected muscle. Alpha-sarcoglycan and
-dystroglycan, proteins associated with both dystrophin and
trophin at the sarcolemma, are present in both Patients
–23 and 3–28, although decreased relative to control muscle.
y contrast, both biopsies had only very low levels of
NOS, a protein found in complex with dystrophin but not
trophin. These observations are consistent with the expected
athophysiology for these patients. 

.5. Myotubes cultures derived from patient 3–23 mirror 
bservations made on biopsy 

For Patient 3–23, a cell culture model was generated from
ermal fibroblasts obtained from skin punch biopsy. Dermal
broblasts were immortalized with hTERT and inducible
yoD-ERT vectors which can be propagated as fibroblasts

nd then terminally differentiation to myotubes in culture
pon tamoxifen induction of ER-myoD nuclear translocation
nd fusion culture conditions [14] . Due to the unexpectedly
ild phenotype of this individual, we sought to develop

nd validate a cell model for future characterization of this
n-frame mutation in the context of any potential modifier
enes that may contribute to this phenotype. Inducible directly
eprogrammed myotubes (iDRM) derived from Patient 3–23
nd a healthy donor were differentiated to myotubes in culture
 Fig. 4 ). Similar to the biopsy staining results, differentiated
atient myotubes showed little or no signal Dys3 (N-term)
ignal and reduced levels of Dys2 (C-term) and Dys1
central rod domain) relative to control myotubes. They
dditionally exhibited overall increased levels of utrophin
ignal, consistent with the increased expression seen in the
iopsy from Patient 3–23. 

.6. In-frame N-terminal deletions in the Universal Mutation
atabase-DMD database are associated with a spectrum of 

everity 

In a systematic search of the Universal Mutation Database
or DMD (UMD-DMD, http:// www.umd.be/ DMD/ W _ DMD/ 
ndex.html) database, we identified 97 individuals with in-
rame deletions in the first 35 exons of the dystrophin gene
 Fig. 5 ). Of these, 74 individuals (76%) were reported to have
MD (loss of ambulation greater than or equal to 16 years
f age) or Intermediate Muscular Dystrophy (IMD, within the
MD-DMD database, defined as loss of ambulation between
3 and 16 years of age [10]). Five individuals were classified
s asymptomatic at the time of the report. 

. Discussion 

Intragenic DMD deletions are the most common cause
f DMD, with approximately 65–70% of patients having
eletions of one or more exons [ 5 , 17 , 18 ]. Two mutational

http://www.umd.be/DMD/W_DMD/index.html
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Fig. 2. Truncated dystrophins are expressed at the sarcolemma in biopsies from two patients with large 5 ′ in-frame DMD deletions. (A) Transverse sections 
of biopsies were stained with antibodies against dystrophin and spectrin. Bar, 100 μm. (B) Immunoblot of control and patient biopsies with antibodies against 
dystrophin (Dys1) and GAPDH. Equal amounts of protein (30 μg) were loaded in each lane. Predicted sizes at 427 kDa (control, full length dystrophin), 
314 kDa (Patient 3–23, 1023 amino acid deletion) and 287 kDa (Patient 3–28, 1276 amino acid deletion). 
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Fig. 3. Sarcolemmal protein expression patterns are consistent with a BMD phenotype for both patients . Transverse sections of biopsies were stained with 
antibodies against utrophin, α-sarcoglycan, β-dystroglycan, and neuronal nitric oxide synthase (nNOS). Bar, 100 μm. 
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hotspots have been described for deletions in DMD , the
regions encompassing exons 2–20 and exons 45–55 [19] .
While patients with in-frame mutations in the 45–55 hotspot
region often have a relatively mild disease phenotype, with an
increased mean age at loss of ambulation [ 10 , 20 ], those with
in-frame mutations in the more N-terminal encoding region
can present with highly variable phenotypes, with in-frame
deletions sometimes leading to typical DMD phenotype.
In this study, we describe two individuals with rare large
in-frame N-terminal deletions with a disease course that
is demonstrated to be milder than typical DMD but will
nonetheless be on the more severe end of the BMD spectrum.
Determining the exact contribution of mutation to disease
severity is difficult in single cases, especially since treatment
alters disease course. Both individuals are treated with
glucocorticoid steroids from age 4–5 years, which have
been shown to slow muscle degeneration and delay loss of
ambulation in DMD patients. On average, untreated DMD
patients lose the ability to walk between ages 9 and 11,
while corticosteroid treatment prolongs ambulation between
2–3 years [10] . Both patients were changed from daily dose
steroids to weekend-only steroids, based on the unusually
slow, but still progressive, childhood disease course. Both
are likely to have some of their relatively slow progression
attributed, at least in part, to the in-frame mutation and
there is a more mild disease progression in the 3–23 patient,
consistent with this in-frame mutation having greater function
than the 3–28 mutant dystrophin. Few patients with typical
MD remain ambulant after age 17 years even with daily
teroids. In these two patients, slower disease progression
eing caused by the in-frame mutations is consistent with
ur demonstration that both truncated dystrophin proteins
re expressed in muscle samples from both patients, and
re correctly localized, retaining sarcolemmal expression of
roteins normally associated with dystrophin and utrophin
omplexes. 

In-frame deletions that disrupt the N-terminal part of the
ystrophin protein, encoding the first actin-binding domain,
re commonly reported to lead to a more severe BMD
resentation or a diagnosis of DMD when compared
o in-frame deletions within the central rod domain
 5 , 17 , 18 , 21–25 ]. However, there are a number of reports
f N-terminal deletions associated with a moderately mild
ystrophinopathy. One notable example is an individual
ith an in-frame exon 3–9 deletion reported as largely

symptomatic until diagnosed with BMD at age 67 [4] .
hile this gene lesion maintains reading frame, it disrupts

he ABD1 domain and removes actin binding sites ABS2
nd ABS3. At least 10 other patients with exon 3–9 deletions
ave also been diagnosed with BMD [24] . We identified
7 individuals from the UMD-DMD database with in-frame
eletions in the first 35 exons of the dystrophin gene ( Fig. 5 ).
hese deletions were associated with a range of reported
henotypes, including DMD, BMD, and individuals who
ere asymptomatic at the time of the report. In this cohort,
e found several N-terminal deletions associated with a
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Fig. 4. Inducible directly reprogrammed myotubes from Patient 3–23 show reduced dystrophin expression. For Patient 3–23 (exon 3–23 deletion, cell line 
CDMD1023) and an unaffected individual (cell line CDMD1002), inducible directly reprogrammed myotubes (iDRMs) were generated from dermal fibroblasts 
obtained from a skin punch biopsy. Dystrophin was detected using Dys1, Dys2 and Dys3 (Rod domain, C-term or N-term). Utrophin was detected using 
MANCHO3. Bar, 20 μm. 
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Fig. 5. Phenotypic subgroups associated with in-frame deletions in the first 35 exons of DMD. The UMD-DMD database ( http:// www.umd.be/ DMD/ W _ DMD/ 
index.html) was searched for in-frame DMD deletions associated with dystrophinopathy occurring within exons 1–35 of the DMD gene. A total of 97 individuals 
with a reported phenotypic subgroup were identified. Of these, 74 individuals (76%) were reported to have BMD (loss of ambulation greater than or equal to 
16 years of age) or Intermediate Muscular Dystrophy (within the UMD-DMD database, defined as loss of ambulation between 13 and 16 years of age [10]). 
Five individuals were classified as asymptomatic at the time of the report. Deletions shown in orange are associated with a diagnosis of Duchenne (within the 
UMD-DMD database, defined as loss of ambulation below 13 years of age). Deletions shown in blue are milder phenotypic groups, including BMD, IMD 

and asymptomatic at the time of report. Mutations associated with multiple diagnoses are reported in orange/blue hatch. Female carriers and database entries 
without a reported phenotypic subgroup were excluded. The two deletions reported in this study (exon 3–23 del and 3–28 del) are indicated by asterisks ( ∗). 

http://www.umd.be/DMD/W_DMD/index.html
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MD phenotype. These mutations lack the actin binding site
BD1, supporting the idea that the loss of the ABD1 actin
inding site within an in-frame protein can still be associated
ith some attenuation of the dystrophic phenotype. 
In addition to in-frame N-terminal deletions, alternative

ranslation initiation sites within exons 6 or 8 have been
hown to allow the production of functional truncated
ystrophin in patients with otherwise deleterious N-terminal
utations [ 10 , 26 , 27 ]. For example, the relatively common

ut-of-frame deletion of exons 3–7 can lead to a range
f dystrophic phenotypes including the milder BMD
 10 , 26 , 28–31 ]. Our recent analysis of the Duchenne Registry
emonstrated that the large majority of boys amenable to exon
 targeted therapy ( N = 18) were still ambulatory at age 20;
ost of these boys reported an exon 3–7 deletion [10] . In

hese cases, an alternative initiation site at exon 8, or exon 8
kipping is hypothesized to produce low levels of truncated
ystrophin lacking all three actin-binding, sites within ABD1
 18 , 26 ]. Similarly, Wein and colleagues recently demonstrated
hat an internal ribosome entry site within exon 5 can drive
ynthesis of a smaller, N-terminal dystrophin protein starting
t exon 6 (deleting ABS1 and ABS2) [27] . Expression of
his truncated dystrophin protein via adeno-associated virus
AAV) was associated with either a mild dystrophic phenotype
r complete absence of symptoms in two patients with exon
 mutation. This N-terminal truncated protein is also shown
o ameliorate the dystrophic phenotype in a mouse model of
MD exon 2 duplication [27] . 
Along with several other lines of evidence, the mild

ystrophic phenotype associated with some N-terminal
eletions suggests that a largely functional truncated
ystrophin protein without complete ABD1 domain can
e stably expressed, albeit at levels lower than wild
ype, and retain significant functionality. In vitro studies
ave shown that some deletions in the N-terminal domain
ight lead to protein instability rather than a direct loss

f protein function [25] . In order to better understand
he mild phenotype associated with exon 3–9 deletions,
yrychenko and colleagues utilized multiple CRISPR- 
ased correction strategies to restore the reading frame of
uman iPS cells carrying an out-of-frame exon 8–9 DMD
eletion [25] . When exons 3–7 were additionally deleted
n these cells, the resulting exon 3–9 deleted iPSC-derived
ardiomyocytes expressed truncated dystrophin and showed 

 partial correction of contractile defects. Intriguingly, they
howed that a similar correction strategy deleting exons
–11 led to a lower level of dystrophin expression and less
unctional improvement in cardiomyocytes, despite preserving 

he ABD1 domain. This deletion was prone to protein
egradation, suggesting that the shorter exon 7–11 deletion
s in fact less stable than the exon 3–9 deleted protein. 

While point mutations in the DMD gene are less frequent
n dystrophinopathy than deletions, they have provided
nsight into the role of the dystrophin N-terminal domain.
pproximately 50% of known disease-causing missense
utations are located in the ABD1 [ 32 , 33 ]. Although

t was initially suggested that ABD1 missense mutations
ight alter dystrophin’s affinity for F-actin and disrupt the
onnection between the cytoskeleton and sarcolemma, several
roups observed early on that such mutations seemed to
rimarily affect protein stability [ 31 , 34 ]. In keeping with
his suggestion, in vitro studies of point mutations in the
BD1 region do not substantially alter affinity for F-actin,

nd are rather associated with protein aggregation instability
 32 , 33 , 35 ]. 

Animal studies looking at the functionality of truncated
ystrophin constructs or “microdystrophins” provide some of
he best evidence for understanding the role of the ABD1
nd surrounding N-terminal region. In the dystrophin-null
dx model, Corrado and colleagues expressed a shortened
ystrophin construct without the ABS2 and ABS3 portion
f the ABD1, along with part of the Hinge 1 region
deletion from amino acids 45 to 273) [36] . These mice
xhibited a milder phenotype than mdx alone, and suggest
hat retention of the central rod domain ABD2 region
an partially compensate for loss of the N-terminal ABD1
omain. Of note, this group later examined a microdystrophin
onstruct lacking both ABD2 and the ABS2/3 region of
BD1 [23] . While loss of the ABS2/3 region appeared to

lter dystrophin protein stability and/or folding in mdx muscle
nd did not improve overall physiological measurements,
entronucleation (a measure of regeneration/degeneration) 
as restored to near wild-type levels in individual fibers
ositive for microdystrophins with or without the ABS2/3
egion. 

The idea that the ABD1 is not absolutely required for
ystrophin stability or function is further supported by a study
n mdx mice demonstrating that expression of Dp260, the
etinal isoform of dystrophin, can also reduce the dystrophin
henotype [37] . The Dp260 isoform has an alternative exon 1
hich splices into exon 30, and is expressed in retina, brain

nd heart [38] . This isoform is highly relevant in considering
he deletions described in our study. In particular, Patient
–28 has a deletion from exon 3–28 that produces a protein
ery similar to the Dp260 isoform, lacking most of the ABD1
omain, hinge 1 and half of the spectrin repeat domain 9. The
imilarity of this deletion to a native isoform of dystrophin
ints that it may be more stable and functional than other
nternally deleted dystrophin proteins. Notably, one in vitro
tudy found that Dp260 have a similar protease resistance
o full-length dystrophin, while some truncated dystrophin
onstructs exhibited reduced stability [35] . 

The two patients described in this study highlight the
pectrum of phenotypes associated with N-terminal deletions
n DMD , and demonstrate that the loss of ABD1 and other
omains in the first third of the gene can result in a partially
unctional protein and a milder dystrophic phenotype. Taken
ogether with in vitro and mouse model studies, these
ndings suggest that loss of protein stability may play
 greater role than loss of function in determining the
athogenicity of N-terminal in-frame deletions. In particular,
ertain deletion-specific junctions may be unfavorable to
ranscript or protein stability, and lead to a more severe
ystrophy. Studying the genotype-phenotype correlations in 
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patients with these deletions, and generating relevant cell
and animal models, can provide insight into the genetic
complexity of dystrophinopathies and help guide the design
of therapeutic strategies for dystrophin restoration. 
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