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Abstract

We report a family in which two male siblings with Becker muscular dystrophy (BMD) developed
severe dilated cardiomyopathy (DCM) and progressive heart failure (HF) at age 11; one died at
age 14 years while awaiting heart transplant and the other underwent left ventricular assist device
(LVAD) implantation at the same age. Genetic analysis of one sibling showed a novel frameshift
mutation in exon 27 of Duchenne muscular dystrophy (DMD) gene (c.

3779 _3785delCTTTGGAINns GG), in which 7 base pairs are deleted and two are inserted. While
this predicts an amino acid substitution and premature termination (p.Thr1260Argfs*8), muscle
biopsy dystrophin immunostaining instead indicates that the mutation is more likely to alter
splicing. Despite relatively preserved skeletal muscular performance, both siblings developed
progressive heart failure secondary to early onset DCM. In addition, their 7 year old nephew with
delayed gross motor development, mild proximal muscle weakness, and markedly elevated serum
creatine kinase (CK) level (> 13,000 IU/L) at 16 months was recently demonstrated to have the
familial DMD mutation. Here we report a novel genotype of BMD with early onset DCM and
progressive lethal heart failure during early adolescence.
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Introduction

Among the entities that cause dilated cardiomyopathy in children are dystrophinopathies,
including Duchenne muscular dystrophy (DMD), Becker muscular dystrophy (BMD), and
X-linked dilated cardiomyopathy, allelic conditions caused by defects in dystrophin (1).
Dystrophin is an important cytoskeletal protein encoded by the DMD gene located at Xp21.2
(2). DMD is caused by complete loss of the dystrophin protein complicated by progressive
skeletal muscle dystrophic pathology, whereas BMD often results from expression of an
altered dystrophin protein leading to milder and a more variable clinical presentation than
DMD (3). Approximately 70% of BMD patients develop dilated cardiomyopathy (DCM)
mostly in the third decade of life or later (4, 5); they rarely develop severe DCM in
childhood (6).

Conserving the reading frame of the protein plays a determining factor in disease severity in
many dystrophinopathies. Mutations in which the reading frame is conserved resulting in a
functional amino- and carboxy-terminus with little effect on the central rod domain yield a
milder phenotype consistent with BMD (7), whereas mutations that disrupt the reading
frame cause a more severe phenotype consistent with DMD. The reading frame rule was
found to be 91-92% consistent in predicting phenotype in simplex cases of young boys (8).
However, more recent studies have shown that this rule tends to be better at predicting
phenotype for DMD, and there are more exceptions to this rule in BMD (9, 10). Genotype-
phenotype correlations for specific mutations in dystrophin related to predisposition to or
protection against DCM have been proposed (6, 11), but exactly how this leads to DCM is
poorly understood.

Here, we present a family in which two siblings and their nephew are affected by similar
skeletal muscle abnormalities consistent with BMD. The brothers developed severe
progressive DCM in early adolescence. They have a novel frameshift mutation in the DMD
gene responsible for this unique clinical phenotype of BMD and severe early-onset DCM.
The importance of genetic screening of the male family members for early detection of
lethal congestive heart failure (CHF) will be discussed.

Case Reports

There are three affected males in this family spanning two generations (Figure 1A). The first
affected member of the family was diagnosed with BMD at 6 years due to mild skeletal
muscle weakness (11-3). His serum CK was extremely elevated (38,000 1U/L). Dystrophin
immunostaining in a muscle biopsy was consistent with BMD, and the dystrophin level was
quantified as 3-10% of normal by Western blot (Athena Diagnostics, Worcester, MA). He
was diagnosed with attention deficit hyperactivity disorder (ADHD), but otherwise remained
relatively symptom-free for a long time. At 12 years, however, he developed persistent
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cough resistant to conventional bronchodilator treatment. Chest X-ray showed
cardiomegaly, for which he was referred to cardiology. Initial echocardiogram revealed
dilated LV with severely diminished LV systolic function (left ventricle shortening fraction
of less than 10%). His clinical status continued to deteriorate despite maximum anti-
congestive medications, and he was admitted for further management of intractable CHF.
Hemodynamic assessment by cardiac catheterization showed severe LV dysfunction: LV
end-diastolic pressure (LVEDP) 35 mmHg and cardiac index (CI) 1.8 L/min/m? under
mechanical ventilation and continuous intravenous inotrope infusion. He died at age 14 due
to a cerebral thromboembolic event despite maximum medical treatment while awaiting a
heart transplant.

His younger brother (11-4; 14 years) was diagnosed as BMD at 3 years of age with mild
muscle weakness and failure to thrive. He has cognitive impairment with function in the
range of 6-8 years old (at 14 years old) and a seizure disorder of unknown etiology. His
cardiac status has been followed closely since 6 years of age because of his brother’s history
of early-onset of progressive DCM. Sequencing (Emory Genetics Laboratory, Decatur, GA)
revealed a novel frameshift mutation in exon 27 of the DMD gene (c.

3779 _3785delCTTTGGAINsGG) in which 7 base pairs are deleted and two are inserted
(Figure 1B). This predicts an amino acid substitution and premature termination in the novel
reading frame 8 codons downstream (p.Thr1260Argfs*8). No other potential disease-
causing variants were found in the gene. Despite this predicted truncation of protein
translation, immunofluorescence studies of a quadriceps muscle biopsy at age 14 instead
showed reduced staining for dystrophin and other proteins of the dystrophin-glycoprotein
complex and upregulation of utrophin consistent with BMD (Figure 2). The greatest
reduction in dystrophin immunofluorescence (perhaps absence of staining) was with an
antibody that detects an epitope encoded by exons 27-28 (Figure 2F). Dystrophin epitopes
on either side of exons 27-28 were present (Figure 2C, D, E, and G). Dystrophin was also
detected in Western blots from the same muscle biopsy using a carboxy terminus antibody.
The total amount of the patient’s dystrophin was greatly reduced, and the molecular weight
appeared to be slightly reduced (data not shown).

He had normal cardiac function through age 11 years, after which progressive LV systolic
dysfunction and dilatation were noted by echocardiogram. His symptoms of CHF continued
to worsen over the next 2 years despite escalating medical treatment, and he was admitted to
the hospital at 14 years because of severe respiratory distress and cardiac cachexia.
Echocardiogram showed markedly dilated LV (LVIDd 7.7 cm: z-score +9.1) with severely
diminished LV systolic function (LVSF 15%). Initial hemodynamic assessment by cardiac
catheterization was consistent with mild to moderate LV dysfunction under continuous
intravenous milrinone infusion (LVEDP 12 mmHg and CI 2.1 L/min/m?2). His clinical
condition deteriorated despite maximum medical treatment including mechanical
ventilation, and eventually he underwent implantation of left ventricular assist device
(Heartware HVAD, Framingham, MA). He was discharged home with improved quality of
life.

The 7 year old nephew (111-1) of these two affected boys was born to their sister and was
diagnosed as BMD in his early childhood. He failed to thrive despite maximizing nutritional
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efforts (< 15t percentile) and showed generalized muscle weakness and mild developmental
delay. At 18 months he was noted to have serum CK above 13,000 IU/L, and he has been
followed regularly since that time with a presumed diagnosis of BMD. Molecular analysis
revealed identical familial frameshift mutation in DMD to his uncle (11-4). At 18 months he
was noted to have serum CK above 13,000 IU/L, and he has been followed regularly since
that time with a presumed diagnosis of BMD. A recent echocardiogram was normal (7 years
old). Female carriers in the family, the siblings” mother (I-2) and their sister (11-1), have had
no symptoms of muscle weakness or CHF. There is no further family history is available for
I-2, as she was adopted in her early childhood.

Clinical manifestations and laboratory data of three BMD patients are summarized in Table
1.

Discussion

We report a family in which two male siblings with BMD developed severe, early-onset,
progressive DCM. Both siblings developed intractable CHF by age 12 that was resistant to
conventional anti-congestive medications. BMD patients are known to have milder skeletal
muscle involvement than DMD patients and commonly develop DCM in their third decade
or later. Cardiac dysfunction is a more frequent primary cause of death in BMD than in
DMD (4, 12, 13). There are sporadic case reports of early onset DCM in BMD, but our
patients are unique because of their earlier onset, multiple family member involvement with
the same clinical phenotype, and a novel genotype.

Dystrophinopathy refers to a clinical spectrum of mutation of DMD gene encompassing
BMD, DMD, and X-linked DCM. X-linked DCM can present as a similar clinical course as
ours, as reported by others (14-16). Intermediate phenotype between DMD and BMD with
variable cardiac involvement is not infrequently encountered. However, all 3 patients here
initially presented with primary skeletal muscle weakness with markedly increased serum
CK, which is quite different from X-linked DCM where there should be no or very little
skeletal muscle involvement (14, 15, 17). Skeletal muscle biopsy demonstrated that two
brothers showed markedly reduced but positive dystrophin protein expression consistent
with BMD. Collectively, we believe the affected brothers have BMD with severe early-onset
DCM rather than X-linked DCM with coincidental skeletal myopathy. Disproportionally
severe cardiac phenotype has been reported in limb-girdle type muscular dystrophy with
relatively mild skeletal involvement (18).

The X-linked DMD gene has 79 coding exons covering 2.6 million base pairs. The large size
of the DMD gene makes it vulnerable to mutation, mostly by deletion of one or more exons.
DMD is caused by genetic mutations that lead to disruption of the reading frame of the
dystrophin transcript and premature abortion of dystrophin synthesis (19). BMD mutations
usually do not disrupt the translational reading frame, and are typically in conjunction with
either exon deletions or point mutations that alter splicing such that the resultant mRNA
maintains the open reading frame and leads to production of a partially functional but
aberrant protein (20-22). Previous reports described patients with BMD phenotype with
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nonsense mutations as a result of altered exon splicing and exon skipping, excluding the
nonsense mutation containing exon (20, 23, 24)

In our BMD patients (11-4 and 111-1), we postulate that the mutation in exon 27 (c.

3779 _3785delCTTTGGAINSGG) results in altered splicing and mRNA that allows
production of a truncated dystrophin protein. This interpretation stems from
immunohistochemical analysis of a muscle biopsy that demonstrates expression of exons
proximal and distal to exon 27 (see Figure 2). Unfortunately, we were unable to recover
mMRNA of sufficient quality from archived muscle to test this hypothesis directly, but we
note that disruption of the splicing enhancer sequence within exon 27 of the DMD gene by
nonsense mutation can induce partial exon skipping, and thus results in a BMD phenotype
(20, 21). However, this early-onset of severe progressive DCM in BMD patients, as seen in
this family, has not been reported and cannot be solely explained by the exon skipping
mechanism. Kaspar et al. proposed that the deletions affecting the amino-terminal domain
(exons 2-8) are associated with the early-onset of DCM (6), but it does not appear that our
cases follow this rule. Double or multiple gene mutations are known to be responsible for
more severe clinical phenotype in some hypertrophic cardimyopathy (HCM) (25-27) and
rarely in DCM (28). The possibility of second mutation in our cases cannot be ruled out, as
we have not performed sequencing of other single gene causes of DCM or whole-exome
sequencing.

Genetic predictors of early onset of DCM in BMD patients have been studied extensively (6,
11), but the results are not conclusive as to which genotypes predict a worse natural course.
There may be a fundamental difference in regulation of DMD gene transcription between
skeletal and cardiac muscle. In this family, both female carriers have been asymptomatic.
All three affected children developed a nonspecific central nervous system abnormality, but
the clinical hallmark of the two brothers is early-onset lethal DCM. Because early detection
of this progressive DCM is essential for optimum management, further effort in
investigating genotype-phenotype correlation in BMD should be encouraged.
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Figure 1. Pedigree and sequencing of individuals11-4and I11-1
(A) Pedigree of family with BMD. Solid squares indicate individuals with BMD and DCM.

Gray square indicates BMD mutation and clinical phenotype without DCM. Circles with a
dot represent asymptomatic carrier females. The mutation, c.
3779_3785delCTTTGGAINnsSGG is documented for those who were tested (Emory Genetics
Laboratory, Decatur, GA. Figure 1B). (B) Sanger sequences of affected individuals 11-4 and
-1
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Figure 2. Muscle biopsy evaluation
Typical histopathologic features of muscular dystrophy are illustrated in this H&E-stained

cryosection from the BMD patient 11-4 (A). Immunofluorescence studies are shown in
panels B through M; staining was performed as previously described (29). A carboxy
terminus anti-dystrophin antibody shows the pattern of normal dystrophin staining in control
muscle (B) and reduced dystrophin staining in the BMD patient (C). Panels D through H are
all sections from the BMD patient stained with various, epitope-specific, anti-dystrophin
antibodies: exon 50 (D), exons 38-39 (E), exons 27-28 (F), exons 10-12 (G), and exon 1 (H).
They show varying degrees of reduced staining for dystrophin. Utrophin is expressed at the
sarcolemma of some muscle fibers in the BMD patient (I); utrophin is commonly
upregulated in muscle from dystrophinopathy patients. Beta-dystroglycan [control (J) and
BMD (K)] and nNQOS [control (L) and BMD (M)] are both reduced in the BMD patient. The
scale bar is 100 pm in panel A and 200 um in panels B through M.
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Clinical and Laboratory Findings of the Affected Children
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11-3 11-4 11-1
Current Age (yrs: In 2013) 141 15 7
Diagnosis of BMD (yrs) 6 3 3
Diagnosis of DCM (yrs) 112/3 11 3/4 N/A
Neurological Normal Seizure disorder (resolved) Mild developmental delay
Behavioral & Developmental ADHD Mild cognitive delay ADHD

Musculoskeletal
Serum CK (IU/L)
Muscle Biopsy

Immunohistochemistry

Western blot (protein
quantification)

Mild muscle weakness
38,256
(+)

Severely decreased dystrophin
protein

Severely decreased (3 to 10%)

Mild muscle weakness

>16,000
)
Figure 1

Severely decreased (3 to 10%)

Mild muscle weakness
13,860

Not performed

Cardiac
ECG

CXR

Echocardiogram

Cardiac Catheterization

Severe CHF

Sinus tachycardia (130)

RVH, RAH, LVH
Cardiomegaly
Dilated LV (LVIDd 6.2 cm)

LVSF < 10%
13 yrs 10 mos

SVO,: 54%, Sa0, 93%

RA (10) mmHg, LDEDP 35 mmHg

C.I. 1.8 L/min/m2, Rp/Rs = 0.43
Mechanically ventilated (FiO, 0.5)

On milrinon infusion

Severe CHF
T wave inversion in V5, V6
LVH
Cardiomegaly
Dilated LV (LVIDd 7.7 cm)
LVSF 15%
14 yrs 0 mos
SVO, 70 %, Sa0, 99%

RA (3) mmHg, LVEDP 12 mmHg
C.1. 2.1 L/min/m2, Rp/Rs = 0.28

On milrinone infusion

None

Normal

Not done

Normal study

Not performed

t: Deceased. BMD: Becker muscular dystrophy, DCM: dilated cardiomopathy, ADHD: attention deficit hyperactivity disorder, CK: creatine
kinase, CHF: congestive heart failure, RVH: right ventricular hypertrophy, RAH: right atrial hypertrophy, LVH: left ventricular hypertrophy,
LVIDd: left ventricular internal diameter in diastole, LVSF: left ventricular shortening fraction, SvO2: mixed venous saturation, SaO2: systemic

arterial saturation, RA: right atrial pressure (mean), LVEDP: left ventricular end diastolic pressure, C.1.: cardiac index, Rp/Rs: Pulmonary vascular

resistance/systemic vascular resistance.
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