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Abstract
Introduction—Prior reports of dysferlinopathy suggest a clinically heterogeneous group of
patients. We identified specific novel molecular and phenotypic features that help distinguish
dysferlinopathies from other forms of limb-girdle muscular dystrophy (LGMD).

Methods—A detailed history, physical exam, protein and mutation analysis of genomic DNA
was done in all subjects.

Results—Five of 21 confirmed DYSF gene mutations were not previously reported. A distinct
“bulge” of the deltoid muscle in combination with other findings was a striking feature in all
patients. Six subjects had atypical calf enlargement, and three of these exhibited a paradoxical
pattern of dysferlin expression: severely reduced by direct immunfluorescence with
overexpression by western blots. Six patients showed amyloid deposits in muscle that extended
these findings to new domains of the dysferlin gene including the C2G domain. Correlative studies
showed co-localization of amyloid with deposition of dysferlin.

Discussion—This data further serves to guide clinicians facing the expensive task of molecular
characterization of patients with an LGMD phenotype.
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Introduction
Limb girdle muscular dystrophies (LGMD) include 7 autosomal dominant and 14 autosomal
recessive disorders.1-3 Based on our own and studies of others,2 a specific diagnosis can be
a laborious exercise and yields a confirmed molecular diagnosis in fewer than 60% of cases.
Mutations in the gene that encodes dysferlin (DYSF) cause allelic autosomal recessive
disorders that arise from mutations in the same genetic locus on chromosome 2p13.4,5 The
classification of the dysferlinopathies suggests four distinct phenotypes that include
LGMD2B with predominantly proximal weakness, Miyoshi myopathy (MM) with calf
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muscle weakness and atrophy, a distal anterior compartment myopathy (DACM) with
tibialis muscle atrophy, and a less common subtype with rigid spine syndrome.6-10 Clinical
experience, however, suggests that there is significant overlap in presentation of these
presumably distinct entities.7,10,11 In addition, in some families, the same mutation can be
associated with LGMD2B, MM, or DACM.12-15 As new treatment strategies evolve for
muscular dystrophies, and enrollment in clinical trials is dependent on a specific diagnosis,
the goal for most neuromuscular centers is to arrive at a specific diagnosis, proven by
molecular analysis. In cases of suspected dysferlin deficiency, the large size of the dysferlin
gene discourages molecular testing. In our dysferlin patient cohort of 21 subjects with
confirmed DYSF gene mutations we have identified novel mutations and phenotypic features
that provide insight for further testing.

Methods
Subjects

Twenty one patients were evaluated through an NIH supported LGMD characterization
study (NIAMS U54 AR050733-05). Consistent information was obtained for each patient to
establish ethnic and geographical origin, family history, consanguinity, age at onset, initial
distribution of symptoms, pattern of muscle involvement, ambulatory status, disease
progression, and serum creatine kinase (CK) levels.

Muscle Biopsy and Peripheral Blood Monocyte Analysis for Dysferlin
Skeletal muscle sections fixed in acetone (10-12 μm) were stained with NCL-Hamlet
monoclonal antibody (Novocastra Laboratories Ltd.) to dysferlin diluted 1:10. Secondary
antibody consisted of fluorecein-conjugated goat anti-mouse IgG diluted 1:200. Dysferlin
was also analyzed by western blots using muscle homogenates prepared in SDS lysis buffer
(125mM Tris-HCl pH 6.8, 4% SDS, 4M urea & protease inhibitor cocktail). For each
subject, 15 μg of protein lysate were electrophoresed on 3-8% Tris-acetate NuPage gels
(Invitrogen) and transferred to PVDF membrane (Amersham Biosciences). After blocking
for 1hr in 5% nonfat dry milk in TBST (100 mM Tris-HCl, pH 8.0, 167 mM NaCl, 0.1%
Tween), the western blot (WB) was incubated overnight with NCL-Hamlet (1:5000)
dysferlin antibody followed by horseradish-peroxidase–labeled goat antimouse IgG (GE
Healthcare). Immunoreactive bands were visualized with the use of the ECL Plus Western
blotting detection system (GE Healthcare) and Hyperfilm ECL (Amersham Biosciences).
Signal intensities were measured with ImageQuantTL software (GE Healthcare). For
peripheral blood monocyte analysis, cells were isolated from whole blood using a Ficoll-
Hypaque density gradient followed by protein extraction. Western blots for dysferlin were
performed as described above (except 25 μg of protein lysate were electrophoresed). Similar
methods have been described by Ho et al.16

Sequence Analysis of the Dysferlin (DYSF) Gene
Genomic DNA was isolated from each patient (PureGene, Qiagen) as previously described.
17 Each of the 55 DYSF exons and at least 50 intronic bases were amplified using primers
designed by Primer 3.0 (Whitehead Institute: http://www.wi.mit.edu/). The primers were
tagged at the 5′ end with either the M13F (sense primers) or M13R (antisense primers)
sequence. All exons were amplified with 35 cycles of 94° C for 30 seconds, 60° C for 30
sequences, and 72° C for 45 seconds. Bidirectional sequence analysis was performed using
the M13F and M13R primers, as well as internal primers for larger exons, using the Applied
Biosystems Big Dye Terminator 3.1 sequencing mix. All sequences were aligned to the
reference sequence (NM_003494) using Sequencer (GeneCodes Corp) alignment software.
For any nucleotide change suspected to be a pathogenic mutation, the exon was reamplified
and resequenced in order to confirm that the mutation was not an amplification artifact.
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Results
Genetic Analysis

Twenty one patients were found to have DYSF gene mutations. One subject, the son of a
consanguineous marriage, had an affected mother. Four subjects were Hispanic, one was
Asian-Indian, one African-American, and the others were Caucasian non-Hispanic. We
identified 27 different DYSF mutations (Fig. 1), five of which are novel (Table 1). No
apparent mutational hot spots were observed. The mutations can be characterized as follows:
eight missense, seven splice-site, five nonsense resulting in premature termination codons,
and seven frameshift mutations. Twenty-three mutations affected C2 domains, and three
affected the DysF domain (SMART nomenclature 18). In 15 of these cases, other proteins
were affected (Table 2): calpain-3 (9 subjects) and caveolin-3 (1 subject) were reduced, and
utrophin was upregulated (5 subjects). The secondary reductions of calpain-3 and caveolin-3
have been reported in patients with primary dysferlinopathy, but further information is
needed to understand the functional implications and interactions between these proteins.
19-25 The cause for upregulation of utrophin is more elusive in dysferlin deficiency. There
was no alteration of dystrophin to account for this finding in our cases.26-28

Clinical Features
In this cohort of 21 subjects (Table 3), the mean age of onset was 19 years (range from 3 -
34 yrs). The experience of patients in this cohort was similar to that recently described by
Klinge et al.29 Twenty-four percent of patients presented symptoms before age 15, and the
majority described participating in physical activities without limitations prior to the onset
of symptoms. One patient was a very successful wrestler up to the age of 21, when his
muscle condition became apparent after a sports related injury. Another patient was also a
renowned boxer until his late twenties when he became aware of his muscle disease after a
direct knee injury in a car accident. Anecdotal reports of traumatic events coincident with
the onset illness in individuals with pre-symptomatic fitness have been described in other
patients with dysferlinopathies.29-31 Eight subjects became wheelchair-dependent at a mean
age of 38 years old (range 24-54). Serum CK levels were strikingly divergent (6248 U/L ±
5091, normal 37-430 U/L), ranging from normal (280 U/L) to markedly elevated (17972 U/
L). All 21 patients, ages 24 to 60 years (mean age 38 ± 9.7), displayed a pattern of both
proximal and distal muscle upper and lower extremity weakness at the time of examination
by our group (Table 3 shows distribution of weakness at onset). A consistent finding
exhibited in all patients was preservation of the deltoid muscle. This resulted in a distinct
“bulge” in contrast to the surrounding muscle groups of the shoulder girdle, scapular
stabilizers, and upper arm muscles (trapezius, levator scapulae, teres major and minor,
pectoralis major, biceps) (Fig. 2). The biceps atrophy and preserved deltoids present a
striking contrast not previously commented on in previous reports of LGMD2B patients.
The sarcoglycanopathies also have relative preservation of deltoids and markedly atrophied
biceps but are distinguished from the dysferlin deficient patients when there is associated
calf muscle atrophy. Rare FSHD patients with facial sparing may also have overlapping
features, but they can usually be distinguished by asymmetric weakness, axillary folds,
scapular winging with riding up of the scapula from the frontal view, and pectoralis major
muscle atrophy.32,33 Phenotypic uncertainty arises, however, when DYSF gene mutations
are associated with calf enlargement, as we have seen in six of the twenty one subjects
including patients #3, #4, #8, #10, #18, and #20 (Table 3; Fig. 3). Patients who had calf
muscle hypertrophy were previously misdiagnosed with Becker muscular dystrophy. A
slowly progressive course of muscle weakness was common to all subjects.
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Histology and Immunohistochemical analysis
The muscle biopsies showed non-specific dystrophic features to varying degrees with fiber
size variability, muscle fiber necrosis, and endomysial connective tissue proliferation.
Inflammatory infiltrates, mainly perivascular, were observed in several cases as previously
described.34-36 The most distinctive histological finding was the presence of amyloid
deposits identified by Congo red (Fig. 4) in blood vessel walls and in the perimysial
connective tissue in the muscle biopsies of six dysferlin deficient subjects (Table 2, Figure
1). This unique finding has previously been described in LGMD2B37,38 and is distinct to
this form of dystrophy. It should not be confused with the intracellular deposits observed
within the muscle fibers of sporadic inclusion body myositis subjects.39 To ensure amyloid
specificity for dysferlinopathies we performed Congo red stains on muscle biopsies from the
following cases with proven LGMD mutations (part of our LGMD characterization study):
LGMD2A (calpain-3 deficiency, n = 5), LGMD2C (gamma-SG deficiency, n = 3),
LGMD2D (alpha-SG deficiency, n = 6), LGMD2E (beta-SG deficiency, n = 5), LGMD2I
(FKRP deficiency, n = 5) and LGMD1B (lamin A/B deficiency, n = 5). None were found to
have amyloid deposits in the muscle. In the cohort we report here, amyloidogenic mutations
included exons not previously described that extend over a gene distribution from exons
5-53 (patient 2 = exons 17 and 52; patient 3 = exon 36; patient 5 = exons 49 and 53; patient
6 = exons 49; patient 8 = exon 36; patient 15 = exons 5 and 52), (Figure 1). In prior reports
the amyloidogenic dysferlin mutations preferentially clustered toward the N- terminal region
between exons 7-16, corresponding to the C2B and C2C domains of DysF.37,38 In addition,
we were able to unequivocally demonstrate dysferlin co-localized to the amyloid deposits in
arterioles in the muscle biopsy specimen of patient 3 (exon 36 mutation), (Fig. 4). This
removes any doubt that amyloid is derived from the mutant dysferlin. It most likely
represents a fragment of the full length protein that has been degraded and then folded to
form a β-pleated sheet with typical green birefringence under polarized light. Similar
findings were demonstrated by Spuler et al.,37,38 in their cases.

Another previously unreported, unique finding in our cohort was the paradoxical reduction
or absence of dysferlin expression by immunofluorescence (IF) on muscle sections (Fig. 5),
compared with overexpression (increased by 2-5 fold over normal) of this same protein by
WB in three of the 21 cases (Table 2 patients 3, 8, 10), (Fig. 6). These three patients have
DYSF gene mutations that have been reported in previous publications, 7, 15, 40,41 and listed
in the Leiden database. Patients #3 and #8 have heterozygous mutations at one allele at exon
36 (c.3892A>G). A recently published algorithm that derives a pathogenicity score for
missense mutations suggests that this amino acid substitution, isoleucine to valine, is in a
non-pathologic range.42 Despite the fact that the mutation has been called into question,
these patients fulfill criteria for dysferlinopathy based upon: 1) severely reduced (#3) and
absent (#8) dysferlin membrane staining; 2) the presence of amyloid in their muscle that is
highly specific for LGMD. The third (patient 10) has two dysferlin mutations, one of
unequivocal pathogenicity [exon 37, c.3992G>T, sequence change p.(R133L)] clearly
defining this patient with a dysferlinopathy. The second mutation is controversial (exon 29,
c.3065G>A) with disagreement as to whether this nucleotide change is a polymorphism,
overrepresented in normal population43,44 or should carry a designation of “probably
pathogenic”.41 Of particular interest, patients 3 and 10 returned for analysis of peripheral
blood monocyte dysferlin performed by WB. In both subjects, dysferlin was present in the
monocyte WB (patient 3 done by a commercial laboratory; patients 3 and 10 done by our
laboratory at Nationwide Children's Hospital). Control cases, patients 1, 5, 15, and 21
showed absent monocyte dysferlin and these same cases also demonstrated reduced or
absent dysferlin by IF and WBs of skeletal muscle. It is important to emphasize that
dysferlin may be abnormal in the cytoplasm as a non-specific finding, but the results of
membrane staining were the most predictive of gene mutation in our series.
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Discussion
Defining a specific LGMD diagnosis for patients is a challenging objective for
neuromuscular clinicians. The data presented in this study further arm clinicians with
additional information to help attain this goal. Potential experimental treatment strategies
rely on a specific molecular diagnosis45-48 prior to entry into a clinical trial. Presently, only
about 60% 2 of LGMD patients can be further classified into one of the 14 recessive or 7
dominant forms of the overall group of LGMDs. The dysferlinopathies represent a particular
diagnostic challenge because of the size of the gene and the expense incurred in gene
sequencing, since hot spots for mutations have not been identified. The observations
provided in this cohort analysis will strengthen the clinical suspicion and provide a rationale
for dysferlin gene sequencing. For example, the bulging deltoid with loss of muscle bulk in
surrounding muscles combined with either typical lower leg posterior compartment (calf
muscle) atrophy 49-51 or calf muscle hypertrophy should be considered to be a signature of
the disease. Under such conditions the muscle biopsy evaluation must include dysferlin
staining. Further novel features detected in this cohort can be summarized as follows: 1)
First, the presence of amyloid deposits in the muscle is unique to LGMD2B, different from
all other LGMDs. Although, this has previously been reported, 37,38 the findings in the
patient group in this analysis confirms and extends the observation by recognizing that
amyloidogenic domains extend over a wide distribution from N- to C-terminal. In this
report, we added important confirmatory co-localization observations linking amyloid to
dysferlin. Presumably these are misfolded dysferlin proteins that emphasize the importance
of including Congo red staining as part of the muscle biopsy analysis in the LGMD work up.
2) Secondly, the discrepancy on muscle biopsy between the absence of dysferlin by direct IF
stains on muscle sections and the finding of overexpressed amounts by WB potentially leads
to misdiagnosis. The exact mechanism for this profile has not been established but may
represent a mutant protein that fails to insert into the muscle membrane. This finding was
observed in a patient 10 (Table 1) with an unequivocal DYSF mutation with a pathologic
amino acid substitution [p.(R133L) reported in the Leiden database. The other two cases
(patients 3 and 8) have the c.3892A>G mutation that is less certain to be disease causing. It
should be considered, however, that in the Italian family where this mutation was first
considered to be disease-causing, 7, 15 three siblings with the same nucleotide change each
demonstrated the classic phenotypes of dysferlinopathy: Myoshi myopathy, LGMD, and
DACM. This still does not preclude the obvious possibility that this is a familial non-
pathogenic mutation. 3) In addition to the discrepancy between dysferlin IF (severely
reduced) and WB (overexpressed) on muscle tissue, our study demonstrates a further
difference with peripheral blood monocytes where dysferlin appeared normal (patient 10
with established pathologic mutation). Thus, if the index of suspicion is high, a muscle
biopsy or DNA test for dysferlin is still warranted despite positive dysferlin in monocytes. 4)
The final contribution of this report is the addition of five novel dysferlin mutations that will
ease the potential burden of molecular diagnosis. An integrated summary of the clinical,
biopsy and gene mutation findings can be found in the tables 1-3.
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Abbreviations

BMD Becker muscular dystrophy

CK creatine kinase

C2 domain calcium sensitive domain of the dysferlin gene

C2B the second calcium sensitive domain of the dysferlin gene

C2C the third calcium sensitive domain of the dysferlin gene

C2G the seventh calcium sensitive domain of the dysferlin gene

DACM distal anterior compartment myopathy

DMD Duchene muscular dystrophy

DNA Deoxyribonucleic acid
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DYSF dysferlin gene

ECL enhanced chemiluminescence

FKRP fukutin related protein

FSHD Facioscapulohumeral Muscular Dystrophy

IF Immunofluorescence

IHC immunohistochemistry

LGMD limb girdle muscular dystrophy

LGMD1B limb girdle muscular dystrophy type 1B

LGMD2A limb girdle muscular dystrophy type 2A

LGMD2B limb girdle muscular dystrophy type 2B

LGMD2C limb girdle muscular dystrophy type 2C

LGMD2D limb girdle muscular dystrophy type 2D

LGMD2E limb girdle muscular dystrophy type 2E

LGMD2I limb girdle muscular dystrophy type 2I

MM miyoshi myopathy

M13F sense primers

M13R antisense primers

NIAMS National Institute of Arthritis and Musculoskeletal and Skin Diseases

NIH National Institute of Health

PBMC Peripheral blood mononuclear cell

PBS phosphate-buffered saline

PVDF Polyvinylidene fluoride

SDS sodium dodecyl sulfate

SG sarcoglycan

TBST Tris buffered saline Tween

WB western blot
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Figure 1.
Localization of the mutations in the dysferlin gene and the corresponding exons and protein
domains. A green background color was used to distinguish the patients with amyloid
deposits in their muscle biopsy. The number inside the box corresponds to the number of the
patient in Table 2.
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Figure 2.
(A-F) Shows deltoid hypertrophy in 6 cases of dysferlin deficiency. The surrounding
muscles are atrophic. This is well seen in (A) and (B), where the atrophy of the biceps is
clearly demonstrated.
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Figure 3.
(A,B) Calf muscle hypertrophy in patients with dysferlin gene mutations. These patients had
been previously mislabeled with a diagnosis of Becker muscular dystrophy.
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Figure 4.
(A) Congo red stain shows amyloid deposited in the smooth muscle layer of a skeletal
muscle arteriole in patient 3. (B) Using polarized light, the green birefringence of amyloid is
seen. (C) In a consecutive serial section, dysferlin deposition is seen in this same blood
vessel (NCL-Hamlet Novocastra Laboratories Ltd.). (D) In the same section a blood vessel
wall lacks dysferlin deposition; only the autofluorescence of the internal elastic membrane
(tunica intima) and adventitia (tunica externa) can be seen, but the smooth muscle of the
tunica media is devoid of dysferlin.
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Figure 5.
(A) Dysferlin staining in the sarcolemma of normal muscle; (B) negative control (normal
muscle without dysferlin antibody stained only with goat anti-mouse IgG); (C) reduced
dysferlin membrane staining is seen in patient 2 (Table 2); (D) absent dysferlin membrane
staining in patient 8 (Table 2). NCL-Hamlet antibody Novocastra Laboratories Ltd in A,C,
D.
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Figure 6.
Western blot in LGMD2B patients. Total protein extracted from the patient muscle samples
was probed with dysferlin antibody (upper panel). Lane 1: a normal control; lanes 2-4:
LGMD2B patients showing overexpression of dysferlin in patients 3, 8, 10, Table 2); band
signal intensities were quantified by ImageQuant T2 software (GE Healthcare) and were to 2
to 5 fold increased over normal controls; lanes 5-8: LGMD2B patients showing no dysferlin
expression. Protein loading is assessed by probing with muscle specific actin antibody
(lower panel).
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Table 1

Dysferlin mutations in the 21 patients.

Patient Mutation

1 [c.2643+1G>A]+[c.4577A>C]

2 [c.1481-1G>A]+[c.5836_5839del]

3 [c.3892A>G]

4 [c.3843+2T>A]+[c.5698_5699delAG]

5 [c.5497G>T]+[c.5946+1G>A]

6 [c.5509G>A]+[c.5509G>A]

7 [c.610C>T]+[c.1120G>C]

8 [c.3892A>G]

9 [c.353delT]+[c.5444G>T]

10 [c.3065G>A; c.3992G>T]

11 [c.4685dupT]+[c.4685dupT]

12* [c.1392dupA]+[c.3516_3517delTT]

13* [c.1392dupA]+[c.3516_3517delTT]

14 [c.3041A>G]+[c.5526-1G>A]

15* [c.610C>T]+ [c.5884C>T]

16* [c.610C>T]+ [c.5884C>T]

17 [c.5668-7G>A]

18 [c.1120G>C]+[c.5713C>T]

19 [c.855+1delG]+[c.3505insC]

20 [c.3041A>G]+[c.3041A>G]

21 [c.3478C>T]+[c.3478C>T]

*
12, 13 siblings; 15, 16 brothers.

In bold: novel mutations.
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