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ABSTRACT

Mutations in the dysferlin gene lead to limb girdle
muscular dystrophy 2B, Miyoshi myopathy and distal
anterior compartment myopathy. A cohort of 36 patients
affected by dysferlinopathy is described, in the first UK
study of clinical, genetic, pathological and biochemical
data. The diagnosis was established by reduction of
dysferlin in the muscle biopsy and subsequent mutational
analysis of the dysferlin gene. Seventeen mutations were
novel; the majority of mutations were small deletions/
insertions, and no mutational hotspots were identified.
Sixty-one per cent of patients (22 patients) initially
presented with limb girdle muscular dystrophy 2B, 31%
(11 patients) with a Miyoshi phenotype, one patient with
proximodistal mode of onset, one patient with muscle
stiffness after exercise and one patient as

a symptomatic carrier. A wider range of age of onset
was noted than previously reported, with 25% of
patients having first symptoms before the age of

13 years. Independent of the initial mode of presentation,
in our cohort of patients the gastrocnemius muscle was
the most severely affected muscle leading to an inability
to stand on tiptoes, and lower limbs were affected more
severely than upper limbs. As previous anecdotal
evidence on patients affected by dysferlinopathy
suggests good muscle prowess before onset of
symptoms, we also investigated pre-symptomatic fitness
levels of the patients. Fifty-three per cent of the patients
were very active and sporty before the onset of
symptoms which makes the clinical course of
dysferlinopathy unusual within the different forms of
muscular dystrophy and provides a challenge to
understanding the underlying pathomechanisms in this
disease.

INTRODUCTION

Ten years ago the dysferlin gene was cloned and
identified as the gene mutated in limb girdle
muscular dystrophy (LGMD) 2B, and Miyoshi
myopathy (MM).! 2 While LGMD2B is charac-
terised by proximal muscle involvement, patients
affected by MM present with distal muscle weak-
ness at onset." ? Subsequently, distal anterior
compartment myopathy and a proximodistal mode
of onset have been described as further phenotypes/
modes of presentation in dysferlin deficiency,®™”
and some patients have been reported with hyper-
CKaemia.” During the course of the disease, the
phenotypes show a considerable amount of overlap
so that weakness may extend from proximal to

distal muscle groups and vice versa.* © The factors
responsible for these distinct patterns of presenta-
tion are unknown. Therefore, further character-
isation of patients with dysferlin deficiency may
help to identify possible distinct features within
this entity and might provide clues to underlying
pathogenetic mechanisms.”

Dysferlin  deficient muscular dystrophy is
inherited as an autosomal recessive trait, age of
onset has been found to be usually young adult-
hood and the progression to be slow.* 5 ® Overt
cardiac pathology appears not to be a common
finding in most patients.* ¢ However, cardiac
impairment in dysferlin deficiency under stress has
been shown in the knockout mouse,” and two
studies have demonstrated dilated cardiomyopathy
in a total of six patients with dysferlinopathy.'® '!
Dysferlin is a 230 kDa transmembrane protein and
has been shown to be involved in the process of
membrane repair,'? myoblast differentiation,'®
T tubulogenesis™ ' and muscle regeneration,'®
most likely through mechanisms of membrane
organisation. So far this has not been proven but
the hypothesis is based on the following findings:
the biochemical structure of dysferlin with six C2
domains which are calcium sensitive domains
involved in fusion and trafficking of membranes,
the homology to fer-1 in C elegans and otoferlin,
both proteins important for vesicle fusion, an
upregulation of proteins involved in vesicle traf-
ficking,"” a subsarcolemmal accumulation of vesi-
cles below the surface of dysferlin deficient
myofibres'® and altered T tubule morphology and
orientation on the ultrastructural level.'” Recent
evidence also suggests a role for dysferlin in
monocyte phagocytosis.'’

A unique finding within the spectrum of
muscular dystrophies is that the majority of
patients with dysferlin deficiency appear to have
good muscle strength before onset of symptoms
leading to good performance at sports or to the
ability to cope well with physically demanding jobs
although this is suggested by mainly anecdotal
evidence.” ?° This observation contradicts the
clinical course of other muscular dystrophies (MDs)
where the majority of patients describe some sort
of impaired muscle function before onset of overt
weakness. This aspect is difficult to address, has not
yet been formally assessed but may be a distinct
feature in dysferlin deficiency. In this first study on
the clinical spectrum of dysferlinopathy in the UK,
we present clinical, genetic, pathology and
biochemical data on patients with dysferlinopathy,
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and specifically address the aspect of pre-symptomatic fitness
levels.

MATERIALS AND METHODS

Thirty-six patients with dysferlin deficiency from 32 families
were assessed retrospectively. The diagnosis of dysferlinopathy
was made based on reduction or absence of dysferlin in the
muscle biopsy and mutation analysis. Patients were referred to
the Newcastle Muscle Centre as part of the National Commis-
sioning Group designated specialised diagnostic service for
LGMDs in the UK for examination and further evaluation.
During the clinic visits a complete history and family history
were taken, and patients were specifically asked about their
muscle strength and athletic performance before onset of
symptoms, such as their performance at school sports. A
detailed muscle assessment was undertaken by the same
examiner in 21 patients, and muscle strength scored.?!

Immunoanalysis of muscle biopsies

Muscle biopsies were analysed as part of the National
Commissioning Group designated specialised diagnostic service
for LGMD. Optimised immunohistochemical and multiplex
western blot protocols were used for the demonstration and
resolution of muscular dystrophy associated proteins, as previ-
ously described.?? ?* Primary antibodies used for immunohisto-
chemistry were directed against: B-spectrin (RBC2/3DJ),
B-dystroglycan (43DAG/8DS5), C terminus dystrophin (Dy8/
6C5) and N terminus dystrophin (Dy10/12B2), a-sarcoglycan
(Ad1/20A6), PB-sarcoglycan (1/5B1), vy-sarcoglycan (35DAG/
21B5), d-sarcoglycan (3/12C1) (all from Novocastra, Newcastle,
UK) and caveolin-3 (Transduction Laboratories, Oxford, UK).
Antibodies used for western blotting were: anti-dysferlin (NCL-
hamlet exon 53), anti-dystrophin (Dy8/6C5 C-terminus and
Dy4/6D3 rod domain), anti-a-sarcoglycan, anti-p-dystroglycan,
anti-y-sarcoglycan, anti-calpain 3 (NCL-CALP-2C4 and NCL-
CALP-12A2) and anti-caveolin 3 (Transduction Laboratories).
Myosin heavy chain staining on the post-blotted gel was used as
loading control.

Evaluation of biopsies

Two independent raters, experienced in reading of muscle biop-
sies and western blots, evaluated the biopsies (LK, AA). Protein
expression on sections and blots was scored as normal +++,
slight reduction ++, reduction +, severe reduction * and
absence —. B Spectrin was used as a marker of membrane
integrity on immunohistochemistry.

Sequencing
Sequencing analysis was performed using bidirectional fluores-
cent sequencing of all 55 exons of the dysferlin gene either in
Newecastle upon Tyne (Institute of Human Genetics) or in
Wiirzburg (central sequencing facility of the MD-NET, Institute
of Human Genetics, University of Wirzburg, Germany).
Twenty-two patients with a molecular diagnosis of LGMD2A
(Newcastle Muscle Centre) were used as a control group for the
assessment of pre-symptomatic fitness levels in dysferlin defi-
cient patients. In these patients, molecular diagnosis had been
established via bidirectional fluorescent sequencing of all 24
exons of the calpain 3 gene in Newecastle upon Tyne, UK.

Muscle assessment

Assessment of muscle strength was conducted by one experi-
enced evaluator (ME). Muscle groups that were examined were
those that produced neck flexion and extension, shoulder
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abduction, flexion, horizontal adduction, elbow flexion including
brachioradialis and biceps, elbow extension, wrist flexion and
extension, finger flexion and extension. In the lower limb, hip
flexion, extension, abduction and adduction, knee flexion and
extension and in the ankle plantarflexion, dorsiflexion, inversion
and eversion. Each muscle group was assessed in several different
positions to determine antigravity activity as well as the ability
to resist a manually applied force. Strength was graded using an
11 point scale from 5 (normal strength) to 0 (no activity). The
same order of assessment was followed in each case. Each
patient was also asked to demonstrate their ability to stand on
tiptoes as manual resistance cannot sufficiently demonstrate
normal strength plantarflexion.

Upper and lower limb score

Muscles of the upper or lower limb were scored on an 11 point
numerical scale (0—10) according to the strength grade (also 11
point). The score of the patient was calculated as the per cent of
the maximum score achievable.

Statistical analysis
Fisher’s exact test for count and the Student’s t test were
applied. Statistical significance was established when p<0.05.

RESULTS

Muscle immunoanalysis findings

Immunohistochemistry

Dysferlin was either severely reduced or absent on tissue
sections with no apparent correlation to the clinical presentation
or underlying mutation. B-dystroglycan was reduced in 17% of
samples, and caveolin-3 showed reduced sarcolemmal labelling
in 25% of cases. No correlation was found between the residual
labelling and the phenotype of the patient.

Western blot

Dysferlin bands were reduced or absent in all patients. Neither
the type of mutation nor the phenotype at presentation showed
a correlation to the amount of dysferlin detectable on blots.
Similar to previously reported data,**  we found a secondary
reduction of calpain 3 in the majority of patients (77% exon 1,
82% exon 8) and a more variable reduction of caveolin-3 (67% in
12 blots probed with anti-Cav-3).

Correlation of phenotype (MM vs LGMD) with inflammation in the
muscle biopsy

There was no correlation between the phenotype and the level
of inflammation in the muscle biopsy identified by haematox-
ylin—eosin staining.

Mutation analysis

Molecular diagnosis was established in all patients with 89% (32
patients) harbouring two mutations in the dysferlin gene: 14
patients were homozygous (including one patient with an
additional heterozygous mutation) and 18 patients were
compound heterozygous. One of the latter patients had three
mutations (patient No 13). In 11% (four patients), only one
mutation was detected, including one patient who is likely to be
a symptomatic carrier. The patients with one mutation only
were included on the basis of dysferlin depletion in the muscle
biopsy. A summary of the mutations found in our patient
cohort, the percentage of different mutations and their location
within the dysferlin gene are depicted in table 1 and figure 1. As
previously reported, no mutational hot spots were evident, and
mutations were spread widely throughout the gene.
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Figure 1 Molecular analysis of A
patients studied. (A) Relative frequency
of different types of DYSF gene
mutations. (B) Localisation of different : :
mutation within the DYSF gene. 38% B amino acid change
Numbers represent patients according
to table 2. TM, transmembrane domain. B splicing
[J nonsense
O insertion/deletion
19%
B 17
homozygous -
5 27 9 13 24 296 9 21 7 4
I | b
T TIT ] | c
11 2ps 22 12 811|[|s 20 14 4] 2||| 2022
16 15 - 10 45
16 32 13 26 13 7
18
heterozygous 30 31 30 18
23
28
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Creatine kinase analysis

Creatine kinase (CK) levels were increased in all patients.
Median CK levels were 7000 iU/l (range 300—19000, normal
<150iU/l) at a median disease duration of 8years (range
0.5—42 years).

Patient data
Clinical data were available from 36 patients from 32 families (18
men and 18 women); data on current functional status were
available in 30 patients. One patient with one mutation detected
only was believed to present as a symptomatic carrier (patient No
12b) as heis the brother of patient No 12ain whom two compound
heterozygous mutations were found. The ethnic origin of the
patients was somewhat variable: 78% (28 patients) Caucasian
(northern European descent), 17% of patients (six patients) from
India/Pakistan and 5% (two patients) were of Arabic descent.
The phenotype at presentation was identified from the
patients’ history. Sixty-one per cent of patients (22 patients)
initially presented with LGMD2B (initial symptoms were
proximal lower limb weakness), 11 patients with a Miyoshi
phenotype (difficulties standing on tip toes), one patient
presented with proximodistal mode of onset and one patient
was unique in presenting with muscle stiffness after exercise.
Median age of onset was 20 years (range 7—73 years) and the
majority (44%) of patients presented in early adulthood
(between 19 and 27 years of age) (figure 2). However, 25% of
patients (nine patients) became symptomatic before the age of
13 years. In this group of young patients there was an equal
distribution of those patients who were sporty before onset and
those who were not (four not sporty and five sporty). At the

950

other end of the spectrum, one patient presented in her eighth
decade with muscle stiffness rather than weakness.”® This
patient had always been a keen dancer.

Symptoms at onset

Proximal lower limb weakness in the LGMD2B phenotype and
difficulty in toe walking in MM were present in 100% of
patients in those groups. Most patients were characterised by
a slowly progressive onset of weakness (86% in LGMD2B and
64% in MM). Three women became symptomatic shortly after
pregnancy (two with LGMD2B and one with MM), presenting
with a more acute onset of weakness. This is a novel finding as
we are not aware of any reported patients in whom a possible

‘J_IJ‘JJI 1

79 10-12 13-15 16-18 19-21 22-24 25-27 28-30 31-33 34-36 3739 73
age (years)

«©

W B o e o~

number of patients

Figure 2 Distribution of age of onset in the patients studied. Twenty-
five per cent of patients had symptoms before the age of 13 years.
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Table 2 Description of symptoms at initial presentation of the disease

All

patients  LGNMD MM

No % No % No % p Value
Difficulty standing on tip toes 8 22 0 0 8 73 0.000012
Proximal lower limb weakness 22 61 22 100 O 0 <0.000005
Weakness acute onset 5 14 3 14 4 36 0.19
Weakness non-acute onset 26 72 19 86 7 64 0.19
Calf wasting (asymmetric) 3 8 0 0 3 27 0.03
Muscle pain 3 8 1 5 2 18 0.25
Muscle stiffness 1 3 0 0 0 0
Pregnancy as possible trigger 3 8 2 9 1 9 1

Statistical significance was analysed comparing the two groups of patients with respect to
the amount of patients within one group.
LGMD, limb girdle muscular dystrophy; MM, Miyoshi myopathy.

‘trigger’ might have influenced the initial presentation of the
disease (table 2).

Clinical onset of the disease was similar within the same
family with respect to age of onset and presenting phenotype.
We did not observe different phenotypes within one family.
However, the number of families studied compared with
sporadic cases was small (four familial cases).

Muscle function

A detailed assessment of skeletal muscle function was available in
21 patients (figure 3). Median length of disease duration at
assessment was 9 years (range 2.5—42 years). The findings reflect
disease progression with an overlap of proximal and distal weak-
ness at the time of assessment corroborating that although the
diseases may initially present as distinct phenotypes, they largely
overlap in later stages. Plantar flexion, hip adduction and hip
extension were the weakest muscle groups tested. Hand muscles
were relatively well preserved, and scapular winging and
contractures were not common features. Asymmetric muscle
involvement/wasting was noted in three MM patients but not in
LGMD2B. A highly statistically significant finding was a more
pronounced involvement of the lower limbs in comparison with
the upper limbs (p=0.00007) in our patients. Comparison of upper
and lower limb muscle groups revealed that power was decreased
to 76% (£4%) in the upper limbs compared with 49% (£5%) in
the lower limbs in our patient cohort enabling relatively preserved
muscle function in the arms and hands. Five patients were
wheelchair dependent and one patient required intermittent

Figure 3 Muscle strength. The

weakest muscle functions after median
disease duration of 9 years were plantar
flexion, hip adduction and hip extension.

neck flexor

neck extensor
shoulder abudction
sh flexion

shoulder horizontal adduction
shoulder horizontal abduction
elbow flexion

elbow extension
wrist extension
wrist flexion

grip

inteross

thumb

hip flexion

hip extension

hip abduction

hip adduction

knee extension
knee flexion

ankle dorsiflexion
ankle inversion
ankle eversion
ankle plantar flexion
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wheelchair use (table 3). Four of these patients initially presented
with an LGMD?2B and two patients with an MM phenotype.

Pulmonary and cardiac function

Respiratory vital capacity was not reduced to a clinically rele-
vant level in any of the patients nor did any of the patients
report symptoms compatible with nocturnal hypoventilation.
Although not formally assessed, none of the patients has
presented with clinically overt cardiovascular symptoms so far,
with the longest disease duration being 42 years.

Pre-symptomatic muscle function

As anecdotal evidence has previously suggested good muscle
prowess before onset of symptoms in patients affected by
dysferlin deficiency, a detailed history was taken in all patients on
their sporting and physical activities and capabilities prior to onset
of symptoms. Fifty-three per cent of dysferlin deficient patients
reported a high degree of activity and were remarkably sporty. No
statistically significant difference was noted regarding age of onset
between the group of patients with marked sportiness in
comparison with those who were average or not good at sports
(p=0.77). 1t is difficult to provide a direct comparison with
another diagnostic groups on this point. However, when we
addressed the same question in a group of 22 LGMD2A patients,
only 9% reported good muscle prowess before onset of symptoms.
No statistically significant difference between MM and LGMD2B
was found with respect to pre-symptomatic fitness levels,
suggesting that this parameter is not associated with a specific
phenotype of dysferlin deficiency at presentation.

DISCUSSION

In this first UK study of patients affected by dysferlinopathy, we
observed that a subgroup of patients had an earlier age of onset
than previously reported with 25% of patients manifesting
before the age of 13 years. No other factors were identified
distinguishing this group from the rest of the patients (muta-
tion, pathology data, levels of physical activity prior to onset).
In addition, one previously reported patient showed first
symptoms at the age of 73 years which is the oldest age of
disease manifestation reported so far?® Taken together, these
data highlight a wider range of age of onset than previously
recognised? 6 © and stress the fact that dysferlinopathy needs to
be considered as a differential diagnosis in children presenting
with limb girdle weakness or a distal myopathy, and that

5
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Table 3 Description of patient cohort

Symptomatic
Total No LGMD MM PD Stiffness carrier

No of patients (F/M) 36(18/18) 22 1M 1 1 1
Clinical data available 36 22 7 1 1 1
Two mutations 32 19 4 1 1 —
One mutation 3 3 7 - - 1
Muscle assessment 21 12 7 — 0 1
available

WB available 22 14 5 — 1 1
IHC available 25 17 5 — 1 1

IHC, immunohistochemistry; LGMD, limb girdle muscular dystrophy; MM; Miyoshi
myopathy; PD, proximodistal; WB, western blot.

muscular dystrophy should not be discounted in patients with
advanced age. This broad range of age at onset is further
supported by a recent report of two siblings with dysferlin
deficiency presenting with congenital onset.?”

More than half of our patients (63%) described a high degree
of sportiness prior to onset of symptoms. This finding appears to
be more common in dysferlin deficiency as this is not a feature
regularly associated with any other form of muscular dystrophy
known to date. Direct clinical comparison of different forms of
muscular dystrophy is difficult and always represents
a compromise as there is no direct match between age of onset,
clinical presentation and severity. However, we compared our
findings in dysferlin deficient patients to patients affected by
LGMD?2A. In contrast with patients affected by dysferlin defi-
ciency, the majority of calpain deficient patients showed
impairment of muscle function before the onset of overt
weakness as they were significantly more often not good at
sports/slow or avoided sports altogether before disease onset.
The factor(s) responsible for this ‘sporty’ phenotype in dysferlin
deficiency are unknown, but this finding suggests that these
patients may not only have normal/preserved muscle function
but may actually have very good muscle function prior to onset
of wasting and weakness. Impaired sarcolemmal resealing of
damaged myofibres has been identified as a key patho-
mechanism leading to muscular dystrophy in the dysferlin
knockout mouse.’” But this mechanism cannot conclusively
explain why dysferlin deficient patients exhibit good muscle
prowess before onset of weakness and wasting. An exaggerated
turnover of satellite cells at an early stage of the disease could
potentially contribute to this phenotype but this possibility has
not been investigated so far.

Although the same mutation may lead to initial presentation
as MM or LGMD2B even within the same family,”® ?° we did
not observe this degree of intrafamilial variability in our cohort
of patients.®® In contrast with a recent study,® most of our
patients did present with either proximal or distal onset and
only one patient displayed proximal and distal involvement
simultaneously, although with disease progression we noted as
have others that it was difficult to distinguish those who had
initially presented with proximal or distal involvement. The
larger number of patients with proximal presentation in our
study may also reflect a referral bias as our diagnostic service is
primarily orientated towards the LGMDs. We did not identify
any patient presenting with distal anterior involvement,? similar
to the observation by Nguyen et al,* suggesting that this appears
to be a rare presentation of dysferlinopathy.

The muscle most severely affected in our group of patients
was the gastrocnemius muscle leading to an inability to stand on
tiptoes also in patients initially presenting with a limb girdle
phenotype. This has to take into account that the median
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disease duration at muscle assessment was 9 years (range
2.5—42 years). Overall weakness appears to be more pronounced
in the lower than the upper limbs.

Two patients developed symptoms shortly after delivery of
their first child, and one patient after delivery of her third child
which to our knowledge has not been reported in dysferlin
deficiency so far. This may suggest that pregnancy could
possibly trigger onset of symptoms.

Mutations were spread along the entire gene, corroborating
the findings that no mutational hot spots exist in the dysferlin
gene (figure 1).” In addition, our findings are in line with most
previous reports in that we did not find any genotype—pheno-
type correlation either with regard to the nature of the mutation
and severity or with the phenotype and age at presentation. In
agreement with most data published so far but in contrast with
a recently published study,'’ we could not find a correlation
between residual amounts of dysferlin on western blotting or
immunohistochemistry and the resulting phenotype.

Recently, two patients have been reported as symptomatic
dysferlin gene mutation carriers with heterozygous missense
mutations in exons 18 and 20, respectively.®’ Similarly, the
brother of patient 12a who is affected by LGMD2B based on
a compound heterozygous mutation in the dysferlin gene
appears to be a symptomatic carrier with no second mutation
detected (patient 12b). His mutated allele was maternally
inherited (truncating mutation/deletion, exon 8). He presented
later in life than his brother and symptoms were less severe with
pain in his legs and prolonged recovery time after exercise
without overt muscle weakness. His serum CK was slightly
raised (800 IU, normal <130 IU), and the muscle biopsy showed
myopathic features and patchy dysferlin labelling at the sarco-
lemma on immunohistochemistry similar to the two previously
reported symptomatic carriers.?! Although dysferlin and calpain
3 appeared normal on western blot, it is highly likely that the
clinical and biochemical findings are based on the single trun-
cating mutation in exon 8 of the dysferlin gene in this patient.

Taken together, the data presented in this study extend our
knowledge on the phenotype of dysferlinopathy as age of onset
may be broader than previously appreciated reaching from child-
hood tolate inlife. Furthermore, good muscle prowess before onset
of weakness appears a common finding in this form of muscle
disease, understanding of which may contribute to the elucidation
of the underlying pathogenetic mechanisms in dysferlinopathy:.

Acknowledgements \We thank Dr Wolfram Kress, Institute of Human Genetics,
University of Wiirzburg, Germany, for performing some of the sequencing of the
dysferlin gene.

Funding This work was supported by grants from the Deutsche
Forschungsgemeinschaft (KL 1868/1-1 and 1868/2-1 to LK) and by a grant provided
by the Muscular Dystrophy Campaign. Dysferlin research at Newcastle is also
supported by Action Medical Research, the Association Frangaise contre les
Myopathies and the Jain Foundation. VS, HL and LK are members of the German
Muscular Dystrophy Network (MD-NET 01GM0601) funded by the German Ministry of
Education and Research (BMBF, Bonn, Germany), http://www.md-net.org. MD-NET
and the University of Newcastle are partners of TREAT-NMD (EC, 6th FP, proposal No
036825; http://www.treat-nmd.eu). The limb girdle muscular dystrophy service in
Newcastle is funded by the National Commissioning Group (NCG) as part of the
National Diagnostic and Advisory Service for rare neuromuscular diseases.

Competing interests None.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES
1. Bashir R, Britton S, Strachan T, et al. A gene related to caenorhabditis elegans
spermatogenesis factor fer-1 is mutated in limb-girdle muscular dystrophy type 2b.
Nat Genet 1998;20:37—42.
2. Liu J, Aoki M, llla |, et al. Dysferlin, a novel skeletal muscle gene, is mutated in
miyoshi myopathy and limb girdle muscular dystrophy. Nat Genet 1998;20:31—6.

J Neurol Neurosurg Psychiatry 2010;81:946—953. doi:10.1136/jnnp.2009.178038



Research paper

Illa 1, Serrano-Munuera C, Gallardo E, et al. Distal anterior compartment myopathy:
a dysferlin mutation causing a new muscular dystrophy phenotype. Ann Neurol
2001;49:130—4.

Nguyen K, Bassez G, Krahn M, et al. Phenotypic study in 40 patients with dysferlin
gene mutations: high frequency of atypical phenotypes. Arch Neurol
2007,64:1176—82.

Nguyen K, Bassez G, Bernard R, et al. Dysferlin mutations in LGMD2b, Miyoshi
myopathy, and atypical dysferlinopathies. Hum Mutat 2005;26:165.

Ueyama H, Kumamoto T, Horinouchi H, et al. Clinical heterogeneity in
dysferlinopathy. Intern Med 2002;41:532—6.

Krahn M, Beroud C, Labelle V, et al. Analysis of the DYSF mutational spectrum in
a large cohort of patients. Hum Mutat 2008;30:E345—75.

Linssen WH, Notermans NC, Van Der Graaf Y, et al. Miyoshi-type distal muscular
dystrophy. Clinical spectrum in 24 dutch patients. Brain 1997;120:1989—96.

Han R, Bansal D, Miyake K, et al. Dysferlin-mediated membrane repair protects the
heart from stress-induced left ventricular injury. J Clin Invest 2007;117:1805—13.
Wenzel K, Geier C, Qadri F, et al. Dysfunction of dysferlin-deficient hearts. J Mol
Med 2007;85:1203—14.

Guglieri M, Magri F, D'angelo MG, et al. Clinical, molecular, and protein correlations
in a large sample of genetically diagnosed italian limb girdle muscular dystrophy
patients. Hum Mutat 2008;29:258—66.

Bansal D, Miyake K, Vogel SS, et al. Defective membrane repair in dysferlin-
deficient muscular dystrophy. Nature 2003;423:168—72.

De Luna N, Gallardo E, Soriano M, et al. Absence of dysferlin alters myogenin
expression and delays human muscle differentiation “In vitro”. J Biol Chem
2006;281:17092—8.

Klinge L, Laval S, Keers S, et al. From T-tubule to sarcolemma: Damage-induced
dysferlin translocation in early myogenesis. FASEB J 2007;21:1768—76.

Klinge L, Harris J, Sewry CA, et al. Dysferlin associates with the developing T-tubule
system in rodent and human skeletal muscle. Muscle Nerve 2010;41:166—73.
Chiu Y, Mark H, Klinge L, et al. Attenuated muscle regeneration is a key factor in
dysferlin-deficient muscular dystrophy. Hum Mol Genet 2009;18:1976—89.

Kesari A, Fukuda M, Knoblach S, et al. Dysferlin deficiency shows compensatory
induction of rab27a/slp2a that may contribute to inflammatory onset. Am J Pathol
2008;173:1476—87.

J Neurol Neurosurg Psychiatry 2010;81:946—953. doi:10.1136/jnnp.2009.178038

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Selcen D, Stilling G, Engel AG. The earliest pathologic alterations in dysferlinopathy.
Neurology 2001;56:1472—81.

Nagaraju K, Rawat R, Veszelovszky E, et al. Dysferlin deficiency enhances monocyte
phagocytosis: a model for the inflammatory onset of limb-girdle muscular dystrophy
2b. Am J Pathol 2008;172:774—85.

Mahijneh 1, Marconi G, Bushby K, et al. Dysferlinopathy (LGMD2b): a 23-year follow-
up study of 10 patients homozygous for the same frameshifting dysferlin mutations.
Neuromuscul Disord 2001;11:20—6.

Personius KE, Pandya S, King WM, et al. Facioscapulohumeral dystrophy natural
history study: Standardization of testing procedures and reliability of measurements.
The FSH DY group. Phys Ther 1994;74:253—63.

Anderson LV, Davison K. Multiplex western blotting system for the analysis of
muscular dystrophy proteins. Am J Pathol 1999;154:1017—22.

Johnson MA. Immunocytochemical analysis. In: Bushby K, Anderson LVB, eds.
Muscular dystrophy: methods and protocols. Totowa: Humana Press, 2001:339—67.
Anderson LV, Harrison RM, Pogue R, et al. Secondary reduction in calpain 3
expression in patients with limb girdle muscular dystrophy type 2b and miyoshi
myopathy (primary dysferlinopathies). Neuromuscul Disord 2000;10:553—9.
Walter MC, Braun C, Vorgerd M, et al. Variable reduction of caveolin-3 in patients
with lgmd2b/mm. J Neurol 2003;250:1431—8.

Klinge L, Dean AF, Kress W, et al. Late onset in dysferlinopathy widens the clinical
spectrum. Neuromuscul Disord 2008;18:288—90.

Paradas C, Gonzalez-Quereda L, De Luna N, et al. A new phenotype of
dysferlinopathy with congenital onset. Neuromuscul Disord 2009;19:21—5.

Weiler T, Bashir R, Anderson Lv, et a/. Identical mutation in patients with limb girdle
muscular dystrophy type 2b or miyoshi myopathy suggests a role for modifier
gene(s). Hum Mol Genet 1999;8:871—7.

Illarioshkin SN, Ivanova-Smolenskaya IA, Greenberg CR, et al. Identical dysferlin
mutation in limb-girdle muscular dystrophy type 2b and distal myopathy. Neurology
2000;55:1931—3.

Vilchez JJ, Gallano P, Gallardo E, et al. Identification of a novel founder mutation in
the DYSF gene causing clinical variability in the spanish population. Arch Neurol
2005;62:1256—9.

Illa 1, De Luna N, Dominguez-Perles R, et al. Symptomatic dysferlin gene mutation
carriers: characterization of two cases. Neurology 2007;68:1284—9.

953



