
Abstract

The limb-girdle muscular dystrophies are a highly
heterogeneous group of muscle disorders with many dif-
ferent genetic causes now known. Amongst the causes of
LGMD, the dysferlin gene stands out as novel for sever-
al reasons. It is the first known example of a C2 domain
containing protein involved in a muscular dystrophy,
mutations in the gene can be involved in a variable phe-
notype, and a naturally occurring mouse model for dys-
ferlin deficiency has recently been identified. This arti-
cle reviews the progress made in understanding this
form of limb-girdle muscular dystrophy to date.
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Introduction

Dysferlin was identified through a positional
cloning strategy aimed at determining the gene
involved in two forms of muscular dystrophy — a
form of limb-girdle muscular dystrophy known as
limb-girdle muscular dystrophy 2B or LGMD2B,
and a form of distal muscular dystrophy known as
Miyoshi myopathy (MM) (Bashir et al., 1998 ; Liu
et al., 1998). Linkage of both of these diseases to
the same region of chromosome 2p13 led to the
first suspicion that these two apparently distinct
muscle disorders might be allelic (Bashir et al.,
1994 ; Bejaoui et al., 1995), and following the
identification of the dysferlin gene, it has become
clear that even the same dysferlin mutations may
cause a variable phenotype, with the chief distin-
guishing features between the two conditions being
the predominant involvement of either the proximal
(in LGMD2B) or distal (in Miyoshi myopathy)
musculature (Weiler et al., 1999). Other features of
the two disorders are more similar — they both
tend to have onset in the late teens with previously
good muscle performance, and both are charac-
terised by an extremely high level of serum creatine
kinase (Mahjneh et al., 1996 ; Linssen et al., 1997).
Dysferlin was named according to the only
sequence homology detected at the time of its

cloning — to a c elegans protein FER-1 which is a
spermatogenesis factor involved in the fusion of
membranous organelles. Mutations in the fer-l gene
cause infertility (Achanzar and Ward, 1997). Since
the cloning of human dysferlin, however, it has
become apparent that dysferlin is a member of a
gene family of which there are at least two addi-
tional human members. These genes share a num-
ber of characteristics, most notably the presence of
multiple C2 domains and a C terminus transmem-
brane domain. Mutations in the second human fer-l
like gene, otoferlin, cause autosomal recessive non-
syndromic deafness (Yasunaga et al., 1999), while
the third fer-1 like gene (fer-lL3), is a widely
expressed gene for which a mutant phenotype has
not yet been described (Belt Davis et al., 2000 ;
Britton et al. submitted). Murine dysferlin is high-
ly homologous to human dysferlin (Vafiadaki et al.
submitted), and the SJL mouse has been identified
as a naturally occurring model for dysferlin defi-
ciency (Bittner et al., 1999). This mouse develops a
progressive muscle weakness with dystrophic mus-
cle pathology. Like in human dysferlin deficiency,
the dystrophic changes in skeletal muscle in the
SJL mouse are accompanied by prominent inflam-
matory changes.

The dysferlin gene

The human dysferlin gene is located on chromo-
some 2p13. It has 55 exons, ranging in size from
30-461 bp (Aoki et al., submitted). The sizes of all
the introns are not yet known, but can be very large.
The total genomic distance covered by the dysfer-
lin gene is at least 150kb. The open reading frame
of 6243bp encodes a 7kb cDNA of 2080 amino
acids. Northern analysis indicates that this 7kb
transcript is most highly expressed in skeletal mus-
cle, heart and placenta. A different transcript of
approximately 4kb is detected in all regions of the
brain, though not in spinal cord. In brain tissue, the
full length 7kb transcript is found in addition to the
4kb transcript only in the cerebellum and medulla
(Bashir et al., 1998 ; Liu et al., 1998).
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DYSFERLIN EXPRESSION IN ADULT MUSCLE AND

HUMAN DEVELOPMENT

A monoclonal antibody to dysferlin (raised
towards an epitope within amino acids 1999-2016
encoded by exon 53, just before the predicted trans-
membrane domain) detects a protein of around
230kD, close to the 237kD predicted from the
amino acid sequence (Anderson et al., 1999). The
protein is the same size in all tissues with strongest
expression in skeletal muscle, heart and kidney.
There was no evidence of a protein product corre-
sponding to the smaller transcript detected on
Northern analysis in brain tissue.

As predicted from the sequence analysis,
immunolocalisation of dysferlin confirmed its posi-
tion at the muscle fibre membrane, probably inter-
nally (Anderson et al., 1999). Using a polyclonal
dysferlin antibody, dysferlin was detected in mico-
somal, nuclear and mitochondrial fractions follow-
ing muscle cell fractionation, but these results were
not confirmed by immunocytochemistry (Matsuda
et al., 1999). Although many membrane proteins
are involved in muscular dystrophy, notably the
components of the dystrophin associated complex
(Ozawa et al., 1998) there is however no evidence
that dysferlin is associated with this complex. Loss
or reduction of a member of the dystrophin-associ-
ated complex is typically associated with a sec-
ondary reduction in the other complex members
(Passos-Bueno et al., 1999), while the members of
the sarcoglycan complex are consistently normal in
dysferlinopathy.

Protein analysis by immunoblotting in human
fetal limb tissue during development showed a
clear band of the same size as in adult tissue from
the earliest time it was investigated (carnegie stage
15- 16, embryonic age 5-6 weeks) (Anderson et al.,
1999). RNA tissue in situ analysis during human
development confirmed this early expression with
low-level ubiquitous expression of dysferlin from
Carnegie stage 19. The highest expression was seen
in the skeletal muscles of the upper and lower
limbs, with no significant difference between
expression in the proximal and distal muscles at
this stage (Keers et al., unpublished data).

Sequence analysis of dysferlin
and its relationship to the other members 

of the fer-1 like family

It is now clear that dysferlin is a member of a
protein family defined by the similarity of these
proteins to the c elegans protein FER-1. FER-1 is a
protein expressed only in primary spermatocytes,
and mutations in the fer-l gene block the fusion of
spermatic vesicles, leading to the production of
abnormal and infertile sperm (Achanzar and Ward,
1997). FER-1 and the FER-1 like proteins share
several structural features, including a C terminus

transmembrane domain, with the majority of the
protein cytoplasmic. The other striking structural
feature of this group of proteins is the presence of
multiple C2 domains (Vafiadaki et al., submitted,
Britton et al. submitted). The members of the
FER-1 like family are highly homologous sharing
amino acid similarity within and outside the C2
domains (Rizo and Sudhof, 1999). C2 domains are
protein motifs often involved in protein protein
interactions and also linked with membrane traf-
ficking and vesicle transport.

Otoferlin, the second human far-1-like protein
(fer-1L2) is much smaller than dysferlin, and
contains only three C2 domains. Expression of
otoferlin predominates in the inner ear though a
broader expression pattern is detected by RT-PCR.
Mutations in otoferlin have been described in a
form of non-syndromic prelingual deafness
(DFBN9, described in a Lebanese population)
(Yasunaga et al., 1999). The third human fer-1-like
protein, Fer-lL3 or myoferlin, is the most similar
of the human proteins to DYSF, with six C2
domains (Belt Davis et al., 2000 ; Britton et al.
submitted). As yet, no mutant phenotypes have
been described in association with mutations in this
gene, which by RT-PCR is expressed predominant-
ly in the eye, salivary gland and oesophagus. This
contrasts with the abundant expression of FER-1L3
protein in cardiac and skeletal muscle, with upregu-
lation in the muscles of the mdx mouse, an animal
model of Xp21 muscular dystrophy. These findings
have led to the suggestion that FER1-L3 might be
able to act as a modifier gene in muscular dystro-
phy and particularly in the context of the pheno-
typic variability seen in dysferlinopathy, might act
to modify this phenotype as well (Belt Davis et al.,
2000).

The phenotype of dysferlinopathy

At least two recognisable human diseases are
caused by dysferlin mutations. LGMD2B or limb-
girdle muscular dystrophy type 2B was defined
through linkage to chromosome 2p in several large
families (Bashir et al., 1994 ; Passos Bueno et al.,
1995). Detailed clinical analysis of these families
shows a proximal muscular weakness at onset,
involving predominantly the lower limbs. Onset is
typically in the late teens or early twenties.
Extremely high serum creatine kinase levels re
found in active disease, but fall as the disease pro-
gresses. These patients have a very slowly progres-
sive disease, with confinement to a wheelchair very
late in adult life if at all. Although initial symptoms
always relate to proximal lower limb weakness,
muscle imaging is able in some patients to detect
asymptomatic distal lower limb muscle involve-
ment. In the later stages of the disease, muscle
imaging reveals much more widespread muscle
involvement. Nonetheless, a very clearly identifi-
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able pattern of muscle involvement is present in
these patients, distinct from the other forms of
limb-girdle muscular dystrophy and contributing to
a characteristic gait (Mahjneh et al., 1996 ;
Mahjneh et al. in press).

Miyoshi myopathy was first described as a distal
muscle disease, with onset typically in the gastroc-
nemius muscles, leading to the inability to stand on
tiptoe being frequently reported as an early symp-
tom. Like LGMD2B, onset of MM tends to be
within a fairly restricted period between the late
teens and early twenties. Again similar to
LGMD2B, a hallmark of symptomatic MM is the
massive elevation of serum creatine kinase, though
limited information about presymptomatic cases
does indicate that elevation of CK may not be
marked in the presymptomatic phase (Linssen et
al., 1997).

Following the identification of linkage to chro-
mosome 2p13 in both LGMD2B and MM, some
families were described in whom both phenotypes
were present in the presence of the same haplotype
(Weiler et al., 1996 ; Ilarioshkin et al., 1996, 1997).
It has now been confirmed that the same mutation
may result in a different presentation in different
family members. The phenotype associated with
dysferlin mutations may therefore be a “limb-girdle
syndrome” or posterior distal myopathy — in addi-
tion, dysferlin mutations have been described in a
distal myopathy with anterior compartment
involvement (Liu et al., 1998). Various unusual
modes of presentation have been reported, such as
a subacute, maybe painful swelling of the calf mus-
cle (Argov et al., in press). Biopsy findings in
patients with either a proximal or distal onset may
include a prominent inflammatory component, and
this in conjunction with the massively elevated CK
leads to a common area of misdiagnosis being
polymyositis.

A review of the spectrum of mutations so far
reported in dysferlin indicates that mutations are
mainly single base substitutions, producing either
missense or nonsense changes (Harrison et al., sub-
mitted). There is no correlation so far apparent
between mutation type or position and phenotype.
No recurrent mutations have yet been reported.
There is however a founder mutation present at an
exceptionally high frequency in the Libyan Jewish
population — the 1624 del G mutation is found in
as many as 10% of the Libyan Jewish population
studied. In the homozygous state, this mutation
may be responsible for either a proximal or a distal
presentation. A thorough clinical study of this
population shows that the progression of the dis-
ease is slow and irrespective of the mode of onset
(Argov et al. in press). This contrasts to the situa-
tion in the Canadian Aboriginal population where a
Pro791Arg mutation can also be responsible for a
variable phenotype, but where a faster progression
is correlated with a proximal onset (Weiler et al.,

1999). Just as the type and position of mutation do
not correlate with disease type, protein analysis
also appears to be unable to distinguish between
proximal and distal onset dysferlinopathy. Where
samples have been available from families with the
same mutation but a variable presentation, the pro-
tein profile in the muscles studied has been the
same (Wiler et al., 1999 ; Anderson et al., 1999).
However, as multiple muscle biopsies are rarely
available from these patients, it has so far been
impossible to address expression patterns of dys-
ferlin in these differentially affected muscles. The
cause for the variable phenotype in dysferlinopathy
therefore remains unexplained. Possible explana-
tions include the operation of modifier genes, pos-
sibly acting through a direct or indirect interaction
with dysferlin.

A dysferlin mutation has been described in the
SJL mouse, defining it as a naturally occurring
model for human dysferlinopathy. The SJL mouse
develops muscle weakness, (as detected by sus-
pending the mice by their tails) from around three
weeks of age. This weakness is accompanied by
histological changes in muscle consistent with
muscular dystrophy, also detectable from three
weeks of age, though frankly dystrophic changes,
accompanied by inflammatory foci are not fully
developed until around seven months. The SJL
mouse is a highly inbred strain, and the muscular
dystrophy is inherited as an autosomal recessive
trait mapping to mouse chromosome 6, in an area
of synteny with human chromosome 2p13 (Bittner
et al., 1999). The SJL mice have a 171bp cDNA
deletion in dysferlin, the result of a splice site
mutation which removes exon 45 and most of the
C2E domain, which is highly conserved between
human and mouse (and indeed between the other
members of the fer-l like family) (Vafiadaki et al.,
submitted). The mouse dysferlin gene is > 90%
homologous to human dysferlin, though its north-
ern expression pattern is somewhat different, with
apparently four transcripts produced. The 7kb tran-
script which is present in most human tissues is
present only in mouse skeletal muscle and heart,
while the 4kb transcript detected only in human
brain is present in most mouse tissues. Additional
transcripts of 2kb and 1.35kb are also present in
most mouse tissues tested. By contrast, as in the
human, antibody studies show only a single protein
product close to the predicted size of 237kb,
suggesting these additional transcripts are not
translated.

The SJL mouse has been extensively used in the
past as an experimental model for induced auto-
immune diseases including experimental auto-
immune encephalitis and inflammatory muscle dis-
ease. It is also widely used by a stock mouse for
transgenic experiments. Clearly the interpretation
of all such experiments needs to be treated with
caution given the primary genetic muscle disease
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now known to be present in these mice and in the
future its main usefulness will be as an extra model
for understanding dysferlinopathy.

Conclusions

Dysferlinopathy, despite its variable presentation
(with regard to proximal versus distal muscle
involvement) has some highly reproducible fea-
tures phenotypically. These include late teenage or
early adult onset, massive elevation of serum crea-
tine kinase levels and usually relatively slow pro-
gression. Suspicion of the diagnosis can be con-
firmed by examination of dysferlin in a muscle
biopsy section, followed by confirmatory mutation-
al analysis.
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