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Mutations in the dysferlin gene are linked to a group of muscular dystrophies known as dysferlinopathies. These
myopathies are characterized by progressive atrophy. Studies in muscle tissue from dysferlinopathy patients or
dysferlin-deficient mice point out its importance in membrane repair. However, expression of dysferlin homol-
ogous proteins that restore sarcolemma repair function in dysferlinopathy animal models fail to arrest muscle
wasting, therefore suggesting that dysferlin plays other critical roles in muscle function. In the present review,
we discuss dysferlin functions in the skeletal muscle, as well as pathological mechanisms related to dysferlin mu-
tations. Particular focus is presented related the effect of dysferlin on cell membrane related function, which af-
fect its repair, vesicle trafficking, as well as Ca® " homeostasis. Such mechanisms could provide accessible targets
for pharmacological therapies.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The hereditary myopathies comprise a large family of degenerative
muscular disorders genetically determined by over 350 different muta-
tions in distinct genes, for which novel causing mutations and genes are
identified each year (Kaplan and Hamroun, 2014). The pathological
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mechanisms underlying these ailments are largely unknown, and ther-
apy mostly lies within the realm of tertiary care. Among these, muscular
dystrophies represent a sizable amount of such disorders, with a world-
wide distribution and an estimated incidence of 1/2000 live births. Al-
though the genetic background is clear for most muscle dystrophies,
their pathophysiology remains elusive. Indeed, mutations that render
truncated or dysfunctional proteins that are critical for normal muscle
integrity and function is a common feature of these disorders, but the
underlying mechanisms by which such mutations result in the compro-
mise of the skeletal muscle remain unclear. Moreover, in many cases the
lack of knowledge of the function of the protein in question is the key
issue. Among the causes of such myopathies are those linked to muta-
tions in the dysferlin gene (DYSF), a large-sized gene spanning over
150 kb of genomic DNA that is located on chromosome 2p13 (Bashir
et al., 1998; Liu et al., 1998; Aoki et al., 2001) and that produces a
237 kDa single-pass transmembrane protein (Anderson et al., 1999;
Matsuda et al., 1999).

Reduction or absence of dysferlin, resulting from autosomal reces-
sive mutations in the gene that encodes for DYSF [MIM# 603009,
GenBank NM_003494.2] comprises a number of different muscular dys-
trophy phenotypes known as dysferlinopathies. The term
dysferlinopathy was introduced after setting forth that Miyoshi's myop-
athy (MM) and limb girdle muscular dystrophy (LGMD) type 2B, the
two most common dysferlinopathy phenotypes, corresponded to allelic
disorders (Bashir et al., 1998; Liu et al., 1998; Illarioshkin et al., 2000). At
present, more than 2000 polymorphic variants and over 260 disease-
causing mutations associated with different dysferlinopathy pheno-
types have been reported in the Leiden Muscular Dystrophy database
(www.dmd.nl/dysf_seqvar.html), with the majority being point muta-
tions and small insertions/deletions. Yet, many other non-pathogenic
variants have also been included (Aoki et al., 2001). The exact incidence
and prevalence of dysferlinopathy worldwide are unknown, but it has
been estimated that it represents up to 30% of progressive recessive
muscular dystrophies in the Middle East and India (Urtizberea et al.,
2008).

In the present review, we discuss current evidence of the role of
dysferlin in critical membrane related events, particularly in membrane
repair and vesicle trafficking. We also discuss possible pathological
mechanisms involved in dysferlinopathy, including the de novo expres-
sion of non-selective Ca?* permeable channels, which might contribute
to the inflammatory process associated to dysferlinopathy, and could
provide readily accessible targets for pharmacological therapies.

2. Clinical background

Clinically, dysferlinopathy most commonly begins between the sec-
ond and third decades in a previously asymptomatic patient. At onset,
most patients complain of lower limb weakness, difficulties upon run-
ning or climbing stairs, sometimes aggravated by pain. These symptoms
are usually accompanied by marked increase in plasma creatine kinase
levels (CK) (Galassi et al., 1987; Barohn et al., 1991, 1998; Linssen
et al., 1997; Rosales et al., 2010). Three main clinical phenotypes and
some other variants of dysferlinopathy have been described (Miyoshi
et al., 1967, 1986; Liu et al., 1998; Bashir et al., 1998; Illa et al., 2001;
Nguyen et al., 2005, 2007; Laval and Bushby, 2004; Okahashi et al.,
2008; Paradas et al., 2009; Klinge et al., 2008). There is also a marked
inter- and intrafamiliar phenotypical variability (Miyoshi et al., 1986;
Illarioshkin et al., 1996; Ueyama et al., 2002; Guglieri et al., 2008;
Rosales et al., 2010, Woudst et al., 2016). However systematic muscle
magnetic resonance imaging and functional assessment of patients
with these different phenotypes do not show substantial differences in
terms of distribution and severity of muscle compromise (Paradas
et al,, 2010; Diaz et al., 2016). After the first years of evolution, the dis-
ease mainly affects lower limbs, and later muscle weakness progresses
involving paravertebral and proximal upper girdle muscles, to finally af-
fect forearm flexor muscles. Head and neck muscles are not or very

lately affected. Independent ambulation is lost on average after
10 years of disease course (Linssen et al., 1997; Woudt et al., 2016;
Diaz et al., 2016). Although cardiac involvement is absent in most pa-
tients (Nguyen et al., 2007; Klinge et al., 2010a; Takahashi et al., 2013,
Woudt et al., 2016), some recent evidences indicate that subclinical in-
volvement is present in several patients with dysferlin deficiency
(Wenzel et al., 2006; Choi et al., 2009; Rosales et al., 2010). So far, no
central nervous system involvement has been described in dysferlin de-
ficient patients, and respiratory involvement is mild, and presents itself
in later stages of the disease (Takahashi et al., 2013; Woudt et al., 2016).
Dysferlin protein analysis is essential to confirm diagnosis, as the
clinical features tend to overlap with other genetic disorders (i.e. muta-
tions on calpain and caveolin-3 genes). Further, molecular analysis of
the DYSF gene is most desirable in order to elucidate specific mutations
that may relate to the disease (Bushby, 1999; Krahn et al., 2009). Clinical
differential diagnosis of dysferlinopathy is mainly with other types of
LGMD (Barohn et al., 1998; Bushby, 1999; Urtizberea et al., 2008;
Guglieri et al., 2008; Fanin et al., 2009), as all LGMD patients may
show a similar clinical picture. These include increased CK levels, weak-
ness and wasting restricted to the limb musculature and relative sparing
of heart and bulbar muscles (depending on the genetic subtype). This is
particularly evident in LGMD type 2B and proximodistal
dysferlinopathy; however, the combination of muscle atrophy of the
posterior leg compartment and marked increase of CK levels in an ado-
lescent or young adult is very suggestive of dysferlinopathy. To differen-
tiate LGMD subtypes, immunohistochemistry and western blot are
necessary in order to detect specific protein deficits and subsequently
perform genetic analysis (Nguyen et al., 2007; Krahn et al., 2009;
Fanin et al,, 2009, Rosales et al., 2010). Genetic diagnosis after identifica-
tion of the protein deficit is necessary to verify that this specific deficit is
the cause of the dystrophy, and not secondary to mutations in other re-
lated genes (Krahn et al., 2009; Fanin et al., 2009, Rosales et al., 2010).

3. Dysferlin splice variants

The dysferlin gene is susceptible to suffer alternative splicing. In
2004, Salani and collaborators demonstrated that human primary myo-
genic cells express a dysferlin mRNA that lacks exon 17 and whose ex-
pression inversely correlates with muscle differentiation. This variant
is later completely replaced by full-length dysferlin in adult skeletal
muscle (Salani et al., 2004). Two years later, a novel human dysferlin
transcript named DYSF_v1 was identified, which differs from the canon-
ical dysferlin transcript in the sequence of the first exon (Pramono et al.,
2006). The authors predicted that exon 1 of this new human dysferlin
transcript shares 85% homology with the corresponding exon of
mouse dysferlin and 89% with that of rat dysferlin. As in the canonical
dysferlin, exon 1 of DYSF_v1 encodes for the first Ca> "-binding domain
(C2A), but, as discussed below, they differ in their Ca? "-affinity (Fuson
et al.,, 2014). Other dysferlin human transcript variants, produced by in-
clusions in exons 5a and 40a, were also reported (Pramono et al., 2009).
All these variants could translate into different dysferlin isoforms, which
as discussed later, appear to differ in their tissue distribution, sensibility
to Ca®™, and interaction with other proteins.

4. The ferlin family, a unique group of proteins with multiple C2
domains

Dysferlin belongs to the ferlin family, a group of single-pass trans-
membrane proteins that possess a short C-terminal extracellular do-
main and multiple (five to seven) tandem cytosolic C2 domains. These
proteins also contain variable numbers of Fer and DysF domains. Fig. 1
shows how these different domains are organized in the ferlin family
members dysferlin, myoferlin and otoferlin. Myoferlin is a mammalian
ferlin highly expressed in developing skeletal muscle (Davis et al.,
2000), where it is known to regulate myoblast fusion and muscle regen-
eration (Doherty et al., 2005). Myoferlin is also involved in membrane
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Fig. 1. Comparison of dysferlin structure with those of otoferlin and myoferlin. Ferlins have a short C-terminal transmembrane domain (with 15-20 extracellular residues), five to seven
tandem C2 domains and a variable number of Dysf and Fer domains (Adapted from Kobayashi et al., 2012).

repair during accelerated proliferation of tumor cells (Leung et al.,
2013). Otoferlin is another mammalian ferlin mainly expressed in the
inner ear, where it regulates SNARE-mediated exocytosis (Johnson
and Chapman, 2010). Mutations in otoferlin result in non-syndromic
deafness (Pangrsic et al.,, 2012). These mammalian ferlins reportedly ex-
hibit specific subcellular location that appears to correlate with their
functions (Redpath et al., 2016). For example, dysferlin and myoferlin
are abundantly expressed in the plasma membrane, according with
their functions in membrane repair and muscle regeneration, whereas
otoferlin mainly localizes in intracellular compartments, where it
plays a role in exocytosis (Redpath et al., 2016).

In addition to dysferlin, myoferlin and otoferlin, other three ferlin
proteins (Fer1L4, Fer1L5 and Fer1L6) have been described in mammals;
although their functions remain unknown (Lek et al., 2012). Ferlin pro-
teins are also expressed in Caenorhabditis elegans (Fer-1) and drosophila
(misfire). Fer-1 regulates Ca®"-mediated membrane fusion during
spermatogenesis (Washington and Ward, 2006). Misfire is required
for Ca® "-dependent breakdown of the sperm plasma membrane during
fertilization (Smith and Wakimoto, 2007).

While the functions of Fer and DysF domains remain unknown, most
actions of ferlins appear to be mediated by their C2 domains (Lek et al.,
2012). C2 domains are lipid-binding modules of about 130 residues that
are organized in an eight-pB-strand structure (Corbalan-Garcia and
Gomez-Fernandez, 2014). Many C2 domains, as those present in synap-
totagmin and some protein kinase C isoforms, have the ability to bind
Ca®" and regulate Ca®*-dependent events (Corbalan-Garcia and
Goémez-Fernandez, 2014). In 2009, Therrien et al. (2009) reported that
the seven C2 domains of dysferlin are able to bind acidic phospholipids,
but only the C2A domain associates to phosphatidylserine and
phosphoinositides in a Ca? "-dependent manner. On the other hand, a
more recent work shows that the seven dysferlin C2 domains exhibit
variable affinity for Ca®*, being the C2A and C2C the most sensitive,
with Kp values of 3.7 and 1.5 pM, respectively (Abdullah et al., 2014).
Furthermore, the seven dysferlin C2 domains bind anionic lipids, and
this association is enhanced by Ca?™ in concentrations between 1 and
10 uM (Abdullah et al,, 2014).

In a recent study, Fuson et al. (2014) crystallized the dysferlin C2A
domain and its splice variant C2Av1, and analyzed their affinity for
Ca?".They observed that the canonical C2A domain has two classes of

Ca’" binding sites. One of them has a high affinity for Ca?* (Kp
~60 nM), while the other has a lower affinity (Kp ~53 M), suggesting
that the first site is occupied by Ca®™ at resting conditions, whereas
the second binds Ca? " after the plasma membrane is disrupted. The af-
finity for Ca®™ of both types of sites significantly increases in the pres-
ence of anionic phospholipids. On the other hand, the C2Av1 domain,
whose expression in human skeletal muscle is around 23% (Pramono
etal., 2006), does not bind Ca?* in the absence of lipids, but in the pres-
ence of the latter, a high-affinity Ca®* binding site is exposed. These au-
thors also indicate that both C2A domains display highly flexible
structures, a property that would allow them to undergo a variety of
conformational states to interact with other proteins in resting or ele-
vated Ca®™ conditions. Dysferlin partners that bind the C2A domain
are Mitsugumin 53 (Matsuda et al., 2012) and AHNAK (Huang et al.,
2007). Mitsugumin 53 (MG53) is a protein that belongs to the tripartite
motif (TRIM 72) family involved in membrane repair in different tissues
(Caietal.,, 2009; Duann et al., 2015), where it facilitates the recruitment
of dysferlin and vesicles to repair sites (Cai et al., 2009; Matsuda et al.,
2012). On the other hand, AHNAK is a 700-kDa scaffolding protein in-
volved in the regulation of L-type Ca? ™ channels, cytoskeletal organiza-
tion and membrane repair (Davis et al., 2014). Further, the dysferlin C2A
domain, as well as the C2B domain, also interacts with a-tubulin (Azakir
etal, 2010).

5. The different dysferlin domains display independent functions

Regarding C2 domains of dysferlin, it seems that they have indepen-
dent functions. For instance, it has been reported that the dysferlin C2A
domain mediates the fusion of lysosomes with the plasma membrane
(Hanetal,, 2012), and that it is also required for MG53-dependent accu-
mulation of dysferlin at damage sites (Matsuda et al., 2012). The C-
terminal region of dysferlin, which contains the C2F and C2G domains,
also appears to mediate membrane repair. This dysferlin fragment,
which shares structural resemblance with synaptotagmin, a protein
with a transmembrane region and two C2 domains (Bai and Chapman,
2004), was called “minidysferlin”. The expression of minidysferlin in
dysferlin-deficient mice restored the membrane repair activity of skele-
tal muscle fibers (Krahn et al., 2010). However, it did not correct the
dystrophic phenotype (Lostal et al., 2012), suggesting that other



AM. Cdrdenas et al. / Experimental Neurology 283 (2016) 246-254 249

dysferlin domains, which are missing in minidysferlin, are involved in
other critical functions of dysferlin in skeletal muscle. Minidysferlin
seems to be originated by calpain-dependent cleavage of dysferlin dur-
ing skeletal muscle membrane injury (Lek et al.,, 2013). In this regard,
Redpath et al. (2014) proposed that the separation of this dysferlin frag-
ment from the rest of the protein could be a regulatory checkpoint for
expediting dysferlin-mediated vesicle fusion during membrane repair.
As reported by the authors, calpain cleaves dysferlin in a motif encoded
in exon 40a. Transcripts including exon 40a are poorly expressed in
skeletal muscle (Pramono et al., 2009), but expressed at higher levels
in other tissues such as placenta, lung, liver, kidney and pancreas
(Redpath et al., 2014). Furthermore, activation of calpain cleaves
dysferlin and releases minidysferlin in different types of cells, including
myocytes, astrocytes and endothelial cells, among others (Redpath
et al., 2014). Therefore, this dysferlin fragment could play a role not
only in the skeletal muscle, but also in other tissues.

On the other hand, the C2B-FerI-C2C motif regulates dysferlin ex-
pression at the plasma membrane, as well as its endocytic rate
(Evesson et al., 2010). The endocytosis of dysferlin, which is also regu-
lated by caveolin-3 (Hernandez-Deviez et al., 2008), is apparently a cru-
cial step for the membrane repair process (Idone et al., 2008; McDade
et al., 2014). Indeed, a recent report showed that membrane damage
promotes the formation of endocytic dysferlin-containing vesicles
which are recruited to lesion sites, where they form a large dysferlin-
rich vesicle that may act as a membrane patch that reseals the wounded
sarcolemma (McDade et al,, 2014).

In summary, the distinct domains of the dysferlin protein seem to
contribute to sarcolemma repair, probably by regulating different
steps of the resealing process. Furthermore, some dysferlin domains ap-
pear to be unnecessary for the repair process (N-terminal region includ-
ing C2A to C2E domains), yet indispensable for other critical functions. A
schematic representation summarizing these findings is shown in Fig. 2.

6. Role of dysferlin in the membrane repair machinery

Being one of the most malleable tissues of our body, the skeletal
muscle is constantly adapting to functional demands by changing its
protein expression, mass and contractile properties. In spite of this plas-
ticity, sometimes the stress resulting from muscle mechanical work ex-
ceeds its own adaptation, producing microlesions in the plasma
membrane (Tidball, 2011). These membrane disruptions cause a mas-
sive entry of Ca>™* to the cell, with the consequent recruitment of vesi-
cles and other membranous organelles to the injury sites. The
recruited vesicles fuse with one another and with the surrounding plas-
ma membrane, thus forming a patch that reseals the membrane lesion
(McNeil, 2002). A critical component of the sarcolemma repair machin-
ery is dysferlin (Anderson et al., 1999).

Muscle biopsies from dysferlinopathy patients show absence or
markedly reduced sarcolemmal expression of dysferlin, an excess of im-
mature fibers, evidence of dystrophy and inflammatory cell infiltration
(Chiu et al., 2009; Gallardo et al., 2011; Woudt et al., 2016; Yin et al.,
2015). Ultrastructural analysis of dysferlinopathy muscle fibers shows
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disruption of the plasma membrane and its replacement by layers of
small vesicles (Selcen et al., 2001; Cenacchi et al., 2005). Loss of mem-
brane integrity and accumulation of subsarcolemmal vesicles have
also been observed in muscle fibers from dysferlin-deficient mice
(Bansal et al., 2003; Hornsey et al., 2013). Those findings stress the im-
portance of this protein in membrane repair, where a mechanism that
involves vesicle aggregation and/or fusion at membrane damage sites
is at hand. In fact, both dysferlinopathy patients and dysferlin-
deficient mice myocytes exhibit defective membrane resealing (Bansal
et al., 2003; Lostal et al., 2012; Philippi et al., 2012). Meanwhile, in
myocytes that normally express dysferlin, vesicles containing the pro-
tein are recruited to resealing sites, where they fuse to each other, and
also with other membranous organelles, forming a patch that reseals
the membrane lesion (McNeil, 2002, 2009; McDade et al., 2014;
McDade and Michele, 2014).

The exact mechanism of membrane repair is still unclear, and many
steps involved in this process are unknown. However, reportedly it
comprises the participation of dysferlin and its partners. One of them
is MG53, which accumulates, before dysferlin at injury sites in an
oxidation-dependent, but Ca?*-independent manner (Cai et al,
2009); next MG53 recruits, in a Ca? "-dependent manner, vesicles con-
taining dysferlin (Matsuda et al., 2012; Duann et al., 2015). Then,
dysferlin appears to promote vesicle aggregation and fusion by a mech-
anism that depends on its association with annexins (McNeil, 2009).
Annexins are proteins that bind membranes containing acidic phospho-
lipids, in a Ca®*-dependent manner (Gerke et al., 2005; Marg et al.,
2012). In particular, annexins A1 and A2 are implicated in vesicle traf-
ficking, membrane fusion, endocytosis, actin cytoskeleton remodeling
and membrane repair (Gerke et al., 2005; McNeil et al., 2006;
Hitchcock et al., 2014). Most of these actions are related to their ability
to create membrane microdomains that facilitate the interactions of
membrane proteins with cytosolic partners, including actin filaments
(Hayes et al., 2004; Hitchcock et al., 2014). This property of annexins
of forming specialized membrane microdomains, -particularly annexin
A2 which forms a heterotetrameric complex with its partner
S100A10-, explains their ability to promote vesicle aggregation (Jones
et al,, 1994; De la Fuente and Parra, 1995) and their recruitment to exo-
cytotic sites (Chasserot-Golaz et al., 2005). Indeed, annexin A2 provides
the lipid environment required for vesicle docking and SNARE-
mediated membrane fusion (Chasserot-Golaz et al, 2005;
Umbrecht-Jenck et al., 2010; Gabel et al., 2015).

Most of the work carried out to study the interaction of dysferlin
with annexins has been conceived in a membrane repair context.
Lennon et al. (2003) showed that dysferlin co-precipitates and co-
localizes at the sarcolemma with annexins A1 and A2. Using fluores-
cence lifetime imaging microscopy, they observed that in non-injured
myocytes, both annexins interact with dysferlin in a Ca>*"-dependent
form. However, after sarcolemma injury, the association of annexin Al
with dysferlin is disrupted, while annexin A2 and dysferlin remain asso-
ciated. They also observed that the distribution of these annexins is sig-
nificantly modified in dysferlin-deficient muscle. On the other hand,
annexin A6, which has also been involved in membrane repair

T
Membrane repair

Fig. 2. Functions and protein interactions of the distinct dysferlin regions. The scheme summarizes some of the roles described for different Dysferlin domains.
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(Swaggart et al., 2014), does not interact with dysferlin in cultured
myotubes (Lennon et al., 2003).

The temporal recruitment of dysferlin and annexins to injury sites
has also been studied in vivo in zebrafish myofibers. During sarcolemma
repair, dysferlin-enriched membranes are rapidly accumulated at lesion
sites, where they form a membrane patch. Annexin A6 also arrives rap-
idly, whereas annexin A2 is recruited later. Finally, annexin Al
covers the lesion. Interestingly, the arrival of annexins A1 and A2,
but not of annexin A6, to resealing sites depends on dysferlin
(Roostalu and Strdhle, 2012). Thus, this latter work also points out
a role of dysferlin in mediating the recruitment of annexins A1 and
A2 to repair sites.

A recent report of Codding and collaborators highlights the possibil-
ity that dysferlin itself acts as an effector of the SNARE-mediated mem-
brane fusion (Codding et al., 2016). Indeed, dysferlin seems to
accelerate the Ca® "-dependent assembly of the SNARE-complex via a
direct interaction with syntaxin 4 and SNAP-23, suggesting its participa-
tion during the fusion between the resealing-vesicles and wounded
plasma membrane (Codding et al., 2016).

7. Other roles of dysferlin in skeletal muscle

Besides its localization in the sarcolemma, dysferlin is richly
expressed in T-tubule membranes (Klinge et al., 2010b; Kerr et al.,
2013), where it colocalizes with the dihydropyridine receptor,
caveolin-3, MG53, annexin A1 and AHNAK (Ampong et al., 2005;
Huang et al., 2007; Waddell et al., 2011), and contributes to the mainte-
nance of the T-tubule system (Kerr et al., 2013; Demonbreun et al.,
2014). In fact, dysferlin-deficient muscle exhibit abnormal T-tubule
morphology (Klinge et al., 2010b) and an enhanced sensitivity to dam-
age by glycerol exposure (Demonbreun et al., 2014) or osmotic shock
(Kerr et al.,, 2013). Since the dihydropyridine receptor antagonist diltia-
zem protected dysferlin-null fibers from damage induced by osmotic
shock, Kerr et al. (2013) proposed that dysferlin contributes to keep
Ca®" homeostasis during mechanical stress. On the other hand,
Demonbreun et al. (2014) proposed that dysferlin also contributes to
the biogenesis and remodeling of the T-tubule system. Since T-tubule
formation requires an advanced system of vesicle trafficking and mem-
brane fusion (Di Maio et al., 2007), it is probable that the mechanism by
which dysferlin contributes to T-tubule biogenesis and remodeling in-
volves those cellular processes.

Dysferlin also appears to participate in other cellular events that de-
pend on vesicle trafficking and membrane fusion in myoblasts. In this
regard, dysferlin-deficient myoblasts display impaired secretion of the
cytokine MCP-1 (Chiu et al., 2009) and a reduced recycling rate of trans-
ferrin and insulin-like growth factor (IGF) receptors (Demonbreun
et al.,, 2011). The association of dysferlin, via its C2A and C2B domains,
with a-tubulin and microtubules in the skeletal muscle (Azakir et al.,
2010), also supports the idea that dysferlin is involved in vesicle
trafficking.

Analysis of protein-protein interaction networks has become a use-
ful tool for predicting protein functions. In 2013, Blandin and collabora-
tors published a large-scale study addressed to establish a proteomic
map of protein-protein interactions centered on different proteins in-
volved in LGMD-dystrophies (Blandin et al., 2013). Using experimental
and informatics approaches, these authors reported a strong inter-
connectivity between all the LGMD proteins studied (Blandin et al.,
2013). Regarding dysferlin, a number of novel partners appeared in-
cluding the cardiomyopathy-associated protein 5, the intermediate-
filament protein desmin, the actin-binding proteins filamin-C and
nebulin, the kinesin family member 1B, optineurin, the SAM domain
and HD domain-containing protein 1, the Alstrom syndrome1 protein
and APPL1 among others (Blandin et al., 2013). These data suggest
new roles of dysferlin in gene regulation and muscle cytoskeletal
remodeling.

8. Expression and function of dysferlin in other tissues

Besides skeletal muscle, dysferlin is expressed in other tissues in-
cluding brain, heart, liver and lungs (Redpath et al.,, 2016). High expres-
sion of dysferlin has been also reported in peripheral blood monocytes
(Ho et al,, 2002). The expression of dysferlin in this latter tissue report-
edly correlates with dysferlin levels in skeletal muscle in both healthy
and dysferlinopathy patients (Gallardo et al., 2011). Interestingly,
dysferlin-deficient monocytes exhibit increased motility, pointing to a
role of dysferlin in the formation of focal adhesions and cellular interac-
tions (de Morrée et al., 2013).

In 2007, Vandré and collaborators demonstrated the expression of
high levels of dysferlin in trophoblasts of human placental microvillous
(Vandré et al., 2007). As differentiating-muscle cells, they form syncytial
structures and become a large cell layer of syncytiotrophoblasts (STB)
on whose apical surface nutrient transport occurs (Jansson and
Powell, 2006). Sprout-like structures containing heterochromatic nuclei
and cellular debris emerge from the STB apical-membrane and are
thrown into the maternal circulation (Ikle, 1964). Interestingly, a great-
er density of syncytial sprouts and STB-derived cellular debris has been
associated with preeclampsia (Goswami et al., 2006; Heazell et al.,
2007), suggesting that a destabilization of the STB-apical membrane is
related with this pregnancy disorder. In this regard, dysferlin expression
is reportedly reduced in human pre-eclamptic placentas (Lang et al.,
2009), and its presence in STB appears to contribute to repair a damaged
placental membrane (Robinson et al.,, 2008). Thus dysferlin also seems
to play a role in the repair and stability of STB apical-membrane in pla-
cental tissue.

9. Pathological mechanisms underlying dysferlinopathy

Most of the studies directed to elucidate the pathomechanism un-
derlying dysferlinopathy have focused on the role of dysferlin in mem-
brane repair. As aforementioned, defects in membrane resealing are
observed in the sarcolemma of dysferlin-null-mice muscle fibers
(Bansal et al., 2003) and in myocytes of dysferlinopathy patients
(Philippi et al., 2012). Dysferlin-deficient skin fibroblasts also exhibit
impaired plasma membrane resealing (Matsuda et al., 2015), indicating
that dysferlin is a critical actor in membrane repair not only in skeletal
muscle, but also in other types of cells where it is expressed. Despite
this, several evidences demonstrate that the reversion of the defective
plasma membrane repair is not enough to revert or improve the dystro-
phic phenotype in dysferlin-deficient tissues. In this regard, Krahn et al.
(2010) reported a large homozygous deletion that leads to the produc-
tion of a “minidysferlin”. The patient bearing this mutation presented a
late-onset and moderate dysferlinopathy. Interestingly, the expression
of minidysferlin in dysferlin-deficient mice restored membrane repair
activity in skeletal muscle fibers (Krahn et al., 2010), yet it failed to cor-
rect the characteristic dysferlinopathy muscle histology (Lostal et al.,
2012). The overexpression of myoferlin in dysferlin deficient animals
also rescues the sarcolemma resealing without correcting the dystro-
phic phenotype (Lostal et al., 2012). Therefore, the pathomechanism
of dysferlinopathy cannot be explained solely by a defective plasma
membrane repair.

Proper muscle integrity and function requires active intracellular
membrane trafficking (Towler et al., 2004). As aforementioned,
dysferlin is required for the biogenesis and maintenance of the T-
tubule system (Klinge et al., 2010b; Kerr et al., 2013; Demonbreun
et al.,, 2014), as well as for the recycling of plasma membrane protein
(Demonbreun et al., 2011) and secretion of cytokines (Chiu et al.,
2009). Furthermore, dysferlin interacts with proteins involved in vesicle
trafficking, such as the actin-binding protein alpha-actinin, annexin A2,
alpha-tubulin and microtubules (Assadi et al., 2008; Azakir et al., 2010).
Then, it is likely that a defective intracellular trafficking also contributes
to the pathological mechanism in dysferlinopathy.
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Dysferlinopathy, as well as other muscle dystrophies, are present
with an inflammatory process that could contribute to disease progres-
sion. In fact, components of the inflammasome pathway are up-
regulated and activated in muscle of dysferlinopathy patients and
mice (Rawat et al,, 2010, Mariano et al., 2013). Dysferlin-deficient mus-
cles also exhibit increased protein oxidative damage (Terrill et al.,
2013), activation of the ubiquitin-proteasomal pathway (Azakir et al.,
2012; Fanin et al., 2014; Rajakumar et al., 2014), up-regulation of the
complement system factors (Han et al., 2010) and macrophage infiltra-
tion (Roche et al., 2015). Furthermore, monocytes from dysferlinopathy
patients and dysferlin-deficient mice exhibit increased phagocytic ac-
tivity that might also contribute to the inflammatory response
(Nagaraju et al., 2008). However, anti-inflammatory agents, such as
the glucocorticoid deflazacort or Celastrol, an anti-inflammatory drug
with antioxidant properties, are not sufficient to improve the dysfunc-
tion in dysferlin-deficient muscles (Walter et al., 2013; Dillingham
et al., 2015).

It has been proposed that the defective plasma membrane repair
caused by dysferlin deficiency contribute importantly to the
dysferlinopathy phenotype. Indeed, a loss of the plasma membrane in-
tegrity leads to disruption of intracellular Ca™2 and redox homeostasis,
and release of ATP and inflammatory mediators (Han, 2011). However,
as we discuss below, the de novo expression of non-selective Ca®* per-
meable channels, such as connexin based channels, might also contrib-
ute to the inflammatory process associated to dysferlinopathy.

10. Role of connexin hemichannels in dysferlinopathies

Connexins (Cx) are a group of plasma membrane proteins, which as-
semble in homomeric or heteromeric hexameric structures to allow the
passage of small molecules like Ca?™, ATP, glucose and ascorbate,
among others (Li et al., 2001; Kang et al., 2008; Schalper et al., 2010;
Hansen et al., 2014). These Cx structures, often known as hemichannels,
allow the exchange of chemical signals between intracellular and extra-
cellular compartments, or they can assemble in specialized intercellular
connections called gap junctions (Saez et al., 2003). Cx hemichannels
play key roles in autocrine and paracrine communication, but they are
also reportedly associated to the pathogenesis of several inflammatory
diseases, such as atherosclerosis and acute lung disease
(Scheckenbach et al., 2011). They have also been implicated in neurode-
generative disorders such as Alzheimer, Parkinson and Huntington dis-
eases (Eugenin et al., 2012). Recent reports indicate that Cx
hemichannels are involved in pathological conditions that affect skeletal
muscles (Cea et al., 2012; Cea et al., 2013). During myogenesis, Cx pro-
teins (Cx39, Cx43 and Cx45) form gap junctions in myoblasts to coordi-
nate myoblast fusion (Gorbe et al., 2007); but they are absent in normal
adult skeletal muscles (Cea et al., 2012). Interestingly, de novo expres-
sion of Cx hemichannels is observed after chemical injury (Araya et al.,
2005; Gorbe et al., 2005). This also occurs after denervation of skeletal
muscle, where the presence of Cx hemichannels, along with other
Ca®* permeable channels, such as P2X receptors, and pannexin-1
and transient receptor potential vanilloid type 2 (TRPV2) channels, in-
duces inflammatory signals. Such signals involve the nuclear factor kKB
activation and increase of proinflammatory cytokines, such as the
tumor necrosis factor o and interleukin 13 (Cea et al., 2013). This in-
flammatory process is completely prevented in denervated skeletal
muscle of Cx43 and Cx45 muscle deficient animals (Cea et al., 2013).
Furthermore, the denervation-induced muscle atrophy was also partial-
ly, yet significantly prevented in Cx43 and Cx45 muscle deficient ani-
mals (Cea et al., 2012; Cea et al., 2013). Thus, these findings suggest
that Cx hemichannels are involved in the inflammatory process of the
skeletal muscles in response to injury or denervation.

Cx hemichannels have also been involved in muscular diseases of ge-
netic origin such as Duchenne muscular dystrophy, which is caused by
mutations in the dystrophin gene. Indeed, in myofibers of an animal
model of Duchenne muscular dystrophy (the mdx mice), these

hemichannels alter sarcolemma permeability, resulting in elevated in-
tracellular Ca® ™ levels, activation of NF«B, and expression of the induc-
ible nitric oxide synthase and active caspase 3, and apoptosis-mediated
death (Cea et al,, 2016a). All of these features were totally prevented in
Cx43 and Cx45 muscle deficient mdx mice (Cea et al., 2016a). Perfor-
mance in the hanging test, which is reduced in mdx mice, was also par-
tially prevented in Cx43 and Cx45 muscle deficient mdx mice. As
observed with denervated myofibers, the Cx hemichannels were also
present along with pannexin-1 and TRPV2 channels, and P2X; recep-
tors. It seems that Cx hemichannels act cooperatively with these other
Ca?* permeable channels, as the inhibition of any of these channels re-
stores the altered sarcolemma permeability. In addition, Cx hemichan-
nels appear to be upstream of the other Ca>* permeable channels
because the absence of Cx hemichannels prevented the expression of
P2X; receptors and TRPV2 channels (Cea et al.,, 2016a).

Cx hemichannels have also been involved in the pathophysiology of
dysferlinopathies. In this case, functional Cx hemichannels are
expressed in mature human myocytes from patients harboring dysferlin
mutations, where they are responsible of the elevated basal Ca® " levels
(Cea et al.,, 2016b). Down-regulation of dysferlin expression with small
hairpin RNA also induces the expression of functional Cx hemichannels
in mature myotubes (Cea et al., 2016b). Then, it seems plausible that the
expression of Cx hemichannels constitutes a secondary mechanism trig-
gered by the absence of dysferlin. This mechanism would explain at
least partially why the reposition of the sarcolemma repairing function
with minidysferlin or myoferlin is not enough to revert the muscle dam-
age observed in dysferlinopathies (Lostal et al., 2012).

11. Potential therapies for dysferlinopathies

There are currently no specific therapeutic alternatives available for
patients bearing dysferlinopathy (Kobayashi et al., 2012). Efforts have
been hindered by the lack of knowledge on the myriad of effects linked
to dysferlin mutation. Although its role in membrane repair is clear, ef-
forts to reinstate this function by transfecting functional variants of
dysferlin genes in animal models have proved successful in this objec-
tive, yet they have failed to arrest progressive muscle wasting. This indi-
cates that dysferlin possesses other functions in skeletal muscle that are
yet unclear, and that restoration of all functions will require the pres-
ence of full length dysferlin. In this regard, recent studies by Escobar
et al. (2016) have shown that stable, non-viral vector transfection of
full length dysferlin DNA in dysferlin-deficient myoblasts, results in sta-
ble dysferlin expression and cell survival after engraftment in dysferlin-,
immune-deficient mice. The grafted muscle cells exhibited normal re-
generative capabilities in situ. Such ex vivo therapeutical approaches
appear most attractive, yet developments along this field will necessi-
tate greater study.

Gene therapy approaches to dysferlinopathy appear indeed as the
correct path to finding a cure, yet efforts along these lines have been
hindered by limitations in the packaging capacities of adeno-
associated viral vectors. In this regard, Sondergaard et al. (2015) pre-
sented an attractive alternative to deliver oversized genes such as that
of dysferlin. This group developed a two vector system (named
AAV.DYSF.DV), that packages the cDNA of the protein through the use
of two discrete vectors defined by a 1 kb region of homology.
Dysferlin-deficient mice and non-human primates (rhesus macaques)
treated with this novel vector carrying a dysferlin cDNA, either by intra-
muscular or intravascular delivery, exhibited high levels of dysferlin ex-
pression in muscle. This strategy also restored membrane repair ability
in dysferlin-deficient mice. Further, AAVrh.74.DYSF.DV treatment in
macaques was found to stimulate dysferlin expression, with no appar-
ent toxicity or systemic immune rejection, hence laying a foundation
for preclinical safety studies. Although this study potentially overcomes
outstanding limitations in gene therapy for dysferlinopathy, such as an
efficient and safe full length dysferlin gene delivery, there is still much
work to do to overcome efficacy and safety in the long term.
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In the meantime, what alternatives could be suggested? Pharmaco-
logical approaches are certainly attractive, as they can yield potential
therapies much faster, and have the added value of reversibility. Yet, re-
sults are still disappointing. Use of glucocorticoids has not yielded ben-
eficial effects, in light of the use of such compounds in many patients
due to initial misdiagnosis. Yet, controlled studies with deflazacort
have clearly demonstrated no beneficial effects (Walter et al., 2013). Vi-
tamin D supplementation has been proposed as a potential therapy, in
light of studies showing increased dysferlin expression in carriers of
one mutation in the dysferlin gene (De Luna et al., 2012), yet studies
in actual patients are still lacking. Lately, the inflammatory response in
muscles of dysferlinopathy patients has been linked to upregulated in-
terleukin 1B, and in this regard, the inhibition of this cytokine or the
use of interleukin 4 to counteract the M1-mediated immune response
in dysferlin-deficient mouse muscle (Cohen et al., 2015). Another,
open label study, showed improvements in the mobility of pelvic and
shoulder girdles in two patients after treatment with rixutimab, which
also correlated with a dramatic decrease in B-cell number (Lerario
et al,, 2010). Hence, specific targets within the immune system appear
much more effective, compared to a generalized immune and inflam-
matory modulation sought with glucocorticoids. Also, promoting hy-
pertrophy in dysferlinopathy has to be weighed carefully, as Lee et al.
(2015) demonstrated that myostatin inhibition in mouse models of
the disease, which induces hypertrophy, results in increased CK levels,
suggesting increased muscle destruction.

The latter evidence suggests that, initially, pharmacological treat-
ment targeting specific aspects of the immune response, perhaps asso-
ciated with controlled stimulation of muscle trophism, may be an
interesting path in the quest for therapeutical alternatives for these pa-
tients. The final cure will necessarily involve gene therapy, and the re-
covery of full dysferlin expression, yet a lengthier road is anticipated
in the achievement of this goal.

12. Conclusions, future directions

In the recent years, great advances have been reached in the com-
prehension of the role played by dysferlin in the different tissues
where it is expressed. The best understood function of dysferlin is its
role in the repair machinery that reseals injured cell membranes. This
role is particularly relevant in skeletal muscles where the repair and re-
generation of wounded plasma membrane constitute critical phenome-
na to maintain muscle integrity and function. In fact, dysferlinopathy
causing mutations seem to impair the sarcolemmal resealing processes
in injured myofibers, strongly suggesting that defects in membrane re-
pair underlie the pathological mechanisms that lead to muscular dystro-
phy. However, other processes that require dysferlin participation could
be deregulated in dysferlin-deficient tissues and hence contribute to the
pathophysiology of dysferlinopathy. The clarification of these mecha-
nisms is pivotal in the quest for therapeutic targets in patients harboring
mutations in the dysferlin gene. The novel suggested functions of
dysferlin in vesicle trafficking and membrane remodeling events could
open up interesting research fields in the search of therapies that soften
the dystrophic phenotypes and slow down the progression of the dis-
ease. Finally, the persistent expression of connexin in several dystrophic
conditions presents an interesting therapeutical target, readily accessi-
ble to address pharmacologically, and where lead compounds do exist
(Cea et al,, 2016b).
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