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Abstract Dysferlin is an integral membrane protein of the transverse tubules of skeletal muscle that
is mutated or absent in limb girdle muscular dystrophy 2B andMiyoshi myopathy. Here we examine
the role of dysferlin’s seven C2 domains, C2A through C2G, inmembrane repair and Ca2+ release, as
well as in targeting dysferlin to the transverse tubules of skeletal muscle. We report that deletion of
either domain C2A or C2B inhibits membrane repair completely, whereas deletion of C2C, C2D,
C2E, C2F or C2G causes partial loss of membrane repair that is exacerbated in the absence of
extracellular Ca2+. Deletion of C2C, C2D, C2E, C2F or C2G also causes significant changes in Ca2+
release, measured as the amplitude of the Ca2+ transient before or after hypo-osmotic shock and
the appearance of Ca2+ waves. Most deletants accumulate in endoplasmic reticulum. Only the C2A
domain can be deleted without affecting dysferlin trafficking to transverse tubules, but Dysf-�C2A
fails to support normal Ca2+ signalling after hypo-osmotic shock. Our data suggest that (i) every
C2 domain contributes to repair; (ii) all C2 domains except C2B regulate Ca2+ signalling; (iii) trans-
verse tubule localization is insufficient for normal Ca2+ signalling; and (iv) Ca2+ dependence of
repair is mediated by C2C through C2G. Thus, dysferlin’s C2 domains have distinct functions in
Ca2+ signalling and sarcolemmal membrane repair and may play distinct roles in skeletal muscle.
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Abstract figure legend The C2 domains of dysferlin play different roles in 5 different activities of the protein: targeting
to the transverse tubules, supporting membrane repair, supporting the amplitude of the Ca2+ transient, supporting the
amplitude of the Ca2+ transient after injury by hypoosmotic shock (OSI), and suppressing Ca2+ waves after OSI. The
relative contributions of each domain to these activities are indicated here. Solid lines: notable contribution; dashed
lines, moderate contribution; dotted lines, minimal contribution. The absence of a line indicates that no contribution
was detected.

Key points
� Dysferlin, a transmembrane protein containing seven C2 domains, C2A through C2G,
concentrates in transverse tubules of skeletal muscle, where it stabilizes voltage-induced Ca2+
transients and participates in sarcolemmal membrane repair.

� Each of dysferlin’s C2 domains except C2B regulate Ca2+ signalling.
� Localization of dysferlin variants to the transverse tubules is not sufficient to support normal Ca2+
signalling or membrane repair.

� Each of dysferlin’s C2 domains contributes to sarcolemmal membrane repair.
� The Ca2+ dependence of membrane repair is mediated by C2C through C2G.
� Dysferlin’s C2 domains therefore have distinct functions in Ca2+ signalling and sarcolemmal
membrane repair.

Introduction

Dysferlin is a 237 kDa integral membrane protein that
is mutated or absent in limb girdle muscular dystrophy
type 2B (LGMD2B) and Miyoshi myopathy (MMD1)
(reviewed in Urtizberea et al. 2008; Amato & Brown,
2011; Patel et al. 2017), as well as other, rarer myo-
pathies. Most of the protein faces the cytoplasm and
contains seven C2 domains, C2A through C2G, with
additional ferlin-like domains, Fer and DysF, sandwiched
between the C2 domains in the middle of the molecule,

between C2C and C2D (reviewed in Lek et al. 2012).
Each of the C2 domains can bind Ca2+ and lipid,
though with widely varying affinities (Davis et al. 2002;
Therrien et al. 2009; Marty et al. 2013; Abdullah et al.
2014; Fuson et al. 2014; Golbek et al. 2021; Wang et al.
2021). The more N-terminal C2 domains are involved
in forming multi-protein complexes with ligands such
as AHNAK and TRIM72/MG53 (Huang et al. 2007;
Matsuda et al. 2012), but the binding sites of several other
protein ligands, including the dihydropyridine receptor,
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caveolin 3 and SNARES (Matsuda et al. 2001; Lennon
et al. 2003; Ampong et al. 2005; Hernández-Deviez
et al. 2006; Cai et al. 2009b; de Morrée et al. 2010;
Codding et al. 2016) have not yet been identified. The
protein is anchored to membranes by a transmembrane
sequence near its C-terminus. In other cell types and
tissues, dysferlin associates with the plasma membrane
andwithmembrane-bound vesicles involved in exocytosis
or endocytosis (Anderson et al. 1999; McNeil et al. 2000;
Jethwaney et al. 2007; Han et al. 2012; Davenport &
Bement, 2016), but in skeletal muscle it concentrates in
the transverse tubules (TT; Ampong et al. 2005; Klinge
et al. 2007; Roche et al. 2011; Kerr et al. 2013; Lukyanenko
et al. 2017). Remarkably, despite years of study, the role
of dysferlin in skeletal muscle is still unclear. Two contra-
sting though not mutually exclusive roles have been
proposed: mediating membrane repair and stabilizing
Ca2+ signalling. Both have considerable experimental
support.

The earliest studies of dysferlin-null muscles in mice
and man suggested a role in sarcolemmal membrane
repair (Bansal et al. 2003; Lennon et al. 2003; reviewed
in Bansal & Campbell, 2004; Glover & Brown, 2007;
Han & Campbell, 2007). Consistent with this, muscle
fibres or fibre bundles that were injured either by
laser ablation or needle puncture resealed their plasma
membranes less rapidly when dysferlin was absent
than in wild-type controls, as assayed by uptake of a
lipophilic dye. Dysferlin-null muscle also showed an
accumulation of vesicles near the sarcolemma, suggesting
a defect in their ability to fuse (Piccolo et al. 2000;
Selden et al. 2001; Bansal et al. 2003; Cenacchi et al.
2005). This would be consistent with dysferlin’s putative
role in membrane fusion in other tissues. Subsequent
studies identified several dysferlin-associated proteins
that are themselves linked to membrane repair and
stability, includingTRIM72/MG53, annexins and caveolin
3 (Cav3) (Matsuda et al. 2001; Lennon et al. 2003;
Hernández-Deviez et al. 2006; Cai et al. 2009b; de Morrée
et al. 2010; Waddell et al. 2011; Matsuda et al. 2012;
Carmeille et al. 2016; Codding et al. 2016; Demonbreun
et al. 2016). Most recently, dysferlin was shown to
incorporate into the repair patch together with other
proteins of the TT, after incorporation of annexins
and in an actin-dependent process (McDade et al.
2014; Demonbreun et al. 2016). Immunolocalization of
dysferlin in several of these studies suggested that it
concentrates at the sarcolemma of skeletal muscle, in
vesicle-like structures in the myoplasm, and, after injury,
in membrane repair patches (Bansal et al. 2003; Cai et al.
2009a; Weisleder et al. 2009).

Other studies have questioned whether dysferlin is
essential for sarcolemmal repair and suggested that it
might support other essential activities in muscle. Murine
muscle fibres lacking dysferlin resealed like wild-type

fibres after an in vivo injury caused by large strain
lengthening contractions (Roche et al. 2008; Roche et al.
2010). The major difference between dysferlin-positive
and dysferlin-negative muscle only appeared many hours
after injury and resealing, when the former recovered
from injury while the latter underwent necrosis and
recovered function following fibre regeneration (Roche
et al. 2010). Furthermore, immunolabelling studies with
fibres that were prefixed in situ prior to labelling and
treated with mild acid to expose dysferlin epitopes
showed most of the dysferlin in wild-type muscle to be
at or near the triad junctions of skeletal muscle, with
very little at the sarcolemma (Roche et al. 2011). The
accumulation of dysferlin in TT was clearly demonstrated
in studies of fibres transfected with dysferlin–pHluorin,
which accumulated at or near triad junctions and lost
its fluorescence upon exposure to solutions of low pH,
indicating that the C-terminus of dysferlin linked to
pHluorin was exposed to the extracellular milieu, which
can access the lumen of the TT (Kerr et al. 2013; McDade
et al. 2014; Lukyanenko et al. 2017). These studies also
showed that dysferlin’s absence is associated with a small
decrease in the amplitude of voltage-induced Ca2+ trans-
ients (Kerr et al. 2013; Lukyanenko et al. 2017), suggesting
that dysferlin is required for optimal coupling between
the L-type Ca2+ channel (LTCC) and the ryanodine
receptor (RyR1) at the triad junction. Dysferlin-null fibres
also show increased susceptibility to injury by a mild
hypo-osmotic shock in vitro that increases cytoplasmic
Ca2+ levels and diminishes the amplitude of the Ca2+
transient, accompanied by the spontaneous generation of
Ca2+ sparks and waves (Kerr et al. 2013; Lukyanenko et al.
2017). These changes are all blocked by inhibitors of the
voltage-gated Ca2+ channel (dihydropyridine receptor)
and the sarcoplasmic reticulum Ca2+ release channel
(ryanodine receptor 1) (Lukyanenko et al. 2017). Notably,
Ca2+ sparks and waves are indicative of Ca2+-induced
Ca2+ release (CICR), which is thought to be pathogenic
in mammalian skeletal muscle (Endo 2009; Ríos 2018).
This suggests that dysferlin is required to stabilize the
Ca2+ release events that underlie excitation–contraction
coupling in skeletal muscle (see Kerr et al. 2014).
We have begun a comprehensive study of

structure–function relationships in dysferlin with the
goal of defining the role of its different structural domains
in maintaining the health of skeletal muscle. We hypo-
thesized that the defect in Ca2+ handling in dysferlin-null
muscle was the primary pathogenic factor and that
defects in sarcolemmal membrane repair were secondary.
We reasoned that if this is true, then every mutation
in dysferlin that dysregulates Ca2+ would also affect
membrane repair. Here we report the effects of deleting
each of dysferlin’s C2 domains on its ability to localize
to the TT membrane, support sarcolemmal membrane
repair and stabilize Ca2+ handling in the myocyte. Our
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results show that the C2 domains of dysferlin have
distinctive roles in these processes and suggest that
stabilization of Ca2+ release and support of membrane
repair are at least in part independent processes. These
results have significant implications for our understanding
of the molecular function of dysferlin and the treatment
of dysferlinopathy.

Methods

Ethical approval

All procedures were approved by the Institutional Animal
Care and Use Committees of the University of Maryland,
Baltimore, and the Ohio State University according to
federal guidelines (institutional animal welfare assurance
numbers A3200-01 and A3261-01, respectively). All
co-authors understand the ethical principles under which
The Journal of Physiology operates and confirm that their
work complies with its guidelines for the ethical use of
animals in research.
Male A/J mice were from The Jackson Laboratory (Bar

Harbor, ME, USA). (Only males were used for these
studies, as they respond more reproducibly to injury.)
They were studied at 3 months of age, when their
weights were approximately 27 g. Mice were maintained
on normal chow with ad libitem access to food and
water. Anaesthesia prior to intramuscular injections
used 3–4.5% isoflurane in oxygen. Carprofen (5 mg/kg)
was administered subcutaneously prior to injections
performed at the University of Maryland, Baltimore.
Post-injection, mice were monitored to ensure their
recovery from anaesthesia, then daily for 3 days thereafter.
Subsequentmonitoringwas 3 times per week. Anaesthesia
prior to euthanasia used>4.5% isoflurane in oxygen, after
which mice were euthanized by bilateral thoracotomy. All
in vitro experimentswere performed at room temperature.
The number of mice used for localization of the

dysferlin variants ranged from three to six and for
sarcolemmal membrane repair from three to five. The
number used for studies of Ca2+ signalling ranged from
5 to 13 mice per dysferlin variant, 17 mice transfected
to express Venus linked to wild-type dysferlin, and seven
transfected to express Venus alone. A total of 162 mice
were used. No animals were excluded.

Electroporation of flexor digitorum brevis

Electroporation of flexor digitorum brevis (FDB) muscles
for measurements of Ca2+ signalling (Kerr et al. 2013;
Lukyanenko et al. 2017) and of membrane repair (Zhao
et al. 2012) followed themethods ofDiFranco et al. (2009).
All dysferlin variants contained an N-terminal Venus
fluorescence tag to identify transfected muscle fibres.
Fibres were cultured by removing FDBmuscles 9–13 days

after electroporation and digesting them with collagenase
prior to culturing them on a Matrigel (Sigma-Aldrich, St
Louis, MO, USA) surface. Experiments were performed
1–2 days later.

cDNA constructs

cDNA constructs were prepared in the pcDNA vector
and expressed under the control of the CMV promoter.
Oligonucleotides used in the PCR to generate the various
dysferlin variants and the amino acids deleted to remove
one or more of its C2 domains are given in Table 1.
Deletions were engineered as follows. Reverse primers
were annealed with the sequence immediately upstream
to the deletion. Forward primers were annealed with the
sequence immediately downstream to the deletion. The 5′
ends of the forward primers were tailed with the sequence
immediately upstream to the deletion. Plasmid with full
length dysferlin was used as a template. All variants were
expressed as N-terminal Venus fusion proteins, for studies
of Ca2+ signalling ormembrane repair. C-terminal fusions
with pHluorin were used to assess localization to TT, as
described (Lukyanenko et al. 2017).

Transfection

Transfection of HEK293 cells was as described (Weisleder
et al. 2012). Transfection of FDB muscles was by electro-
poration, as reported (Zhao et al. 2012; Kerr et al. 2013;
Lukyanenko et al. 2017). At 1–2 weeks after electro-
poration, muscles were removed and either dissociated
and cultured for studies of Ca2+ signalling and TT
localization, or teased into small bundles for studies of
membrane repair.

Immunolabelling for desmin

Immunolabelling for desmin used polyclonal rabbit
antibodies to desmin and Alexa 568-conjugated goat
anti-rabbit IgG, as described (Sakellariou et al. 2016).
In brief, fibres were fixed with 2% paraformaldehyde
in phosphate-buffered saline (PBS) for 15 min,
permeabilized with 0.25% Triton X-100 in PBS, incubated
for an hour or more at room temperature in 3% BSA,
0.01% Triton X-100 in PBS. The BSA–Triton solution was
also used to dilute the primary antibodies.

Ca2+ release

Ca2+ release events were assayed as described
(Lukyanenko et al. 2017). Briefly, isolated FDB fibres
were loaded with 4.45 μM Rhod-2AM (Thermo Fisher
Scientific, Waltham, MA, USA) for 45 min at 37°C. Trains
of voltage-induced Ca2+ transients were induced by
field stimulation (1 Hz for 10 s) every 1 min. Rhod-2
was visualized with a Zeiss Duo confocal microscope

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society
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(Carl Zeiss Microscopy, Oberkochen, Germany).
Fluorescence was excited with 560 nm laser light and
emitted light was measured at wavelengths of >575 nm,
set with a LP 575 filter. Line scan images were acquired
in the middle of myofibres at a rate of 1.9 ms/line with
the aperture of the confocal detector set to maximum.
We used ImageJ 1.31v (NIH, Bethesda, MD, USA) to
determine the mean maximal value of the Ca2+ trans-
ients. The values reported weremeasured as the difference
between maximal fluorescence intensity (Fmax) and back-
ground fluorescence (F0), normalized to F0. For mild
osmotic shock injury, cultured FDB fibres were super-
fused for 1 min with a hypotonic Tyrode solution with
the concentration of NaCl reduced to 70 mM. Cells
were then superfused with isotonic Tyrode solution for
5 min. Experiments were performed at room temperature
(21–23°C).

Levels of transfection

Levels of transfection were evaluated by assessing the
Venus fluorescence in each myofibre before imaging
Rhod-2 fluorescence. The confocal diaphragm was set
at 1 Airy unit, the intensity of the 488 nm laser was
reduced to 1%, and the gain was adjusted to obtain an
average cell autofluorescence in the Venus channel of 200
arbitrary units (AU; maximum = 4095 AU), measured
in untransfected cells that lacked a Venus signal. Venus
fluorescence intensity was measured from 100 pixels per
cell with ImageJ 1.31v (NIH, Bethesda, MD).

Membrane repair

Membrane repair was assayed as reported (Gushchina
et al. 2017). Briefly, FDB muscles were surgically isolated
and placed in Ca2+-free Tyrode solution (140 mM NaCl,
5 mMKCl, 2 mMMgCl2, 10mMHEPES, pH 7.2). Muscle
bundles were mechanically separated at the tendon and

then adhered on glass-bottomed culture dishes (MatTek,
Ashland, MA, USA) with Liquid Bandage (New Skin,
Tarrytown, NY, USA) applied to the exposed tendons.
Membrane disruption was induced in Tyrode solution
supplemented with 2.5 μM FM 4–64 dye (Thermo Fisher
Scientific), and in either 2 mMCa2+ or 2 mMEGTA, with
a FluoViewFV1000multi-photon confocal laser-scanning
microscope (Olympus, Center Valley, PA, USA). A 2.5μm
circular region of interest was selected along the edge
of the sarcolemma and irradiated at 10% of maximum
infrared laser power for 3 s. Images were captured before
and after damage, every 5 s for a total of 60 s. Images were
analysed with ImageJ Fiji, by measuring the fluorescence
intensity encompassing the site of damage, with results
represented as �F/F0. The area under the curve and the
peak FM4-64 intensity were calculated with GraphPad
Prism software (GraphPad Software, La Jolla, CA, USA).

Statistics

Statistics were analysed with Prism or SigmaPlot 13.0
(Systat Software, Inc., San Jose, CA, USA) software, with
P < 0.05 considered significant. All data were collected
from muscles or myofibres from three or more mice and
are displayed as mean ± SD.

Materials

Materials were obtained from Sigma-Aldrich (St Louis,
MO, USA) and Thermo Fisher Scientific unless otherwise
noted.

Results

We used PCR-based methods to create dysferlin variants
missing each of the C2 domains, A through G, and one
construct of ‘minidysferlin’ containing only C2 domains
A and G (Dysf-�B–F; see Fig. 1A and Table 1). Each
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Figure 1. The C2 deletion constructs studied
A, cartoon depicting the constructs. Not to scale. B. SDS-PAGE and western blot analysis of the deletion mutants
pictured in A. Samples were from HEK293 cells transfected with each of the deletants, then extracted, analysed
by SDS-PAGE and immunoblotted with Hamlet antibodies to dysferiln.
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variant was tagged at its N-terminus with Venus or
at its C-terminus with pHluorin. With the exception
of Dysf-�B–F, which expressed poorly, all of these
constructs expressed well in HEK293 cells, with no
evidence of degradation as assayed by immunoblotting
with antibodies to dysferlin (Fig. 1B). All variants lacking
individual C2 domains had an apparent molecular mass
of ∼250–260 kDa, equivalent to the sum of the masses of
the Venus moiety and the truncated dysferlin molecule,
and could also be labelled in blots with antibodies
to green fluorescent protein, confirming the identity
of the fusion proteins (not shown). Venus–Dysf-�B–F
expressed in HEK293 cells had the expected molecular
mass in SDS-PAGE gels of ∼70 kDa (Fig. 1B).

Subcellular localization

We introduced the fluorescent dysferlin variants into
muscle fibres of the flexor digitorum brevis (FDB)muscles
of dysferlin-null A/J mice by electroporation (Kerr et al.
2013; Lukyanenko et al. 2017). Two weeks later we
removed the muscles, dissociated the fibres by enzymatic
digestion and placed them in culture. We first determined
the localization of each construct under fluorescence
optics alone (Figs 2A and C) and after colabelling for
the sarcomeric marker desmin, which labels at the level
of the Z-disk (Fig. 2B). In these assays, Venus and
pHluorin constructs of WT-dysferlin label at the level
of the A–I junctions, where they concentrate in the TT,
which appear as double lines of punctate structures within
each sarcomere (Kerr et al. 2013; Lukyanenko et al.
2017). All of the deletion constructs, with the exception
of Venus–Dysf-�C2A, and to lesser extents -�C2B and
-�C2C, showed little or no presence in the puncta
at the level of A–I junctions but instead concentrated
in short linear structures, parallel to the long axis of
the fibre, centred at the Z-disk and extending towards
the A–I junctions nearby. We obtained the same result
with Venus–Dysf-�C2B–F. A DS-Red construct with a
KDEL endoplasmic reticulum (ER) retention sequence
concentrated in similar longitudinal structures, suggesting
that this membrane compartment comprises part of the
ER (Fig. 2A, lower right panel). These results suggest
that C2 domains D through G are all necessary for the
Venus-tagged protein to target membranes at the level of
the A–I junctions of murine myofibres and that in their
absence their default location is the ER.
We used C-terminal pHluorin constructs of the

dysferlin variants to quantify their ability to target the
membranes of the TT. As reported, the fluorescence
of WT-Dysf–pHluorin changes substantially in response
to decreases in extracellular pH, indicative of TT
localization (Kerr et al. 2013; Lukyanenko et al. 2017).
None of the pHluorin constructs of the domain deletion
variants do so, however (Fig. 3), with the exception of
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Dysf-�C2A–pHluorin. These results suggest that all of
its C2 domains except C2A are required for dysferlin to
concentrate in TT. Notably, although Venus–Dysf-�C2B
and to a lesser extent Venus–Dysf-�C2C concentrate in
puncta at the A–I junction as N-terminal Venus and as
C-terminal pHluorin constructs (Fig. 2), neither construct
responds to changes in extracellular pH, suggesting

that the two do not concentrate in TT, with their
C-termini exposed to the TT lumen, like WT dysferlin
or Dysf-�C2A (Fig. 3). Consistent with its localization in
the same compartment as many of the dysferlin variants,
KDEL–pHluorin failed to show a significant change in
fluorescence in response to decreases in extracellular pH
(not shown).

Ven-Dysf-∆C2A

Venus

Ven-Dys-∆C2B Ven-Dysf-∆C2C Ven-Dysf-∆C2EVen-Dysf-∆C2D

Ven-Dysf-∆C2F Ven-Dysf-∆C2G Ven-Dysf-∆C2B-F

Ven-Dysf-WT

KDEL-DS-Red

A

B

C

Ven-ΔC2A Ven-ΔC2B Ven-ΔC2C Ven-ΔC2G Ven-ΔC2B-F

∆C2A-pHl ∆C2B-pHl ∆C2C-pHlDYSF-WT-pHl ∆C2F-pHl ∆C2G-pHl

desmin desmin desmin desmindesmin

Figure 2. Distribution of the C2 deletion constructs in FDB myofibres and comparison to desmin
FDB muscles were electroporated in the presence of 1.2 μg DNA encoding each of the C2 deletion constructs,
created as N-terminal Venus constructs (A and B) and as C-terminal pHluorin constructs (C), both shown in green
as well as with KDEL–DS-Red (A, lower right panel, shown in red). Two weeks later, fibres were isolated, placed
in culture for 24 h and then imaged for Venus, pHluorin or DS-Red under confocal optics (A and C). Alternatively,
they were fixed, permeabilized and immunolabelled for desmin followed by anti-antibodies coupled to Alexa Fluor
568 (B, shown in red). Note that not all constructs are shown in B and C; rather, �C2D, �C2E and �C2F give
identical patterns to �C2G in set B, and �C2D, �C2E and �C2B–F give identical patterns to �C2G in set C. The
scale bars in the lower right panels represent 5 μm and apply to all panels in each set.
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Figure 3. Changes in fluorescence of C2 domain deletants
with C-terminal pHluorin
FDB muscles were studied as in Fig. 2 after transfection with
C-terminal pHluorin constructs of each of the deletion mutants
as well as with C- and N-terminal pHluorin constructs of WT
dysferlin. After being placed in culture, samples were imaged
under confocal optics at pH 7.5, then at pH 6.5 and again at pH
7.5. The ratios of the intensities at pH 6.5 to the second
measurement at pH 7.5 are shown. Statistical differences were
assessed by Kruskal–Wallis followed by Dunn’s multiple
comparison: ∗statistically different from pHluorin linked to the
N-terminus of WT dysferlin (pHl-WT-Dysf), P < 0.0001. [Colour
figure can be viewed at wileyonlinelibrary.com]
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Ca2+ signalling

Our previous results showed that voltage-induced Ca2+
transients are lower in amplitude in dysferlin-null
muscle fibres than in wild-type fibres (Kerr et al. 2013;
Lukyanenko et al. 2017). They also showed that dysferlin
reintroduced into myofibres concentrates in TT, where it
stabilizes the Ca2+ transient after a mild hypo-osmotic
shock injury (OSI) and suppresses the generation of
Ca2+ waves (Lukyanenko et al. 2017). As most of the
dysferlin variants lacking C2 domains fail to target the
TT properly, we predicted that these variants would

similarly fail to replicate the effects of WT dysferlin on
Ca2+ signalling. When we studied myofibres expressing
each of the Venus–dysferlin fusion proteins, we obtained
a range of results, however (Fig. 4A).
In fibres assayed after transfection but before OSI, the

amplitudes of Ca2+ transients were statistically identical
in fibres transfected with Venus–Dysf-WT, or with each
of the dysferlin variants, with two exceptions, Dysf-�C2C
and -�C2D (Figs 4A and B). In the absence of C2C,
the amplitude of the Ca2+ transient was reduced by 32%,
whereas in the absence of C2D the reduction was ∼13%.
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Figure 4. Ca2+ transients supported by the C2 deletion mutants before and after OSI
A, FDB muscles were transfected and cultured as in Fig. 2, but some of the samples were transfected with 0.6 μg
instead of 1.2 μg DNA (1/2 Dysf) and others were transfected to express Venus alone. After 24 h, they were loaded
with Rhod-2AM (see Methods) and then electrically stimulated at 1 Hz, to generate the upper panels in each pair.
Fibres were then subjected to a brief hypoosmotic shock (OSI) and assayed again 5 min after being returned to iso-
tonicity, to generate the lower panels in each pair. The small fluorescence images to the right of each pair show the
distribution of the Venus or Venus–dysferlin constructs for which the results are shown. B and C, quantitative values
for the amplitudes of the Ca2+ transients obtained before (B) and after (C) OSI. AU, arbitrary units. Statistically
significant differences between each experimental construct and the three controls (Dysf, 1

2 Dysf and Venus)
were calculated with Students’ t-test and Mann–Whitney U-statistics, when appropriate. ∗Statistically different
from WT dysferlin (WT-Dysf): panel B, Venus, P = 0.0326; Dysf-�C2C, P < 0.0001; Dysf-�C2D, P = 0.0033;
panel C, Venus, Dysf-�C2C, -�C2F, -�C2G and -�C2B–F all show P < 0.0001; Dysf-�C2D, P = 0.0116; and
Dysf-�C2E, P = 0.0202. ∗∗Statistically different from 1

2 WT-Dysf : panel B, Dysf-�C2B, P = 0.0405; Dysf-�C2C,
P= 0.0018; Dysf-�C2F, P= 0.0232; panel C, Venus, Dysf-�C2A and Dysf-�C2G all show P< 0.0001; Dysf-�C2F,
P = 0.0013; Dysf-�C2B–F, P = 0.0001. #Statistically different from Venus: panel B, WT-Dysf, P = 0.0326;
Dysf-�C2B, P = 0.0305; Dysf-�C2C, P = 0.0019; panel C, WT-Dysf, 1

2 WT-Dysf, Dysf-�C2B, -�C2C, -�C2D
and -�C2E all show P < 0.0001; Dysf-�C2F, P = 0.0098. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society



J Physiol 600.8 Roles of dysferlin’s C2 structural domains 1961

Table 2. Percentage of fibres that show Ca2+ waves with
different dysferlin variants

Dysferlin variant
Number
of fibres

Fibres
with
waves

Fibres
with
waves
(%)

None (Venus alone) 28 13 46.4
Dysferlin 19 0 0
1
2 Dysferlin 45 10 22.2
Dysf-�C2A 24 6 25.0
Dysf-�C2B 34 2 5.9
Dysf-�C2C 13 3 23.1
Dysf-�C2D 22 5 22.7
Dysf-�C2E 13 4 30.8
Dysf-�C2F 27 9 33.3
Dysf-�C2G 24 8 33.3
Dysf-�C2B–F 12 3 25.0

This suggests that these domains promote the coupling
between the LTCC and RyR1 at the triad junction.

After OSI, transients in myofibres expressing
Dysf-�C2B recovered to their initial amplitudes (Fig. 4C).
Transients in fibres expressing Dysf-�C2C and -�C2D
recovered to the lower amplitudes seen before OSI (Figs
4A and C). Fibres expressing Dysf-�C2E only partially
recovered (Fig. 4C) and many of the transients induced
by electrical stimulation consisted of Ca2+ waves (Table 2;
Fig. 5). Dysf-�C2A, -�C2F, -�C2G and -�C2B–F each
failed to support significant recovery of the Ca2+ trans-
ient after OSI (Fig. 4C), despite the generation of Ca2+
waves either spontaneously or in response to voltage
pulses (Fig. 5). Only Dysf-�C2B supported normal Ca2+
transient amplitudes and complete recovery of transients
after OSI (Fig. 4C). It also almost completely suppressed
Ca2+ waves (Table 2; Fig. 5). The results suggest that the
most N-terminal C2 domain, C2A, and the three most
C-terminal domains, C2E through C2G, are required for
dysferlin to protect the Ca2+ transient from the effects of
OSI.

We observed that most dysferlin variants did not
express in myofibres as well as Venus–Dysf-WT after
identical conditions of transfection and culture. This
raised the possibility that the levels of expression of the
variants were not sufficient to restore activity, even if their
activities were equivalent to that of WT dysferlin. We
therefore studied the effects of Venus–Dysf-WT on Ca2+
signalling after OSI as a function of Venus fluorescence
intensity, measured in arbitrary units (see Methods).
We found that even very low levels of expression of
Venus–Dysf-WT, with fluorescence intensities as low as
300, generated by electroporation of lower amounts of
plasmid DNA, effectively restored the amplitude of the

Ca2+ transient to its initial levels, although they were
not as effective in suppressing the generation of Ca2+
waves (Figs 4C, 5 and 6). Specifically, halving the level
of expression of Venus–Dysf-WT allowed 22% of the
fibres to generate Ca2+ waves with a frequency of 0.12 Hz
(Fig. 6). The average fluorescence intensities for all but
a few of the deletion mutants (Dysf-�C2C), although
low, were within this range. Notably, Dysf-�C2B and
perhaps Dysf-�C2A (P = 0.0515) yielded values for the
percentage of fibres showing Ca2+ waves and for wave
frequency similar to those we found for lower levels of
WT-Dysf (average of 300 arbitrary fluorescence units),
whereas deletants lacking C2E, C2F or C2G, and perhaps
C2C and C2D, showed a higher percentage of fibres with
waves with higher wave frequencies (Table 2; Fig. 5). Thus,
the more C-terminal C2 domains of dysferlin appear to
play a more important role in suppressing Ca2+ waves
after OSI than domains A and B.
Assuming that these results are independent of the

relative spacing of the different C2 domains from
each other and other regions of dysferlin, they suggest
that dysferlin’s activities in regulating Ca2+ signalling are
asymmetric, with C2A required to suppress the loss of
the transient after OSI and the five most C-terminal C2
domains, C2C through C2G, playing different though
potentially overlapping roles in maintaining the Ca2+
transient in healthy muscle and suppressing Ca2+ waves
after injury.

Sarcolemmal membrane repair

Dysferlin also plays an important role in sarcolemmal
repair in skeletal muscle. We therefore studied the ability
of each of the deletion mutants to mediate membrane
resealing after a thermal ablation injury caused by laser
illumination (Bansal et al. 2003; Cai et al. 2009a,b;
McDade et al. 2014). As with our studies of Ca2+
signalling, we introduced the dysferlin variants as Venus
fusion proteins into FDB myofibres by electroporation.
Ten to 14 days later, we removed the muscle and dissected
out fibre bundles for further study. Notably, we did not
observe obvious differences in the levels of expression
of these constructs in the fibre bundles we assayed. We
speculate that higher levels of expression of some of the
dysferlin variants may affect the viability of myofibres
when they are dissociated and placed in culture, but not
in intact muscle or fibre bundles where the fibres remain
in a more intact state.
When we assayed membrane repair function in fibre

bundles transfected to express Venus fusion proteins of
dysferlin variants lacking C2 domains, we obtained results
that differed significantly from those for Ca2+ signalling.
In particular, all the deletants supportedmembrane repair
to some extent (Fig. 7). When assayed in the presence
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of Ca2+, which is required for dysferlin’s repair activity
(Bansal et al. 2003; Demonbreun et al. 2016; Gushchina
et al. 2017; McDade et al. 2021), each was less active in
membrane repair than WT dysferlin, with the possible
exception of Dysf-�C2E. All of the deletants, with the
possible exception of Dysf-�C2D, were more active in

membrane repair than untransfected A/J muscle fibres.
These results indicate that each domain plays some role
in membrane repair or that in the absence of a specific
C2 domain other C2 domains can partially compensate
during repair, even if they would not normally function
in the repair response in the full length dysferlin protein.
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Figure 5. Ca2+ waves in fibres
expressing the C2 deletion mutants
A, as in Fig. 4A, but transients are shown in
which Ca2+ waves were apparent. B,
frequency of Ca2+ waves in transfected
fibres. Statistically significant differences
between each experimental construct and
the Venus controls were calculated with
Students’ t-test and Mann–Whitney
U-statistics, when appropriate. ∗Statistically
different from Venus: WT dysferlin,
P < 0001; 1

2 WT-Dysf, P = 0.0131;
Dysf-�C2B, P < 0001; †Dysf-�C2A
marginally different from Venus, P = 0.0515.
[Colour figure can be viewed at
wileyonlinelibrary.com]
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Figure 6. Recovery from OSI and
frequency of Ca2+ waves as a function
of WT dysferlin expression
Fibres were transfected as in Fig. 2 with 1.2
or 0.6 μg DNA encoding Venus–WT-Dysf
and then assayed after OSI as in Figs 4
and 5. Venus–WT-Dysf levels were
determined in arbitrary units (AU) by
measuring the intensity of the Venus
fluorescence, after setting the background
autofluorescence to 200 AU (see Methods).
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These results suggest that, like the regulation of Ca2+
signalling, repair activity does not reside in a single
domain alone.

The role of the C2 domains in repair was not identical,
however. Statistical comparisons of the different deletants
indicated that deletion of C2E and C2G each inhibited
repair less than deletion of C2A or C2B, and that deletion
of C2C also inhibited repair less than deletion of C2A.
Thus, repair activity appeared to be distributed among
dysferlin’s C2 domains, though to differing extents. These
results suggest that the two N-terminal domains of
dysferlin, C2A and C2B, could play a more important
role in repair than its more C-terminal domains. Thus,
it appears that multiple C2 domains are necessary for
dysferlin to function optimally in membrane repair.

We obtained further insights into the role of the C2
domains in membrane repair by assaying their activity in
the absence of Ca2+, which severely reduces the activity
of WT dysferlin but has no effect on untransfected A/J
fibres, as would be expected from previous studies in
dysferlin-deficient muscle (Bansal et al. 2003). We found
that the roles of C2 domains C, D, E and G in membrane
repair were significantly promoted by Ca2+ (we do not
have data for C2F). The role of Ca2+ is less clear with
C2A and C2B, however. Notably, the loss of repair activity
caused by the absence of Ca2+ is much less for each of
the deletants than for WT dysferlin, further suggesting
that the full complement of C2 domains and their Ca2+
binding activity is necessary for optimalmembrane repair.
The differences among the activities of the C2 domains

Figure 7. Changes in membrane repair capacity following expression of C2 deletion mutants
FDB muscles were electroporated in the presence of 10 μg DNA encoding each of the C2 deletion constructs fused
with Venus. Between 10 and 14 days later, whole FDB muscles were isolated and then injured by multi-photon
infrared microscopy in the presence of FM4-64 dye. Confocal imagining was used to record FM4-64 fluorescence
at the injury site over the indicated time course. A, time course traces are presented for specific constructs as
mean values with SD presented as error bars. Experiments were performed either in the presence of 2 mM
extracellular free Ca2+ (top) or under EGTA buffered conditions to chelate all extracellular Ca2+ (bottom). WT
indicates A/J fibres electroporated with wild-type full length dysferlin constructs. B, area under the curve (AUC)
measurements for individual muscle fibres were calculated from time course traces of FM4-64 dye fluorescence
at sites of membrane injury sites as shown in panel A in the presence (black) and absence (red) of extracellular
Ca2+. WT indicates A/J fibres electroporated with wild-type full length dysferlin constructs. Data are presented
for specific constructs as mean values with accompanying individual values for each muscle fibre tested and SD
presented as error bars. Statistical significance was determined by ANOVA followed by Tukey’s test. ∗Significantly
different from A/J + Ca2+, WT-Dysf, Dysf-�C2C, -�C2D, -�C2E and -�C2G all showed P < 0.0001; Dysf-�C2A,
P = 0.0078; Dysf-�C2F, P = 0.0009; Dysf-�C2B–F, P = 0.0011. ∗∗Significantly different from wild-type + Ca2+, A/J,
Dysf-�C2A, -�C2B, -�C2D, -�C2F and -�C2B–F all showed P < 0.0001; Dysf-�C2C, P = 0.0002; Dysf-�C2G,
P = 0.0191. #Significantly different from A/J – Ca2+: Dysf-�C2A, P = 0.0179. †Significantly different with and
without Ca2+: WT-Dysf, Dysf-�C2D and -�C2E all showed P < 0.0001; Dysf-�C2C, P = 0.0008; Dysf-�C2G,
P = 0.0003; Dysf-�C2B–F, P = 0.048.
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noted above, as well as with full length dysferlin, were
eliminated in the absence of extracellular Ca2+, suggesting
that they were specific to the Ca2+ binding activities of
these domains.
Assuming that these results are independent of the

relative spacing of the different C2 domains from
each other and other regions of dysferlin, they suggest
that dysferlin’s activities in membrane repair are also
asymmetrically distributed, with the two N-terminal C2
domains and the five C-terminal C2 domains playing
different but possibly reinforcing roles. While optimal
membrane repair seems to require the full complement
of C2 domains, the presence of any of these C2 domains
appears to be able partially to restore the sarcolemmal
repair function of the dysferlin protein. Notably,
comparison to our results on Ca2+ signalling, above,
suggests that dysferlin’s C2 domains play different roles in
Ca2+ signalling and sarcolemmal membrane repair.

Discussion

Dysferlin in skeletal muscle was first proposed to mediate
repair of the sarcolemma after injury (Bansal et al.
2003; Bansal & Campbell, 2004; Ho et al. 2004; Glover
& Brown, 2007; Han & Campbell, 2007), but whether
this is its sole function in muscle has been in some
doubt since we reported that dysferlin concentrates
primarily in the TT of skeletal muscle, where it stabilizes
Ca2+ signalling after injury (Kerr et al. 2013, 2014;
Lukyanenko et al. 2017). Specifically, we found that a
mild hypo-osmotic shock injury of dysferlin-null myo-
fibres caused the mechanism of Ca2+ release to change
from voltage-induced to Ca2+-induced, characterized
by the appearance of spontaneous Ca2+ waves and
waves triggered initially by voltage pulses. We suggested
that CICR dominates the Ca2+ release mechanism
in dysferlin-null myofibres following injury, and that,
in addition to its role in membrane repair, dysferlin
stabilizes the voltage-dependent mechanisms responsible
for normal voltage-induced Ca2+ release. Roles for
dysferlin in membrane repair and Ca2+ signalling need
not be mutually exclusive or even completely distinct,
however, as Ca2+ plays a key role in the membrane
repair mechanism (Bansal et al. 2003; Demonbreun
et al. 2016; Gushchina et al. 2017; McDade et al. 2021).
Indeed, given its large size (237 kDa) and its dozen
or so different structural domains, dysferlin could in
principle serve several different functions in skeletal
muscle or in other cell types. Herewe tested the hypothesis
that defects in Ca2+ signalling are the primary cause
of pathology in dysferlin-null muscle, and that defects
in sarcolemmal membrane repair are secondary. Our
experiments studied variants of dysferlin that lack one or
more C2 domains, with the prediction that any domain

deletant that compromised the stabilization of Ca2+
signalling would also inhibit membrane repair. Contrary
to our hypothesis, our results indicate that dysferlin’s
C2 domains play different roles in Ca2+ signalling and
membrane repair and suggest that changes in either or
both processes can lead to dysferlinopathy.
Several different Ca2+ signalling phenotypes are

apparent in dysferlin-null A/J myofibres transfected
to express dysferlin lacking one of its C2 domains or
its five middle C2 domains, B through F (Fig. 8). We
evaluated the effects of these variants by comparing them
to the effects we observed in the complete absence of
dysferlin, i.e. in A/J fibres transfected to express Venus
alone. The initial amplitude of the Ca2+ transients in
this preparation is ∼15% lower than control myofibres
or the regions of fibres expressing wild-type dysferlin
introduced by electroporation, but it is statistically
indistinguishable from regions of transfected fibres
that fail to express exogenous dysferlin (Lukyanenko
et al. 2017). After OSI, however, the Ca2+ transient of
fibres expressing only Venus decreases in amplitude by
60–70% and many fibres (46%) show evidence of CICR,
in the form of Ca2+ waves (see also (Kerr et al. 2013;
Lukyanenko et al. 2017). Unlike transfection with Venus,
transfection with wild-type dysferlin (Venus–Dysf-WT)
supports the complete recovery of the amplitude of the
Ca2+ transient and completely suppresses Ca2+ waves,
but only in the regions of the fibres where dysferlin is
expressed (Lukyanenko et al. 2017); regions failing to
express exogenous dysferlin behave like fibres trans-
fected with Venus alone. Thus, WT dysferlin protects
the transient against the consequences of damage caused
by OSI and completely suppresses waves, indicative
of CICR. In dysferlin’s complete absence, CICR is not
always as efficient as voltage-induced Ca2+ release, as the
amplitudes of many Ca2+ waves after OSI remain low
compared to the amplitudes of transients induced initially
by voltage pulses.
Our results also show that in the presence of reduced

levels of WT dysferlin the amplitude of the Ca2+ transient
is restored after OSI, but ∼20% of the fibres show low
frequency Ca2+ waves. Because they are expressed at
low levels in transfected and cultured A/J myofibres,
the individual C2 domain deletion mutants should be
compared to Dysf-WT expressed at comparably reduced
levels. When this condition is met, Dysf-�C2B has effects
on Ca2+ signalling similar to the effects of expressingWT
dysferlin, suggesting that the C2B domain does not play a
significant role in the regulation of excitation–contraction
coupling in otherwise dysferlin-null myofibres. By
contrast, Dysf-�C2A is almost as effective as Dysf-WT
in suppressing Ca2+ waves but it fails to protect the
amplitude of the Ca2+ transient against loss following
OSI, suggesting that it contributes to stabilizing the
LTCC-RyR1 couplon responsible for Ca2+ release.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society
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Deletion of the other C2 domains individually or
domains B–F together effects greater changes in Ca2+
signalling. Dysf-�C2C and -�C2D reduce the amplitude
of the Ca2+ transient even before OSI, and, although
Dysf-�C2C restores the amplitude to its original low
level after OSI, it appears less effective than low levels of
Dysf-WT in suppressingCa2+ waves (Fig. 5). Dysf-�C2D,
-�C2E, -�C2F, -�C2G and -�C2B–F all fail to restore
the amplitude of the Ca2+ transient after OSI and fail
to suppress Ca2+ waves, although to differing extents.
Notably, there appears to be a gradient in efficacy
from C2D through C2G, suggesting that the more
C-terminal C2 domains play a greater role. Additional
experiments will be needed to assess thismore thoroughly.
Nevertheless, our data suggest that the C2 domains in the
C-terminal half of dysferlin are required to stabilize the
Ca2+ transient and suppress CICR in A/J myofibres sub-
jected to OSI.

Contrary to our original prediction, the roles of the C2
domains in sarcolemmal membrane repair appear to be
distinct. In laser-mediated wounding assays, the absence
of C2A and C2B results in significantly compromised
membrane repair, whereas removal of any of the more
C-terminal C2 domains allows membrane repair to
proceed, although not as efficiently as it does in WT
muscle. Our data suggest that C2C, C2D, C2E, C2F
and C2G contribute almost equally well to sarcolemmal
membrane repair and in a Ca2+-dependent manner,
typical of the WT protein. Thus, dysferlin appears to
show considerable polarization in its structure–function
relationships, with stabilization of Ca2+ signalling
concentrated in the C2A domain and membrane repair
activity dependent on the two N-terminal C2 domains,
with significant contributions of domains C2C to C2G
for optimal repair. It will be of considerable interest
to learn how this distribution of activities correlates
with dysferlin’s ability to associate with other proteins
associated with membrane repair, such as annexins,
caveolin 3 and TRIM72/MG53, and how these in
turn influence the activities of the variants we have
characterized here.

Our results further suggest that there is no clear
relationship between subcellular localization of the
dysferlin variants and their roles in either sarcolemmal
membrane repair or Ca2+ signalling. For example,
deletion of C2A does not inhibit trafficking of the mutant
protein to the TT, but it inhibits membrane repair and
recovery of the Ca2+ transient after injury. Thus, targeting
to the TT is not sufficient for dysferlin to be functional in
either supporting normal Ca2+ signalling or membrane
repair. Likewise, deletants lacking C2E, C2F or C2G
support membrane repair although they concentrate in
what is likely to be a compartment of the ER rather than
in TT. Perhaps most strikingly, Dysf-�C2B concentrates
in punctate structures at the level of A–I junctions but
it fails to accumulate in TT, as assayed by our pHluorin
method. Nevertheless, it fully stabilizes Ca2+ signalling,
when compared to comparable levels of Dysf-WT. One
possible explanation of this result is that our pHluorin
methods fail to detect small but significant amounts of the
dysferlin chimera oriented like the wild-type pHluorin
protein, and that these reduced levels of dysferlin in the
TT are sufficient to support normal Ca2+ signalling.
Another is that the Dysf-�C2B construct only exposes
its C-terminal pHluorin moiety to the lumen of the TT
after hypoosmotic shock. Although we are testing these
and other possibilities, the simplest interpretation is that
dysferlin needs to concentrate near but not in TT in order
to regulate Ca2+ release.
Our results indicate that dysferlin’s several activities

are distributed along the length of the molecule in
distinct patterns, which we summarize in Fig. 8. The
ability of the individual C2 domains of dysferlin to bind
Ca2+ and phospholipid vesicles with different apparent
affinities (Abdullah et al. 2014) is consistent with the
idea that dysferlin’s C2 domains have distinct activities.
‘Nanodysferlins’ (small versions of the dysferlin molecule
lacking different C2 domains) that can be expressed
in muscle by adeno-associated viruses are now being
tested as possible gene therapies for dysferlinopathies (e.g.
Llanga et al. 2017). Given the roles played by dysferlin’s
C2 domains, it will likely require considerable ingenuity

TM

Suppression of Ca waves

Recovery of transient post-OSI

Amplitude of Ca transient

Insertion into t-tubules

Membrane repair 

Required for

Localization at A-I junction

Ca dependence of membrane repair 

Figure 8. Summary of the results of our
assays of the C2 deletion mutants
Continuous lines indicate that the domain is
strongly associated with that function.
Dashed lines with longer or shorter dashes
indicate weak and even weaker
associations, respectively. The dotted line
indicates a difference that is only marginally
significant. The single green dot under C2F
indicates that this was not assayed.
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to generate a nanodysferlin that retains the activities
required to maintain healthy muscle. These studies do,
however, point towards key domains that are necessary
to support dysferlin’s function in muscle and thus should
provide insight for future developments of therapeutic
approaches.
Although our results do not indicate any coordination

of activities between C2 domains, we cannot rule out
the possibility that deletion of any given domain alters
the positioning of the other domains with respect to
each other, thereby disrupting activities that require their
proper alignment in the wild-type protein. Additional
studies of dysferlin variants carrying pathogenic point
mutations or lacking different combinations of the C2
domains may address this possibility. Furthermore, since
we made our deletions the boundaries of individual C2
domains, predicted by AlphaFold2 and RoseTTA-fold,
have likely shifted. Despite this, the sequences we have
deleted completely disrupt each of the C2 domains of
dysferlin (R. B. Sutton, personal communication). Once
these structural boundaries are set more firmly, we will be
using a more finely tuned approach to confirm and extend
our studies.
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