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ABSTRACT  Dysferlin and calpain are important mediators of the emergency response to re-
pair plasma membrane injury. Our previous research revealed that membrane injury induces 
cleavage of dysferlin to release a synaptotagmin-like C-terminal module we termed mini-
dysferlinC72. Here we show that injury-activated cleavage of dysferlin is mediated by the 
ubiquitous calpains via a cleavage motif encoded by alternately spliced exon 40a. An exon 
40a–specific antibody recognizing cleaved mini-dysferlinC72 intensely labels the circumfer-
ence of injury sites, supporting a key role for dysferlinExon40a isoforms in membrane repair 
and consistent with our evidence suggesting that the calpain-cleaved C-terminal module is 
the form specifically recruited to injury sites. Calpain cleavage of dysferlin is a ubiquitous re-
sponse to membrane injury in multiple cell lineages and occurs independently of the mem-
brane repair protein MG53. Our study links calpain and dysferlin in the calcium-activated 
vesicle fusion of membrane repair, placing calpains as upstream mediators of a membrane 
repair cascade that elicits cleaved dysferlin as an effector. Of importance, we reveal that 
myoferlin and otoferlin are also cleaved enzymatically to release similar C-terminal modules, 
bearing two C2 domains and a transmembrane domain. Evolutionary preservation of this 
feature highlights its functional importance and suggests that this highly conserved C-termi-
nal region of ferlins represents a functionally specialized vesicle fusion module.

INTRODUCTION
In 1998, dysferlin was identified as the genetic cause of recessive 
limb-girdle muscular dystrophy type 2B (Bashir et al., 1998; Liu et al., 
1998). A mouse model of dysferlin deficiency subsequently revealed 
that dysferlin was required for the calcium-dependent membrane 
resealing of injured myofibers (Bansal et al., 2003), a process with 

parallels to synaptic exocytosis and understood to involve calcium-
activated vesicle fusion to reseal a breach in the plasma membrane 
(Steinhardt et al., 1994). Dysferlin contains seven C2 domains (Lek 
et al., 2010), independently folding protein motifs responsible for 
calcium sensing, lipid binding, and vesicle fusion in synaptotagmins, 
the classical mediators of calcium-activated vesicle fusion (Rizo and 
Südhof, 1998; Shin et al., 2009).

Ferlin family proteins also have identified roles in calcium-regu-
lated vesicle fusion. The Drosophila ferlin, misfire, is required for 
calcium-dependent vesicular breakdown of the sperm plasma mem-
brane postfertilization (acrosomal exocytosis; Ohsako et al., 2003; 
Smith and Wakimoto, 2007). Caenorhabditis elegans Fer-1 mutants 
are infertile due to a defect in calcium-activated fusion of a special-
ized membranous organelle during spermatogenesis (Achanzar 
and Ward, 1997; Washington and Ward, 2006). Human otoferlin 
mutations cause deafness due to a defect in calcium-activated 
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collective results suggest that in the emergency setting of a 
membrane injury, where intracellular calcium levels rise to acutely 
high levels within the injury zone, calpain cleavage of dysferlin may 
provide a means to release a synaptotagmin-like module that plays a 
specialized role in the vesicle fusion of membrane repair.

The involvement of calpains for membrane repair was first noted 
in transected giant squid axons that failed to reseal a severed neu-
rite in the presence of the potent calpain inhibitor calpeptin (Xie and 
Barrett, 1991). Later studies reproduced these findings and further 
demonstrated that addition of exogenous calpain enhanced reseal-
ing of a transected axon and indeed could facilitate resealing even 
in the absence of calcium (Godell et al., 1997). Studies in various 
mammalian cell types also highlight a vital role for the ubiquitous 
calpains-1 and -2 in acute resealing of a plasma membrane injury. 
Genetic knockdown of calpain-1 and -2 significantly impairs calcium-
dependent membrane resealing after injury, as does treatment with 
calpain inhibitors (Mellgren et al., 2007, 2009; Taneike et al., 2011).

The role of calpain activity in membrane repair might be ex-
pected to involve focal adhesion and cytoskeletal remodeling, cut-
ting anchors to allow dynamic microtubule and actomyosin networks 
to deliver and remove vesicles from the wound site. However, elec-
tron microscopy of transected neurites revealed that calpain inhibi-
tion did not block vesicle formation or recruitment to the injury site 
but instead showed a failure of vesicle fusion to restore a dye-imper-
meable barrier at the severed end (Godell et al., 1997). Thus how 
calpains regulate the calcium-activated vesicle fusion of membrane 
repair has remained unclear.

Our study provides a direct link between calpain and dysferlin in 
the calcium-activated vesicle fusion of membrane repair. We show 
that dysferlin bears a calpain cleavage site within alternately spliced 
exon 40a and is specifically cleaved in the setting of a membrane 
injury in response to high local intracellular calcium. Of importance, 
we demonstrate that other members of the ferlin family can also be 
cleaved enzymatically to release similar synaptotagmin-like mod-
ules, bearing two C2 domains anchored by their transmembrane 
domain. Our results suggest a novel functional paradigm for the 

ferlin family by which calcium signaling acti-
vates the enzymatic cleavage of ferlins to 
release a synaptotagmin-like module. The 
preservation of this property among differ-
ent ferlin paralogues suggests that it results 
in an important modification to their 
function.

RESULTS
Cleavage of dysferlin to form mini-
dysferlin is conferred by exon 40a
In this study, we aimed to identify the mech-
anisms controlling the injury-activated cleav-
age of dysferlin and the release of the mini-
dysferlinC72 synaptotagmin-like module. 
Molecular weight calculations of mini-dys-
ferlinC72 (72 kDa) predict that the cleavage 
site lies between exons 40 and 41, between 
C2DE and C2E within the dysferlin protein 
domain structure (Figure 1, A and B). An al-
ternatively spliced exon, exon 40a, occurs 
between exons 40 and 41. In silico analysis 
of human dysferlin exon 40a (Liu et al., 2011; 
ccd.biocuckoo.org), together with a number 
of dysferlin orthologues, revealed the pres-
ence of a putative calpain cleavage site 

exocytosis of neurotransmitter-containing vesicles at the specialized 
ribbon synapse of cochlear inner hair cells (Roux et al., 2006). Given 
the established role of ferlins in calcium-activated vesicle fusion, it is 
proposed that dysferlin may function as a specialized calcium trig-
ger for the vesicle fusion of membrane repair, a process particularly 
important for skeletal muscle that is regularly subject to stretch-in-
duced membrane injury (McNeil and Khakee, 1992).

Mitsugumin-53 (MG53, also known as TRIM72) is a TRIM-family 
(tripartite motif) E3 ubiquitin ligase that also plays a key role in mus-
cle membrane repair (Cai et al., 2009a). Although MG53 has not 
been implicated in human neuromuscular disease, a mouse knock-
out model displays a mild muscular dystrophy characterized by de-
fective myofiber membrane resealing (Cai et al., 2009a). Recently 
we demonstrated that MG53 and dysferlin are rapidly recruited 
to sites of ballistics injury in cultured human myotubes, forming a 
lattice-like network that initially specifically labels the exposed 
edges of the membrane lesion and then expands as the lesion is 
filled in and resealed (Lek et al., 2013). Intriguingly, we were able to 
immunodetect only the C-terminus of dysferlin at sites of mem-
brane injury, with three central region or N-terminal antibodies 
showing negative staining at injury sites (Lek et al., 2013). Western 
blot analyses subsequently revealed that membrane injury induced 
cleavage of dysferlin, releasing a C-terminal fragment we termed 
mini-dysferlinC72 and an N-terminal counterfragment. Cleavage of 
dysferlin was calcium dependent, occurred most efficiently at neu-
tral pH, and was inhibited by the calpain inhibitor calpeptin, allud-
ing to a role for calpains in dysferlin cleavage with membrane injury 
(Lek et al., 2013).

Of interest, the C-terminal module released by calpain cleavage 
of dysferlin, mini-dysferlinC72, bears structural resemblance to a syn-
aptotagmin, with two cytoplasmic C2 domains anchored by a trans-
membrane domain. Moreover, our previous phylogenetic studies 
reveal the two most C-terminal C2 domains are the most evolution-
arily conserved within the ferlin family tree, with ∼90% amino acid 
identity between human and mollusk C2E and C2F domains (Lek 
et  al., 2010), suggesting a core and preserved function. Thus our 

FIGURE 1:  The calpain cleavage site in dysferlin is predicted to reside in exon 40a. (A) The 
apparent molecular weight of mini-dysferlinC72 (72 kDa) predicts that cleavage of dysferlin 
occurs between exons 40 and 41, between C2DE and C2E. (B) Exon 40a bears a consensus site 
for calpain cleavage (GPS-CCD, ccd.biocuckoo.org; Liu et al., 2011). (C) Alignment of exon 40a 
between dysferlin paralogues reveals only moderate preservation of amino acid sequence. 
However, exon 40a sequences in all species possess a putative calpain cleavage site, in each 
case with maximum likelihood of cleavage LAPTNTA–SPPSSPH.
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Calpains cleave dysferlin within exon 40a to form 
mini-dysferlinC72
Our previous study established that cleavage of dysferlin is 
calcium dependent and blocked by treatment with the calpain in-
hibitor, calpeptin. Calpeptin also exerts inhibitory effects upon the 
lysosomal cysteine proteases, cathepsins. Thus we used mouse 
embryonic fibroblasts with CAPNS1 (also known as CAPN4) 
genetically ablated (Tan et al., 2006) to establish specificity for cal-
pains in the injury-activated cleavage of dysferlin. The ubiquitously 
expressed conventional calpain-1 and -2 isoforms are heterodim-
ers consisting of the common CAPNS1-encoded regulatory sub-
unit and either a CAPN1- or a CAPN2-encoded catalytic subunit, 
respectively. CAPNS1 is required for stability and proteolytic activ-
ity of the calpain-1 and -2 isoforms. Knockout of CAPNS1 results in 
complete ablation of calpain-1 and -2 proteolytic activity (Tan 
et al., 2006).

We transfected mouse embryonic fibroblasts (MEFs) with dysfer-
lin expression constructs with and without exon 40a. Three MEF 
lines were used: wild-type (WT), CAPNS1 knockout (−/−), and a res-
cued line stably transduced with a viral vector expressing CAPNS1 
(−/−R) that displays elevated levels and activity of calpain-1 and -2 
(Tan et al., 2006; Figure 2B, CAPN2 Western blot). Each transfected 

within this alternatively spliced exon, with the highest likelihood of 
cleavage occurring at the LAPTNTA–SPPSSPH junction in each case 
(Figure 1C).

To examine whether cleavage of dysferlin is conferred by exon 
40a, a region flanking exon 40a was PCR amplified from human 
skeletal muscle and subcloned into our dysferlin expression con-
struct lacking exon 40a. Human embryonic kidney 293 (HEK293) 
cells, which do not express significant levels of endogenous dys-
ferlin, were transfected with dysferlin expression constructs with 
and without exon 40a and then subjected to membrane injury via 
cell scraping in the presence or absence of extracellular calcium. 
Cell injury induced the calcium-dependent cleavage of dysferlin 
to release C-terminal mini-dysferlinC72 (Figure 2A, left) and the 
N-terminal counterfragment (Figure 2A, middle) only in cells 
transfected with the dysferlin expression construct bearing exon 
40a. HEK293 cells expressing the canonical skeletal muscle iso-
form of dysferlin (without exon 5a, with exon 17, and without 
exon 40a) did not show injury-activated, calcium-dependent 
cleavage of dysferlin. We also established that the cleaved mini-
dysferlinC72 product bears the extreme luminal/extracellular do-
main by probing a triplicate membrane with anti-Myc (Figure 2A, 
right).

FIGURE 2:  Cleavage of dysferlin to form mini-dysferlinC72 is conferred by exon 40a. (A) Untransfected HEK293 cells, as 
well as HEK293 transfected with dysferlin expression constructs with (+40a) or without exon 40a, were subjected to 
scrape injury 24 h posttransfection in the presence or absence of calcium. Only dysferlin expression constructs bearing 
exon 40a demonstrate injury-activated, calcium-dependent formation of the C-terminal mini-dysferlinC72 fragment (lane 
6, Hamlet-1 and anti-Myc, black arrows). The N-terminal counterfragment can be detected with Romeo-1 (lane 6, gray 
arrow). Membranes were reprobed for loading controls GAPDH and β-tubulin. (B) Ubiquitous calpains specifically cleave 
exon 40a–containing dysferlin. MEFs were transfected by electroporation with dysferlin expression constructs with or 
without exon 40a and harvested 24 h posttransfection via scrape injury in the presence of calcium. Injury-activated 
formation of mini-dysferlinC72 requires exon 40a and is observed in wild-type MEFs (WT) but not in MEFs from CAPNS1-
knockout mice (−/−) deficient for calpain-1 and -2. Retroviral rescue of CAPNS1 in knockout (−/−R) MEFs restores 
calpain expression (see CAPN2 immunoblot) to levels exceeding that in WT cells and increases injury-induced dysferlin 
cleavage. Mini-dysferlinC72 is indicated with asterisks. (C) Dysferlin bearing exon 40a is specifically cleaved by either 
calpain-1 or -2 in vitro, forming mini-dysferlinC72. Enhanced GFP–dysferlinFLAG was immunoprecipitated with anti-
dysferlin (Romeo) and protein G–Sepharose (see Materials and Methods). Sepharose beads were incubated with the 
indicated dilutions of purified recombinant calpain-1 or -2 at 30°C for 3 min in the presence of 2 mM CaCl2. Digested 
samples were analyzed by SDS–PAGE and Western blot. Dysferlin bearing exon 40a is specifically cleaved by both 
calpain-1 and -2 to form mini-dysferlinC72 (black arrowhead), whereas dysferlin without exon 40a remains uncleaved.
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in vitro calpain cleavage experiments using purified calpain and 
immunopurified dysferlin. Figure 2C shows that immunoprecipi-
tated dysferlin bearing exon 40a is cleaved by both calpain-1 and 
-2, whereas the canonical dysferlin lacking exon 40a cannot be 
cleaved.

Exon 40a is widely expressed in human tissues
To determine whether there is one dominant exon 40a-containing 
dysferlin transcript, we derived primer sets flanking each of the al-
ternately spliced exons 5a, 17, and 40a and analyzed their relative 
abundance among dysferlin transcripts derived from a panel of hu-
man tissues (Clontech Multiple Tissue cDNA panels I and II; Figure 
3A). Exon 40a-containing dysferlin transcripts are abundantly ex-
pressed in most human tissues (40–60% of transcripts in liver, kidney, 
lung, placenta, and pancreas; Figure 3A). Skeletal muscle expresses 

cell line was subjected to a scrape injury in the presence of calcium. 
Again, cleavage of dysferlin was observed only in cells transfected 
with dysferlin containing exon 40a (Figure 2B, middle three lanes). 
Mini-dysferlinC72 was not detected in CAPNS1−/− MEFs, and mini-
dysferlinC72 levels were increased in rescued CAPNS1−/−R cells that 
express elevated levels of calpain-1 and -2, results consistent with 
calpains as specific mediators of dysferlin cleavage. Increased levels 
of immunoreactive degradative bands can be observed in CAPNS1−/− 
MEFs (although not cleaved mini-dysferlinC72). This is because 
CAPNS1−/− MEFs have an overt membrane repair defect and suffer 
cytotoxicity from the AMAXA nucleofection, resulting in elevated 
proteolysis within the harvested pool of cells.

To provide further evidence supporting calpains as mediators 
of dysferlin cleavage and establish whether mini-dysferlinC72 
is preferentially produced by either calpain-1 or -2, we performed 

FIGURE 3:  Exon 40a–containing dysferlin is ubiquitously expressed, and mini-dysferlinC72 can be generated in multiple 
tissues. (A) Exon 40a is widely expressed in human tissues (∼40–60% transcripts), with lower relative levels in skeletal 
muscle, heart, and brain (∼10–15% transcripts). Dysferlin alternately spliced exons 5a, 17, and 40a were PCR amplified 
from a human tissue cDNA panel (Clontech) using primers flanking each of the exons. PCR amplification was performed 
for 30, 35, and 40 cycles to derive a simple standard curve and control for saturation. Ctrl; plasmid control. 
(B) Endogenous dysferlin from multiple tissues is cleaved by calpains in vitro, releasing mini-dysferlinC72. Mouse tissues 
were sectioned and lysed in RIPA, and endogenous dysferlin was immunoprecipitated with Romeo and protein 
G–Sepharose. Dysferlin-bound Sepharose beads were incubated with 0.2 active unit (A.U.) of purified recombinant 
calpain-1 at 30°C for 10 s in the presence of 2 mM CaCl2. Dysferlin was detected by Western analysis with the 
C-terminal antibody Hamlet-1. Mini-dysferlinC72 is indicated with a black arrow. (C) An anti–exon 40a antibody (α-40a) is 
specific to exon 40a-containing dysferlin in transfected HEK293 cells. Membranes were probed with anti–exon 40a and 
then reprobed with Hamlet-1 to reveal total dysferlin expression. GAPDH indicates even loading. (D) Anti–exon 40a 
antibody recognizes full-length dysferlin-exon 40a and cleaved mini-dysferlinC72 but not the N-terminal 
counterfragment. Dysferlin was immunopurified from transfected HEK293 cells and subject to in vitro calpain cleavage. 
R1 (Romeo) reveals the N-terminal counterfragment, H1 reveals mini-dysferlinC72, and α-40a shows reactivity to 
full-length dysferlin and mini-dysferlinC72. (E) Dysferlin exon 40a is expressed at similar levels in human muscle and heart. 
Total dysferlin was immunoprecipitated with Hamlet-1 from three control human muscles (1–3, ages 5, 18, and 37 yr, 
respectively, from young adults subject to testing for malignant hypothermia and shown to be normal) and two human 
hearts (1 and 2, donor hearts from young adults). Dysferlin-exon 40a was identified by Western blot with pAb α-40a. 
Membranes were reprobed with Romeo to reveal total immunoprecipitated dysferlin.
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We raised a rabbit polyclonal antibody to 
human exon 40a and demonstrated its spec-
ificity by Western analysis of transfected 
HEK293 cells (Figure 3C). We also performed 
in vitro calpain cleavage of dysferlin-exon 
40a immunoprecipitated from HEK293 cells 
and found that the pAb-exon 40a recognizes 
full-length dysferlin bearing exon 40a and 
cleaved mini-dysferlinC72 but not the N-ter-
minal counterfragment recognized by Ro-
meo-1 (Figure 3D). Despite lower relative 
levels of exon 40a transcripts in skeletal mus-
cle and heart (compared with other tissues, 
such as kidney and lung), our anti–human 
pAb-exon 40a specifically recognized dys-
ferlin-exon 40a protein by Western blot in 
human skeletal muscle and heart (Figure 3E; 
unfortunately, the only human tissues avail-
able for study). Our results cannot be used 
to infer the proportion of dysferlin-exon 40a 
relative to other isoforms, only that dysferlin 
with exon 40a is expressed at similar levels in 
heart and skeletal muscle relative to the total 
dysferlin pool detected by Romeo.

Injury-activated cleavage of dysferlin 
is a ubiquitous response to membrane 
injury in multiple cell lineages and 
occurs independently of MG53 
expression
Although skeletal muscle is believed to be 
particularly prone to membrane injury due 
to its contractile functions under load, mem-
brane injury is also a feature of ischemic in-
jury to heart and brain and shear stress injury 
of blood vessel endothelia. Because dysfer-
lin is ubiquitously expressed and readily de-
tected in endothelia and brain, we studied 
whether the calcium-activated calpain cleav-
age of dysferlin represents a ubiquitous 
response to acute membrane injury or is 
a specific adaptation of skeletal muscle. In 
primary cultures of human myotubes, hu-
man umbilical vein endothelial cells (HU-

VECs), mouse astrocytes, and microglia, as well as secondary human 
oligodendrocytes (MO3.13), each displayed calcium-dependent, 
calpeptin-sensitive formation of mini-dysferlinC72 after scrape dam-
age (Figure 4A). Primary mouse astrocytes and HUVECs do not ex-
press detectable levels of MG53 but are still capable of forming 
mini-dysferlinC72, indicating that MG53 is not required for calpain 
cleavage of dysferlin (Figure 4B).

Immunolabeling experiments of differentiated MO3.13 oligo-
dendrocytes (differentiation increases dysferlin expression) sub-
jected to ballistics injury with silica microparticles (4-μm diameter) 
revealed robust labeling for dysferlin at sites of membrane injury 
within 10 s of injury (Figure 5, top, left; Hamlet-1, green), concordant 
with our previous study in cultured human myotubes (Lek et  al., 
2013). Similarly, injury-induced dysferlin accumulation could be de-
tected only with the C-terminal antibody Hamlet-1 and not the N-
terminal antibody Romeo (Figure 5, top, middle; Romeo, red). Stain-
ing of primary human myotubes, biasing antibody binding to the 
dysferlin N-terminus by incubating with the N-terminal Romeo 

the lowest relative levels of exon 40a–containing transcripts 
(∼10–15%), with heart and brain expressing intermediate levels 
(∼15–25%). Exon 5a–containing transcripts dominate in liver, kidney, 
lung, placenta, and pancreas (80–90% of transcripts). Exon 17 shows 
variable tissue-specific expression, comprising the dominant mRNA 
species in liver, heart, brain, and muscle but only a minor mRNA 
species in kidney, lung, placenta, and pancreas. Our results there-
fore suggest that in human tissues exon 40a is regularly copresent 
with exon 5a and sometimes copresent with exon 17; this is consis-
tent with previous results by Pramono et al. (2009), who compared 
splice isoforms of dysferlin in skeletal muscle and peripheral blood 
monocytes.

We also performed in vitro calpain digestion of dysferlin immu-
nopurified from murine tissues with Hamlet-1. Results demonstrate 
that a proportion of expressed dysferlin can be cleaved by calpain 
to release mini-dysferlinC72, consistent with widespread expression 
of a dysferlin protein product derived from exon 40a–encoded tran-
scripts (Figure 3B).

FIGURE 4:  Dysferlin is cleaved in multiple cells types independent of MG53. (A, B) Injury-
activated formation of mini-dysferlinC72 is calcium dependent and blocked by calpeptin and 
occurs in multiple cell lineages. (A) Cells were cultured to confluence and damaged by scraping 
in the presence or absence of Ca2+ or the presence of Ca2+ plus the calpain inhibitor calpeptin 
(Calp). Cell pellets were lysed in RIPA, and 10 μg of protein was separated by SDS–PAGE and 
transferred onto PVDF membrane. One PVDF membrane was probed with Hamlet-1, which 
detects the dysferlin C-terminus and mini-dysferlinC72 (black arrowhead). The duplicate PVDF 
membrane was probed with Romeo, detecting the dysferlin N-terminus and corresponding 
cleaved N-terminal fragment (gray arrowhead). Membranes were reprobed with anti-MG53 or 
anti-GAPDH to show equal loading. (B) Mouse astrocytes and human umbilical vein endothelial 
cells do not express MG53, and thus formation of mini-dysferlinC72 occurs independently of 
MG53.
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An antibody specifically recognizing exon 40a intensely 
labels ballistics injuries in human myotubes
Of interest, an antibody raised specifically to an antigen encoded by 
exon 40a robustly labels the exposed edges of ballistics lesions in 
cultured human myotubes 10 s after injury (Figure 5, third row; α-
exon 40a, green; MG53, red). These results are consistent with our 
proposal that the exon 40a isoform of dysferlin plays a specialized 
role in membrane repair and that the C-terminal module released 
by calpain cleavage within exon 40a may be the form specifically 
recruited to injury sites.

Calpain-2 recruits to sites of membrane damage in cultured 
myotubes
To determine whether injury-activated recruitment of activated cal-
pains to the plasma membrane temporally correlates with that of 
dysferlin, we damaged primary human myotubes using our ballistics 
assay and performed immunolabeling experiments with antibodies 
recognizing calpain. For these studies, we used very light permeabi-
lization (0.01% saponin for 1 min) to minimize extraction of soluble 
calpain-2. Under these conditions, calpain-2 showed enrichment at 
injury sites at 2 s (T2) and 10 s (T10) postinjury (Figure 5, rows 4 and 
5). Calpain-2 showed bright and consistent enrichment at bruised 
ballistics lesions and small perforations also labeled by MG53 (Figure 
5, T2, row 4), whereas larger lesions often showed a “void” of nega-
tive staining around the lesion, suggesting that calpain-2 may es-
cape or be extracted from large injury sites (Figure 5, T10, row 6). 
Our previous studies showed that MG53 is recruited to the injury 
zone within 2 s, whereas dysferlin is not detectable until 10 s postin-
jury (Lek et al., 2013). Thus the temporal recruitment of activated 
calpains to injury sites is consistent with our proposal that activated 
calpains are upstream and perhaps primary mediators of a mem-
brane repair cascade, with cleaved dysferlin operating as one effec-
tor in this pathway.

Calpains are primary mediators of the calcium-activated 
repair response triggered by membrane injury
To determine a potential link between calpain activation, cleavage 
of dysferlin, and cell survival after an acute membrane injury, we 
developed a flow cytometry assay to quantify membrane resealing 
across populations of cells injured by scraping. Primary human myo-
tubes (nascently differentiated for 3 d to activate dysferlin expres-
sion) were injured by cell scraping, allowed to reseal for 10 min, and 
then incubated in cell-impermeable propidium iodide, the “cell 
death” marker. Flow cytometry was then used to analyze the pro-
portion of cells that failed to reseal and were permeable to propid-
ium iodide. Our results confirm a requirement for calcium for mem-
brane resealing, with ∼30% increase in cell survival when calcium is 
present (Figure 6A). By titrating levels of extracellular calcium, we 
show that maximal cell survival is achieved with extracellular calcium 
concentrations >100–200 μM, remarkably consistent with studies 
published by Steinhardt et al. (1994).

Calpeptin potently inhibited cell survival of human myotubes af-
ter acute membrane injury, even in the presence of 900 μM extracel-
lular calcium (Figure 6B; calpeptin IC50 = 11.8 ± 5.8 mM). These re-
sults support calpains as primary effectors of the calcium-dependent 
repair response triggered by membrane injury (Godell et al., 1997; 
Mellgren et al., 2007).

Western blot analysis of cells subjected to the same scrape-injury 
assay revealed that the calcium dependence of dysferlin cleavage 
occurs with an EC50 of ∼ 250 μM extracellular calcium (Figure 6C). 
Our collective results over five independent experiments highlight 
>200 μM extracellular calcium as a tipping point for dysferlin 

antibody before the C-terminal antibody Hamlet-1, similarly high-
lights specific recognition of the dysferlin C-terminus but not the 
dysferlin N-terminus at injury sites (Figure 5, second row).

FIGURE 5:  Dysferlin exon 40a and calpain recruit to sites of 
membrane injury. Cultured MO3.13 secondary oligodendrocytes 
(row 1) and primary human myotubes (row 2) were shot with 4-μm 
silica beads using a Bio-Rad Helios Gene Gun, fixed at 10 s postinjury 
in cold 3% paraformaldehyde, and then permeabilized and 
immunolabeled (see Materials and Methods). Romeo was applied for 
2 h before Hamlet-1 to bias the detection of the N-terminal dysferlin 
epitope. Dysferlin was detectable only at sites of membrane injury 
with Hamlet-1 (rows 1 and 2). Staining with an antibody raised to 
dysferlin exon 40a revealed exon 40a–containing dysferlin recruits to 
sites of injury within 10 s (row 3). Calpain-2 was detectable at sites of 
membrane injury at 2 s (T2, row 4) and 10 s postdamage (T10, row 5). 
Large-injury sites often showed a void of negative labeling for 
calpain-2 (T10, row 6), suggesting that calpain might be extracted or 
escape from large injuries. Scale bar, 5 μm.
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predicted products bear two C2 domains anchored by their trans-
membrane domain, a structure similar to that of the synaptotagmin 
family of vesicle fusion proteins (Figure 7C).

Although our results show that myoferlin and otoferlin can be 
cleaved by calpain, we asked whether they are in situ. Transfected 
HEK293 cells were injured by scraping in the presence of calcium 
and then harvested in lysis buffer containing EDTA and a protease 
inhibitor cocktail containing 50 μM calpeptin to inhibit all further 
calpain activity. Transfected cells were also harvested as uninjured 
cells either in a “permissive” lysis buffer (plus calcium, without EDTA 
or calpeptin) to facilitate maximal Ca2+-activated cleavage or a 
“nonpermissive” buffer (without calcium, plus EDTA and calpeptin; 
see Materials and Methods).

Exon 40a–containing dysferlin and otoferlin showed injury- and 
calcium-dependent formation of a C-terminal cleavage module 
(Figure 7B). Of interest, in multiple experiments, a C-terminal cleav-
age product of myoferlin was regularly observed in uninjured cells, 
suggesting that cleavage of myoferlin occurs constitutively within 
cells (Figure 7B). We have never observed cleavage of exon 40a–
containing dysferlin in uninjured cells and believe our results might 

cleavage in injured cells. Of interest, this mirrors the calcium activa-
tion profile of calpain-2 for enzymatic cleavage of immunopurified 
dysferlin (Figure 6F). Given that calpain-1 shows maximal enzymatic 
cleavage of dysferlin with <50 μM calcium (Figure 6E), whereas cal-
pain-2 requires >200 μM calcium for enzymatic cleavage of dysferlin 
(Figure 6F), our results suggest that the extra activity of calpain-2 
might have special importance for the injury-activated cleavage of 
dysferlin in situ.

Other ferlin proteins are enzymatically cleaved by calpain 
to release similar synaptotagmin-like modules
We next investigated whether calpain cleavage was a unique prop-
erty of dysferlin or whether other members of the ferlin family share 
this property. We derived expression constructs of myoferlin and 
otoferlin and immunopurified each ferlin paralogue from transfected 
HEK293 cells using a luminal FLAG tag conjugated to the C-termi-
nus. In vitro calpain cleavage revealed that exon 40a–containing 
dysferlin, myoferlin, and otoferlin were rapidly cleaved at a single, 
dominant cleavage site, releasing C-terminal (Figure 7A, top) and 
N-terminal (Figure 7A, bottom) fragments. In each case, the 

FIGURE 6:  Mini-dysferlinC72 formation requires ∼200 μM extracellular calcium, broadly correlating with the extracellular 
calcium concentration required for calcium-dependent membrane repair of injured muscle cells. (A) Development of a 
flow cytometry membrane repair assay reveals 100–200 μM as the activating concentration of extracellular Ca2+ 
required for calcium-dependent membrane repair pathways in cultured human muscle cells. (B) Treatment of primary 
human muscle cells with the calpain inhibitor calpeptin shows dose-dependent inhibition of cell survival, with an IC50 of 
11.8 ± 5.8 μM (a representative dose–response curve is shown; the calculated IC50 is derived from four independent 
dose–response curves performed on different days, one with singlet samples at each dose, three in duplicate). 
C) Representative Western blot of a dose–response curve showing increasing formation of cleaved mini-dysferlinC72 
with increasing concentrations of extracellular calcium. (D) Pooled densitometric quantification of levels of cleaved 
mini-dysferlinC72 from five calcium dose–response curves (EC50 of ∼ 250 μM Ca2+, 95% confidence interval). (E, F) In vitro 
digestion of dysferlin-exon 40a with 0.2 A.U. of purified calpain-1 (E) and calpain-2 (F). Mini-dysferlinC72 is indicated with 
black arrows.
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cellular calpains (or other enzymes) in their 
cleavage.

DISCUSSION
The ubiquitous calpains (calpain-1 and -2; 
Mellgren et al., 2007, 2009; Taneike et al., 
2011) and dysferlin (Bansal et al., 2003) have 
been separately identified as key mediators 
of calcium-dependent plasma membrane 
repair. In this article, we link roles for cal-
pains and dysferlin in the acute response to 
a membrane injury, providing an explana-
tion as to how calpains may directly regulate 
the vesicle fusion of membrane repair 
(Godell et al., 1997). We demonstrate that 
the calpain cleavage site within dysferlin in 
encoded by alternately spliced exon 40a. Of 
interest, dysferlin exon 40a is comparatively 
divergent among mammals (52% amino 
acid identity; Figure 1C) relative to flanking 
exons 40 and 41 (96 and 88% identity, re-
spectively). Calpain cleavage is determined 
not by a specific amino acid motif but by 
both secondary and tertiary structural deter-
minants of the cleavage site (Tompa et al., 
2004). Despite the sequence divergence 
within exon 40a, in silico algorithms strongly 
predict calpain cleavage at the same posi-
tion in all higher vertebrates analyzed, sug-
gesting that evolutionary pressure has tar-
geted the maintenance of the calpain 
cleavage site, regardless of the exact amino 
acid sequence encoding it.

Calpains are not terminal degradative 
enzymes but act to selectively modify sub-
strates, often altering protein function as 
opposed to removing the protein (Goll 
et  al., 2003). Evolutionary preservation of 
alternate splicing as a means to regulate ex-
pression of “calpain-cleavable” dysferlin im-
plies that calpain cleavage of dysferlin in re-
sponse to high-intensity calcium signaling 
imparts an important functional modifica-
tion. We observed the lowest relative ex-
pression of exon 40a transcripts in skeletal 
muscle, heart, and brain—the three major 
excitable tissues. It is possible that promis-
cuous production of cleaved mini-dysferlin 
may not always be desirable, and expres-
sion of “cleavable” dysferlin may be more 
tightly regulated in excitable tissues, where 
calpain activity may be higher.

Why does dysferlin need to be cleaved 
by calpains? Our main hypothesis is that 
separation of the N-terminus from the C-
terminus overcomes a regulatory checkpoint 
in the vesicle fusion activity of dysferlin, per-
haps conferring an “overdrive” function by 
which mini-dysferlinC72 facilitates quicker ex-

ecution of vesicle fusion activity that is used for emergency mem-
brane repair. Which pool of dysferlin is cleaved? Recent studies of 
murine muscle fibers transgenically expressing dysferlin-pHluorin 

highlight a key functional difference between dysferlin and myofer-
lin. Our current research is focused on refining the precise cleavage 
site within myoferlin and otoferlin and determining the exact role of 

FIGURE 7:  Calpain cleaves otoferlin and myoferlin in addition to dysferlin. (A) Calpain rapidly 
cleaves immunoprecipitated ferlin proteins in vitro. DysferlinMycHis, otoferlinMycFlag, and 
myoferlinMycFlag were immunoprecipitated with anti-myc and protein G–Sepharose (see Materials 
and Methods). Dysferlin-bound Sepharose beads were incubated with purified 0.2 A.U. of 
recombinant calpain-1 at 30°C for 2 or 10 s in the presence of 2 mM CaCl2. Proteolysis was rapidly 
inhibited by reconstitution of the reaction in SDS lysis buffer and heating to 94°C. Digested 
samples were analyzed by SDS–PAGE and Western blot. Top, C-terminal fragments detected with 
anti-myc (dysferlin) or anti-Flag (myoferlin and otoferlin). Bottom, N-terminal fragments detected 
by N-terminal (Romeo-dysferlin) or internal antibodies (7D2, myoferlin; C12, otoferlin). 
(B) Dysferlin and otoferlin display damage-dependent cleavage, whereas myoferlin cleavage 
appears to be constitutive. HEK293 cells were transfected with dysferlinMycHis, otoferlinMycFlag, 
and myoferlinMycFlag and lysed in calcium-free RIPA (lane 1), RIPA containing 900 μM calcium 
(permissive for calpain cleavage), or damaged by scraping in the presence of calcium. Scraped cell 
pellets were lysed in calcium-free RIPA, and 10 μg of protein was separated by SDS–PAGE and 
transferred onto PVDF membrane. Dysferlin was detected with anti-Myc; otoferlin and myoferlin 
were detected with anti-Flag. (C) Diagram of the predicted calpain cleavage sites within dysferlin, 
otoferlin, and myoferlin (schematic produced using DOG 2.0; Ren et al., 2009). Molecular weight 
calculation of the cleaved C-terminal modules was used to elucidate the most likely calpain 
cleavage site (ccd.biocuckoo.org). In each case, the C-terminal fragments released by calpain 
cleavage represent transmembrane-anchored, dual-C2-domain modules.
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paradigm in which calpain cleavage of dysferlin releases mini-
dysferlinC72, which subsequently recruits to, and aids repair of, dam-
aged membranes.

A major finding of this study is that other ferlin family members 
can be enzymatically cleaved to release N- and C-terminal modules. 
Myoferlin and otoferlin are cleaved to form tail-anchored, dual-C2-
domain C-terminal fragments similar to mini-dysferlinC72 (Figure 
7A). The C2 domains of the mini-ferlin modules, C2E and C2F, are 
the most highly conserved C2 domains of the ferlin family (Lek et al., 
2010). Moreover, the dual-C2-domain C-terminal modules have 
structural similarity to the synaptotagmin family of vesicle fusion 
proteins (Figure 7B). Our results imply that cleavage of ferlin pro-
teins is an evolutionarily conserved event with origins predating 
gene expansion of the ferlin family.

We hypothesize the synaptotagmin-like modules released 
through enzymatic cleavage of ferlin proteins have specialized vesi-
cle-fusion modality. For dysferlin and otoferlin, we show that the 
unregulated calcium influx after membrane disruption activates cal-
pains to release these C-terminal vesicle-fusion modules. In con-
trast, our evidence suggests that myoferlin is cleaved constitutively, 
highlighting a potential difference in the functional modulation be-
tween the highly homologous dysferlin and myoferlin paralogues.

MATERIALS AND METHODS
Cell culture
Human myoblast cultures were established as described in Lek et al. 
(2013). Myoblasts were cultured in 1:1 DMEM:F12 (Life Technolo-
gies, Carlsbad, CA) containing 20% fetal bovine serum (FBS; Life 
Technologies), 10% Amniomax (Life Technologies), and 1:200 gen-
tamicin (Life Technologies). Myoblasts were differentiated in 1:1 
DMEM:F12 containing 3% horse serum (HS; Life Technologies) and 
1:200 gentamicin for up to 6 d before use. Astrocytes and microglia 
were isolated from neonatal C57BL/6J mice as described by Mecha 
et al. (2011) and cultured in DMEM (Life Technologies) containing 
10% FBS and 10% HS with 1% penicillin/streptomycin (Pen/Strep; 
Life Technologies). Cell identity was verified by CD-11c expression 
(microglia) and glial-fibrillary acidic protein expression (astrocytes). 
Neonatal cardiomyocytes were isolated from 2- to 4-d-old C57BL/6 
mice using the Neonatal Cardiomyocyte Isolation System (Wor-
thington). Cardiomyocytes were plated at 0.5 × 105 cells/cm2 in 1:1 
DMEM:F12 containing 20% FBS, 5% HS, 5% Amniomax, 2 mM l-
glutamine (Life Technologies), 1% nonessential amino acids (Life 
Technologies), 3 mM sodium pyruvate (Life Technologies), 1:200 
gentamicin, and 1% Pen/Strep. Cultures were left to dedifferentiate 
and grow to confluence for ∼5 d before use.

HUVECs were purchased from Life Technologies and cultured in 
M-200 medium (Life Technologies) containing low-serum growth 
supplement and 1:200 gentamicin. Human secondary oligodendro-
glial MO3.13 cells were cultured in DMEM containing 10% FBS and 
1:200 gentamicin, then differentiated for 7 d in serum-free DMEM 
containing 100 nM phorbol-12-myristate-13-acetate (Sigma-Aldrich, 
St. Louis, MO) and 1:200 gentamicin before use. HEK293 cells were 
cultured in DMEM containing 10% FBS and 1:200 gentamicin. Wild-
type, CAPNS1−/−, and CAPNS1−/− lentiviral rescued MEF lines are 
described in Tan et al., 2006. MEFs were cultured in DMEM contain-
ing 10% FBS and 1:200 gentamicin.

Cell scrape injury
Cells were grown to confluence in six-well plates (BD Biosciences, 
San Jose, CA), washed twice with phosphate-buffered saline (PBS 
[Life Technologies]; either with calcium or without calcium plus 
10 mM EDTA [Sigma-Aldrich]), and then scraped with a rubber 

(without exon 40a) revealed that membrane injury induced an 
immediate endocytosis of dysferlin from regions surrounding, and 
distal to, the injury site (McDade et al., 2014). This raises the intrigu-
ing possibility that dysferlin may first be endocytosed and cleaved by 
calpains and then mini-dysferlinC72–containing vesicles are exocy-
tosed. We do not yet know the fate or function of the N-terminal 
module released by calpain cleavage. Although this has a clumsy feel 
for an emergency membrane repair response, perhaps endocytic 
derivation of “patch vesicles” comprising normal plasma membrane 
lipid composition presents a significant advantage for cell survival. 
Collective results suggest that full-length dysferlin may participate in 
both endocytic and exocytic pathways during the membrane repair 
response, a paradigm similarly proposed for otoferlin in auditory 
neurotransmission (Pangrsic et  al., 2010), whereas calpain-cleaved 
mini-dysferlinC72 may represent a specialized exocytic module.

In 2010, a patient bearing a genomic deletion of exons 2–40 
within dysferlin was shown to express a truncated dysferlin protein 
product (Krahn et al., 2010) with striking similarity to naturally occur-
ring calpain-cleaved mini-dysferlinC72. The patient presented with a 
relatively mild muscle phenotype and expressed a “mini-dysferlin” 
product via utilization of a cryptic splice site within intron 40, encod-
ing 21 aberrant amino acids before continuing with the normal dys-
ferlin sequence from exon 41. Of importance, transgenic expression 
of this patient mini-dysferlin in dysferlin-null mouse muscle rescued 
the membrane repair deficiency but did not correct the dystrophic 
pathology (Krahn et al., 2010). These data support our evidence that 
mini-dysferlinC72 plays a critical role in plasma membrane repair and 
also indicate that the dystrophic pathology in dysferlinopathy pa-
tients has a more complicated basis than defective membrane re-
pair alone. Dysferlin is a member of a highly conserved family of 
secretory proteins, and it is very likely that dysferlin performs a rou-
tine day-to-day role in secretory exocytosis, with a role in membrane 
repair representing an extension of this function. Indeed, calpain 
cleavage of dysferlin exon 40a may not have evolved specifically for 
“membrane repair” but instead as a general mechanism to regulate 
an important and specialized secretory function in settings of 
intense calcium signaling.

We previously observed that dysferlin is only identifiable at sites 
of ballistics injury in cultured cells using a C-terminal antibody, 
Hamlet-1, and not by three central region or N-terminal antibodies 
(Lek et al., 2013). In this study, we derived an antibody raised to 
human dysferlin exon 40a, recognizing the full-length exon 40a–
containing dysferlin and cleaved mini-dysferlinC72. This exon 40a 
antibody robustly labels dysferlin at sites of membrane injury, pro-
viding another line of evidence suggesting that the calpain-cleaved 
C-terminal module is the form specifically recruited to injury sites 
(Figure 5). Although we cannot exclude the possibility that the full-
length exon 40a–containing dysferlin (and other dysferlin isoforms) 
may be present at injury sites, immunolabeling using three sepa-
rate N-terminal or central regions antibodies yielded negative re-
sults, despite intensive efforts with antigen retrieval and fixation 
methods. Therefore, if full-length dysferlin is present at injury sites, 
our results indicate that it adopts a conformation that structurally 
precludes the accessibility of antibodies.

When calpain activity is inhibited by calpeptin, cell survival is 
greatly reduced after membrane scrape injury, even in the presence 
of calcium (Figure 6A; Mellgren and Huang, 2007; Mellgren et al., 
2007, 2009; Taneike et  al., 2011). Ubiquitous calpains are abun-
dantly expressed and show enrichment at sites of membrane injury 
before dysferlin is detected (Figure 5), temporally consistent with 
calpains as upstream regulators of a downstream membrane repair 
cascade that involves the cleavage of dysferlin. Our results lead to a 
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Transfection
HEK293 cells were transfected in 10-cm dishes using CaPO4. 
Briefly, 350 μl of 0.25 M CaCl2 (Sigma-Aldrich) was added drop-
wise to 14 μg of supercoiled plasmid DNA. Then 350 μl of BES 
solution (50 mM BES, 280 mM NaCl, 1.5 mM NaHPO4⋅7H2O 
[Sigma-Aldrich]) was added to the CaCl2/DNA solution and incu-
bated at room temperature for 15 min. The transfection solution 
was added to cells, and cells were harvested 16 h posttransfection. 
Mouse embryonic fibroblasts were transfected by standard proto-
col using an AMAXA Nucleofector 2b with MEF1 solution (Lonza 
AG, Basel, Switzerland).

Immunoprecipitation
Epitope-tagged ferlin constructs were immunoprecipitated from 
transfected HEK293 cells. Cells were treated with 50 μM calpep-
tin 1 h before lysis. Cells were washed with PBS without calcium 
and lysed on ice in 1 ml of RIPA. After lysis, cell lysate was pre-
cleared with 25 μl of protein G–Sepharose (GE Healthcare), and 
insoluble material and protein G–Sepharose were pelleted at 
20,000 × g for 15 min. A 250-ng amount of either anti–epitope 
tag antibody (rabbit anti-DDDDK or rabbit anti-Myc; Abcam, 
Cambridge, UK) or 250 ng of Romeo antibody was added per 
plate of cell lysate and incubated for 16 h at 4°C. Antibody-bound 
dysferlin was then immunopurified with 25 μl of protein G–Sep-
harose and incubated for 2 h, and beads were washed three times 
with RIPA.

In vitro calpain cleavage
Purified calpain-1 (porcine) and -2 (human) was purchased from 
Millipore. In vitro cleavage of dysferlin was performed using a 
modified protocol from Mandic et  al. (2002). Protein G–Sephar-
ose–bound dysferlin was washed three times in 20 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Sigma-Aldrich; 
pH 7.5), 50 mM NaCl, and 1 mM MgCl2 containing 2 mM CaCl2. 
Diluted recombinant calpain was added directly to the protein 
G–Sepharose–bound dysferlin and incubated at 30°C for 2 s to 
3 min, as indicated. Digestion was quenched by reconstitution into 
SDS lysis buffer (2% SDS, 10% glycerol, 50 mM Tris, pH 7.4, and 
10 mM dithiothreitol [Sigma-Aldrich]), and samples were heated to 
94°C for 3 min.

Antibodies
Exon 40a antibody.  A rabbit polyclonal antibody to the 
peptide SSLAPTNTASPPSSPH encoded by dysferlin exon 40a 
was derived by EuroGentec (Liege, Belgium). Affinity-purified 
immunoglobulin G was used at 1:100 for Western blot and 1:25 
for immunocytochemistry.

Western blot.  We used Hamlet 1 (1:500; Leica Microsystems, 
Wetzlar, Germany; Mueller et  al., 2014), Romeo (1:1000; Abcam; 
Mueller et al., 2014), mitsugumin-53/TRIM72 (1:5000; a generous 
gift from Jianjie Ma, University of Medicine and Dentistry of New 
Jersey, Piscataway, NJ; Cai et al., 2009b), c-Myc (1:500; Santa Cruz 
Biotechnology, Dallas, TX), β-tubulin (1:1000; Developmental 
Studies Hybridoma Bank, University of Iowa, Iowa City, IA), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH: 1:5000; 
Merck, Millipore), OTOF-C12 (Santa Cruz Biotechnology), and anti-
myoferlin 7D2 (Abcam; Leung et al., 2012).

Immunocytochemistry.  We used Hamlet 1 (1:100), Romeo (1:1000), 
mitsugumin-53/TRIM72 (1:5000; a gift from J. Ma), and calpain-2 
(1:25; Cell Signaling Systems; Pilop et al., 2009).

policeman (BD Bioscience). Cells were transferred from the well 30 s 
postscraping and quenched with 50 mM EDTA and 1:500 protease 
inhibitor cocktail (Sigma-Aldrich) on ice to prevent all further prote-
olysis. Cells were pelleted at 300 × g for 3 min, the supernatant re-
moved, and the cell pellet solubilized in 150 μl of radioimmunopre-
cipitation buffer (RIPA; 50 mM Tris, pH 7.4, 150 mM NaCl, 1% 
Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 1 mM EDTA, 1:500 
protease inhibitor cocktail [Sigma-Aldrich]). Protein content was de-
termined by bicinchoninic acid assay (Thermo Fisher Scientific, 
Waltham, MA).

SDS–PAGE and Western blotting
Samples were separated by SDS–PAGE on 4-12% Bis-Tris polyacryl-
amide gels (Life Technologies) using PAGE Ruler (Thermo Fisher 
Scientific) as a size marker and transferred onto polyvinylidene fluo-
ride (PVDF) membrane (Merck Millipore, Billerica, MA). Membranes 
were blocked using 5% milk (or 5% BSA [Sigma-Aldrich]) in PBS con-
taining 0.1% Tween-20 (Amresco, Solon, OH). Primary antibodies 
were incubated overnight, followed by washing and incubation with 
horseradish peroxidase–conjugated secondary antibodies (Thermo 
Fisher Scientific). The membrane was washed and developed using 
ECL reagent Hyperfilm (GE Healthcare, Buckinghamshire, UK). 
Western blot quantification was performed using ImageJ (National 
Institutes of Health, Bethesda, MD).

Ballistics-induced membrane injury, immunocytochemistry, 
and microscopy
Ballistics-induced injury was performed using a Helios Gene Gun 
(Bio-Rad, Hercules, CA) with bullet cartridges prepared according to 
the manufacturer’s instructions using silica microparticles (4-μm di-
ameter; Sigma-Aldrich) substituted for gold microparticles. Differen-
tiated myotubes cultured on Thermanox coverslips (Thermo Fisher 
Scientific) were transferred into a 24-well plate containing 200 μl of 
PBS (Life Technologies) and shot at 300 psi. Immediately after dis-
charge of the gun, a further 200 μl of PBS was immediately added 
to the well to refresh the fluid expelled by the helium blast. All solu-
tions used were equalized to room temperature (23–26°C).

Cells were fixed in cold 3% paraformaldehyde (Sigma-Aldrich) 
at 10 s postinjury and then permeabilized with 0.1% Triton 
(Sigma-Aldrich; calpain-2 antibody), 0.1% saponin (Sigma-
Aldrich; anti–exon 40a antibody), or 1:1 methanol: acetone 
(Sigma-Aldrich; Hamlet-1 and Romeo antibodies). Cells were 
blocked in 2% BSA in PBS for 30 min and incubated in primary 
antibodies overnight. After washing, cells were reblocked for 
15 min and incubated in secondary antibody for 2 h. Cells were 
then washed and mounted using Fluorsave (Merck Millipore). Im-
ages were captured using a Leica SP5 scanning confocal micro-
scope with a 63× oil objective.

Membrane repair assay
Primary human myotubes nascently differentiated for 3 d to induce 
dysferlin expression were trypsinized and replated 3 h before dam-
age. Cells were washed twice with PBS ± Ca2+ ± calpeptin (Tocris 
Bioscience, Bristol, UK), depending on scrape conditions. Cells 
were scraped in PBS containing 1:2500 TOPRO (Invitrogen) for 15 
s and then transferred into a fluorescence-activated cell sorting 
tube (BD Bioscience) and incubated at 23–26°C for 10 min. After 
recovery, cells were pelleted at 300 × g for 1 min at 23–26°C, the 
supernatant discarded, and the cell pellet resuspended in PBS 
containing 1:200 propidium iodide (Invitrogen). Cells were ana-
lyzed on a BD FACSDiva flow cytometer to assess damaged and 
repaired cells.
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