Rimmed Vacuoles in BMD

Figure 3. Patterns of immunohistochemical findings in BMD with RV. Representative transverse serial sections of biopsied skeletal muscles
from BMD patients with RV. A-C: mGT shows the presence of RVs (arrowheads). D-F: LC3, G-I: AB1-42, J-L: polyUb, and M-O: p62.
Immunofluorescent signals are seen within the fibers with RVs (arrowheads). Pattern 1 (left column) shows similar characteristic staining of RV fibers
as DMRV and sIBM. Pattern 2 (center column) show almost similar characteristics as pattern 1, except for the faint staining of AB1-42. Pattern 3 (right
column), with rare occurrence, shows myofibers with RVs that are negatively stained by LC3 and AB1-42. Scale bar: 25 um.
doi:10.1371/journal.pone.0052002.g003

Figure 4. Areas of RVs in BMD myofibers show typical electron microscopic characteristics of autophagic vacuoles. A: Accumulation
of autophagic vacuoles (arrowheads), various cellular debris, and multilamellar bodies (arrow) are seen in myofibers of some BMD patients. Note
the intact arrangement of myofibrils (MF) surrounding autophagic area. B: In areas with or without autophagy, lipofuscin deposit (L) is seen. Scale
bars: 1 um.

doi:10.1371/journal.pone.0052002.g004
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type 2C fibers. Positive correlation (R*=0.790) between number
of fibers with RVs and that of small atrophic fibers is seen {data not
shown), suggesting a close relationship on the occurrence of RVs
and the presence of atrophic myofibers.

To further characterize RVs in dystrophinopathy, we per-
formed immunohistochemical analysis in BMD with RV patients
(Figure 2, left column) in comparison with DMRV (Figure 2,
center column) and sIBM (Figure 2, right column) patients;
reference RVs are shown in mGT (Figure 2A-C). In RVs and
areas in proximity, the lysosomal protein LAMP-1 (Figure 3D--F)
and the autophagic vacuole marker LC3 (Figure 2G-I) were
positively stained. As accumulation of several proteins is consid-
ered to be associated to RV formation in DMRV and sIBM
[1,11,12], we observed the accumulation of APP (Figure 2J-L),
APB1-42 (Figure 2M~O) and polyUb protein (Figure 2P~R) in and
around RV in BMD with RV, DMRYV and sIBM patients. We also
tried to examine p62, which marks proteins for autophagic
degradation in the sites with polyUb protein accumulation [13].
The staining pattern of p62 was similar to that of polyUb protein
(Figure 25-U). We also stained sections from BMD with RV,
DMRYV and sIBM patients with CD68 antibody, a macrophage
marker, and Alexa-labeled anti-mouse IgG secondary antibody
alone. Both staining were negative in RV positive fibers (Figure
S1).

From our immunohistochemical analysis, we classified three
patterns of staining. First, most myofibers with RV were
immunoreactive to amyloid, polyUb proteins and p62 (Figure 3,
left column; Pattern 1). Second, some fibers with RV showed
negative for amyloid but positive for polyUb proteins and p62
(Figure 3, center column; Pattern 2). Interestingly, the third
pattern consisted of some myofibers without RV that are positively
stained only with polyUb proteins and p62 (Figure 3, right
column; Pattern 3).

To have a closer look at the structure of these fibers with RV,
we performed electron microscopy and observed the presence of
autophagic vacuoles and multilamellar bodies within myofibers. In
the areas surrounding autophagic vacuoles (Figure 4A), however,
myofibrillar structures are almost maintained except for partial
distortion of Z-line. Furthermore, lipofuscin granules were also
observed around autophagic vacuoles (Figure 4B). We also
confirmed Nile blue staining and confirmed that lipofuscin
granules were accumulated in the fibers of BMD patients with
RVs (data not shown).

Discussion

RVs in BMD are Rare but may be Related to Certain Types
of DMD Mutations that Cause Milder Phenotype

We found 12 patients who showed RVs in muscle pathology
among 65 BMD patients, representing surprising rate of 18.5%. In
DMD and BMD, a genotype-phenotype correlation has been
established [14~17]. Deletion of exons 45-55, for example, has
been reported to be associated with quite mild muscle weakness
[18-19]. Interestingly, in a previous report, one BMD patient who
showed RV in his skeletal muscle section had a deletion from
exons 45-48 in the DMD gene and showed mild to moderate
weakness in lower girdle muscles [6]. In our series, the deletions in
exons 45-47 or 45-48 in DMD gene were frequently found in the
patients with RV. Our BMD with RV patients also showed a mild
course of disease, with later onset and mild elevation of CK,
similar as previous reports on the patients with the same deletion
on DMD gene [6]. Additionally, in spite of similar age of disease
onset in the patients with and without RV with the deletions in
exons 45-47 or 45-48, the higher mean biopsy age in the patients
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with RV may suggest that the milder clinical course and longer
disease duration in dystrophinopathy could contributory for the
formation of RV in muscle. It should be noted, however, that the
similar clinical course, in age of onset and biopsy, and serum CK
activity, can be found in some patients in both groups, BMD with
or without RV, implying that RV formation may be one of the
phenotypes in patients with such deletions, or one that belongs to
the disease spectrum of a mild myopathic process.

BMD Patients with RV Show Chronic Myopathic Features
in Histology

Consistent with serum CK level, there were scattered necrotic
and regenerating fibers observed in muscles of BMD patients
without RV, while BMD patients with RV rarely show necrotic
and regenerating or type 2c fibers. An increase in the number of
small atrophic fibers in BMD patients with RV was remarkable as
that in the patient who is previously reported [6]. This
characteristic pathology is rather like myopathic changes as
observed in other late-onset chronic myopathies [20].

Lipofuscin Accumulation in BMD

The number of lipofuscin granules was strikingly higher in
myofibers of BMD with RV patients. Lipofuscin pigments consist
of proteins and lipid containing peroxidation products of
polyunsaturated fatty acids, which are formed in relation to
oxidative stress, and aging process. Lipofuscin granules are highly
seen in postmitotic cells and also characterized as undigested
inclusion of amyloid proteins and other proteins due to lysosomal
dysfunction in aged and diseased muscle and in the central
nervous system [21-22].

Several papers reported that oxidative stress is implicated as a
pertinent factor involved in pathogenesis of dystrophin-mutated
muscular dystrophies [23,24]. In a severe DMD, dystrophin
deficiency is proposed to cause profound oxidative damage, which
may induce muscle necrosis that is thought to trigger the necrosis-
regeneration necessary for renewal of myofibers. In contrast, in a
milder BMD, although oxidative stress presumably is present at a
lower level, it may lead to chronic accumulation of oxidized
proteins and lipids in the absence of active necrosis and
regeneration. We can only speculate that the myofibers in the
BMD patients may mimic senescent status in which cellular
homeostasis are slowed down. The presence of chronic myopathic
changes, composed of myofiber inclusions, fiber atrophy and RV
formation in BMD may reflect a long-standing process as exposed
to oxidative state.

Common Mechanism of RV Formation in BMD to those in
DMRYV and sIBM

We found that only polyUb proteins and p62 can be seen
deposited even in some fibers without and with RV. These results
imply that at first, polyUb proteins were accumulated and then
they recruited p62 to induce selective autophagy, as observed in
neurodegenerative diseases [25]. Although in this study, we did not
identify the polyUb proteins, Henderson et al. reported that the
internally deleted-dystrophin minigene constructs revealed no
cooperative transition during thermal denaturation and significant
protein aggregation, suggesting increased susceptibility to misfold-
ing, instability and aggregation of internally deleted-dystrophin
proteins [26]. Further experiments on the identified dystrophin
mutants will be required to clarify this issue.

Despite induction of autophagic process by recruitment of p62,
the polyUb proteins are degraded, then leading to accumulation of
numerous numbers of autophagic vacuoles. Such findings of
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polyUb and p62 accumulation and numerous numbers of
autophagic vacuoles and multilamellar bodies in myofibers
(Figure 4A, B) are strikingly similar to those seen in a model
mouse with muscle specific ablation of autophagy, implying
association of accumulation of misfolded proteins and dysfunction
or arrest of the autophagic process {4]. We have also found that
APP, AB1-42, which are characteristic markers in DMRV and
sIBM, as well as polyUb proteins and p62 [27-28], were
accumulated in RV positive fibers. The chronic state of
dysfunction or arrest of the autophagic process may secondarily
cause the accumulation of amyloid proteins with long time.
Interestingly, the myofibrils in the vicinity of the accumulated
autophagic vacuoles maintained to be intact (Figure 4) as in those
in DMRV and lysosomal myopathies [1,11]. This finding may
suggest the accumulation of autophagic vacuoles is independent of
contractile machinery and the accumulated proteins would not be
derived from the disrupted myofibrils.

Supporting Information

Figure S1 Immunohistochemical staining of macro-
phage marker and secondary antibody control in RV
positive fivers in BMD compared to DMRV and sIBM.
Representative transverse serial sections of biopsied skeletal
muscles from BMD with RV (left column), DMRV (center
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Abstract

In skeletal muscle, Mitsugumin 53 (MG53), also known as muscle-specific tripartite motif 72, reportedly
interacts with dysferlin to regulate membrane repair. To better understand the interactions between dysferlin
and MG53, we conducted immunoprecipitation (IP) and pull-down assays. Based on IP assays, the C2A domain
in dysferlin associated with MG53. MG53 reportedly exists as a monomer, a homodimer, or an oligomer,
depending on the redox state. Based on pull-down assays, wild-type dysferlin associated with MG53 dimers in a
Ca2+-dependent manner, but MG53 oligomers associated with both wild-type and C2A-mutant dysferlin in a
Caz2+-independent manner. In pull-down assays, a pathogenic missense mutation in the C2A domain (W52R-
C2A) inhibited the association between dysferlin and MG53 dimers, but another missense mutation (V67D-C2A)
altered the calcium sensitivity of the association between the C2A domain and MG53 dimers. In contrast to the
multimers, the MG53 monomers did not interact with wild-type or C2A mutant dysferlin in pull-down assays.
These results indicated that the C2A domain in dysferlin is important for the Ca2+-dependent association with
MG53 dimers and that dysferlin may associate with MG53 dimers in response to the influx of CaZ+ that occurs
during membrane injury.

To examine the biclogical role of the association between dysferlin and MG53, we co-expressed EGFP-dysferlin
with RFP-tagged wild-type MG53 or RFP-tagged mutant MG53 (RFP-C242A-MG53) in mouse skeletal muscle, and
observed molecular behavior during sarcolemmal repair; it has been reported that the C242A-MG53 mutant
forms dimers, but not oligomers. In response to membrane wounding, dysferlin accumulated at the injury site
within 1 second; this dysferlin accumulation was followed by the accumulation of wild-type MG53. However,
accumulation of RFP-C242A MG53 at the wounded site was impaired relative to that of RFP-wild-type MG53. Co-
transfection of RFP-C242A MG53 inhibited the recruitment of dysferlin to the sarcolemmal injury site. We also
examined the molecular behavior of GFP-wild-type MG53 during sarcolemmal repair in dysferlin-deficient mice
which show progressive muscular dystrophy, and found that GFP-MG53 accumulated at the wound similar to
PLOS Currents Muscular Dystrophy 1



wild-type mice. Our data indicate that the coordination between dysferlin and MG53 plays an important role in
efficient sarcolemmal repair.
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Introduction

Dysferlin is a sarcolemmal protein, and dysferlin deficiency causes Miyoshi myopathy (MM) and limb girdle
muscular dystrophy type 2B (LGMD2B) [1,2]. Based on the observation that dysferlin accumulates at wound
sites in myofibers in a Ca2+—dependent manner, dysferlin is thought to mediate Ca“-dependent sarcolemmal
repair [3].

Mitsugumin 53 (MG53), also known as muscle-specific tripartite motif 72, is a recently identified protein
involved in membrane repair in skeletal muscle [4]. Mice lacking MG53 suffer progressive myopathy [4], similar
to dysferlin-null mice [3]. MG53 is localized in intracellular vesicles and plasma membranes in skeletal muscle,
and it accumulates at injury sites in an oxidation-dependent, but not Caz+~dependent, manner [4].

MG53 interacts with dysferlin and caveoclin-3 to regulate sarcolemmal repair [5]. When expressed in C2C12
myoblasts that lack endogenous MG53, damaged membrane sites cannot be repaired in the presence of GFP-
dysferlin, however, co-transfection of MG53 and GFP-dysferlin in these myoblasts results in GFP-dysferlin
accumulation at injury sites [5]. These findings indicated that recruitment of dysferlin to the injury site of the
membrane depends on MG53. However, it remains unclear whether the absence of dysferlin perturbs
recruitment of MG53 to the injury site for membrane repair. A previous report has demonstrated the association
of dysferlin with MG53 with co-immunoprecipitation (IP) assays using mouse skeletal muscle and C2C12
myoblasts transfected with dysferlin and MG53 [5]. However, which protein domains participate in this
interaction between dysferlin and MG53 and whether this interaction is dependent on ca* remain unclear.
MG53 oligomerizes via disulfide bonds [4] and forms homodimers via a leucine-zipper motif in the coiled-coil
domain [6]. The interaction between dysferlin proteins and MG53 monomers or oligomers has not been
characterized in detail. To understand the precise role of dysferlin and MG53 in sarcolemmal repair, it would be
helpful to determine whether dysferlin associates with MG53 monomers, oligomers, or both in a cdt.
dependent manner.

Thus, to examine the biological role of the association between dysferlin and MG53, we used the following
strategy to examine the effect of the absence of MG53 oligomers on dysferlin. We co-transfected mouse
skeletal muscle with wild-type dysferlin-EGFP and RFP-tagged wild-type MG53 or a RFP-tagged MG53 mutant
(RFP-C242A -MG53), and conducted a membrane-repair assay using a two-photon laser microscope. The
C242A-MG53 mutant has been reported to form dimers, but not oligomers [6]. There is no report of
simultaneous observation of dysferlin and MG53 during sarcolemmal repair; however, we have successfully
performed real-time imaging of dysferlin-GFP and MG53-RFP after membrane injury in mouse skeletal muscle.

Dysferlin protein is absent or severely reduced in the skeletal muscle of patients with dysferlinopathy [7] and of
SIL and A/} mice with mutations in the dysferlin genes [8]. To examine whether the absence of dysferlin affects

the recruitment of MG53 to injury sites, we transfected skeletal muscle from dysferlin-deficient SjL and A/} mice
with EGFP-MG53 and conducted membrane repair assays. These experiments are helpful in elucidating the
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molecular pathology of dysferlinopathy and revealed that MG53 accumulated in the skeletal muscles of
dysferlin-deficient mice, which develop progressive muscular dystrophy.

We present evidence indicating that efficient sarcolemmal repair requires both dysferlin and MG53.

Methods

Immunoprecipitation. To examine the interaction between MG53 and dysferlin, mouse gastrocnemius muscles
were lysed in lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% NP-40, and Complete mini EDTA-
free protease inhibitor cocktail (Roche) [9] supplemented with 1 mM CaCb or 2 mM EGTA. Lysates pre-cleared
with Protein A/G agarose (Pierce) were incubated with polyclonal antibodies against mouse MG53 [4] or mouse
dysferlin; the anti-dysferlin antibody was made in rabbit by injecting bacterial recombinant protein containing
residues 1669 to 1790. The immunoprecipitated proteins were separated by SDS-PAGE and detected on
immunoblots using the same antibodies used for IP or the anti-human dysferlin monoclonal antibody, NCL-
Hamlet (Novocastra Laboratories).

A human MG53 cDNA was amplified by PCR and subcloned into pFLAG-CMV-4 (Sigma). Wild-type and truncated
human dysferlin that were each tagged with c-myc were generated previously [10]. We also created five
truncated human dysferlin constructs with the C2A domain (aa 1-149, 1-349, and 1-1080) and without the C2A
domain (aa 130-2080 and 1081-2080). The sequence of each construct was verified by DNA sequencing.
FUGENE 6 or E-xtremeGENE 9 (Roche) was used to transiently transfect COS-7 cells with MG53 and wild-type or
mutant dysferlin constructs. Transfectants were cultured for 48 h and subsequently lysed in the same lysis
buffer used to lyse mouse muscle, except that this buffer lacked CaCh and EGTA. Lysates pre-cleared with
Protein G-Sepharose (GE Healthcare) were incubated with anti-FLAG (M2, Sigma) or anti-c-myc (9E10, Santa
Cruz Biotechnology) monoclonal antibodies; Protein G-Sepharose was then added. Immunoprecipitated proteins
were analyzed by immunoblotting using M2 and anti-c-myc polyclonal (Al4, Santa Cruz Biotechnology)
antibodies.

Pull-down assay. Fragments of the dysferlin C2A domain (corresponding to aa 1-129 of human dysferlin) were
amplified as ¢cDNA by PCR and subcloned into pGEX-5X-3 (GE Healthcare). Dysferlin p.W52R (TGG to CGG at
€.527-529) and p.V67D (GTG to GAT at ¢.572-574) mutations were introduced by PCR using appropriate
primers. GST fusion proteins expressed in BL21 E. coli were purified using sarkosyl {11] and bound to
glutathione Sepharose 4B (GE Healthcare). COS-7 cells overexpressing FLAG-tagged human MG53 were lysed in
lysis buffer containing 10 mM Nay;HPOg4, 1.8 mM KHyHPOy4, 1% NP-40 (pH 7.4), 2 mM EGTA, various
concentration of CaCly, and Complete mini EDTA-free protease inhibitor cocktail. EGTA was used to chelate the
free Ca®" in solution and CaCly at various concentrations. The free calcium concentration was calculated using
the free software CALCON3.6. Lysates were centrifuged to remove cellular debris, supplemented with 5 mM N-
methylmaleimide (NEM) or 5 mM dithiothreitol (DTT), and finally subjected to protein cross-linking by treating
with 2 mM glutaraldehyde (GA) for 5 min at room temperature, which was guenched with 100 mM Tris-HCl (pH
7.5) [6]. The cross-linked lysates were diluted with 75 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 2 mM
EGTA, various concentrations of CaCly, and Complete mini EDTA-free protease inhibitor cocktail. Lysates pre-
cleared with GST bound to glutathione Sepharose 4B were divided into aliqucts and incubated with wild-type,
p.W52R, and p.V67D dysferlin C2A-GST fusion protein bound to beads for 2 hr at 4°C. After three washes in lysis
buffer containing 75 mM Tris-HCl (pH 7.5), 2x sample buffer (125 mM Tris-HCl (pH 6.8), 4% SDS, 20% (v/v)
glycerol, and 0.004% bromophenol blue) was added to the beads, and the mixtures were incubated for 10 min
at 85°C. Bound proteins were separated by SDS-PAGE and subjected to immunoblotting with the anti-FLAG
antibody M2.

In vivo transfection and membrane repair assay. Twenty micrograms of N-terminal RFP-tagged human MG53
cDNA/pPCcDNA3.1 and/or C-terminal GFP-tagged human dysferlin cDNA/pcDNA3. T plasmid DNA were injected into
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the flexor digitorum brevis of anesthetized, 4-week-old male C57BL6] and dysferlin-deficient SJL and A/} mice,
Electroporation of pltasmid DNA was performed using an electric pulse generator (CUY21SC, NEPAGENE) as
described previously [12]. Seven days after electroporation, skeletal muscle myocytes (for whole-mount
viewing) or individual myofibers were isolated and subjected to plasma membrane injury created by a two-
photon laser microscope, LSM 710NLO with GaAsp Detectors (Zeiss) and Chameleon Vision I System
(Coherent)[3]. Myofiber wounding using the 820-nm infrared laser and resealing analysis based on the kinetics
and extent of FM1-43 or 4-46 dye (Molecular Probes) entry through open disruptions was carried out as
previously described [3,13,14].

Ethics Statement. All experiments involving animals were performed according to the Procedure for Handling
Experiments involving Animals of AIST (National Institute of Advanced Industrial Science and Technology) and
approved by the Institutional Animal Care and Use Committee of AIST.

Results
Association of MG53 and dysferlin in mouse skeletal muscle

We used an IP assay with protein from mouse muscle to confirm that endogenous MG53 associates with
dysferlin in vivo. MG53 and dysferlin associated only in the absence of EGTA and CaCk (Fig. 1). The same result
was obtained using C2C12 myotubes (data not shown). MG53 was specifically co-immunoprecipitated by the
anti-dysferlin antibody, and conversely dysferlin was specifically co-immunoprecipitated by the anti-MG53
antibody. Thus, we confirmed that endogenous MG53 and endogenous dysferlin form a protein complex in
mouse skeletal muscle without EGTA or CaCl supplementation.

PLOS Currents Muscular Dystrophy 4
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Fig. 1: IP assay of dysferlin and MGS3.

MG53interacts with dysferlin in mouse skeletal muscle. Extracts from wild-type mouse skeletal muscle were
subjected to IP with polyclonal anti-MG53 antibodies or polyclonal anti-dysferlin antibodies.
Immunoprecipitated proteins were subjected to SDS-PAGE and visualized on immunoblots treated with the

same antibodies that were used for IP.

Identification of the MG53-associating domain of dysferlin

Next, we used IP to define the region of dysferlin that associates with MG53. Specifically, we used transient co-
transfection to introduce a construct encoding full-length human MG53 tagged with FLAG and a construct
encoding human dysferlin tagged with c-myc into C0S-7 cells; for each co-transfection, full-length dysferlin or
one of five deletion mutant forms of tagged dysferlin was used (Fig. 2). For deletion mutants that lacked the C-
terminal domain of dysferlin, the transmembrane domain of dysferlin was retained to increase protein stability
[10]. Transfectants were lysed in the same buffer that was used for IP assays of mouse skeletal muscle extract,
except that this buffer lacked EGTA and CaCl. Full-length dysferlin and deletion mutants that retained the N-
terminal C2 (C2A) domain of dysferlin were co-immunoprecipitated by anti-MG53 antibody. In contrast, dysferlin
mutants that lacked this N-terminal domain, A2-1080 and A2-129, failed to interact with MG53. These results
indicated that the C2A domain of dysferlin was necessary for association with MG53.
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Fig. 2: Identification of MG53-binding region of dysferlin.

The dysferlin C2A domain associates with MG53. Constructs encoding dysferlin deletion mutants were used
for co-IP assays, and the results of these experiments are shown on the right. Deletion mutants encoding c-
myc-tagged dysferlin mutants and FLAG-tagged full-length MG53 were co-expressed in COS-7 cells. IP and
immunoblotting were performed using antibodies against the c-myc and FLAG tags. MG53 was co-
immunoprecipitated with full-length dysferlin and the dysferlin mutants that lacked the C-terminus, but not
with the dysferlin mutants that lacked the N-terminus.

Characterization of the association of dysferiin C2A domain with MG53 monomers and MG53
oligomer

C2 domains are known to bind to phospholipids and/or proteins in a Ca”—dependent or Ca2+~independent
manner [15]. Therefore, we used a pull-down assay to examine whether the ca® ™ concentration affected the
association between MG53 and the dysferlin C2A domain. We used lysis buffer containing 75 mM Tris to reduce
the change in pH that can result from the addition of CaCl, to examine the calcium-dependency of the
association between dysferlin and MG53. Reportedly, MG53 can exist as a monomer or an oligomer, depending
on the redox state [4]. We used DTT for monomerization of MG53 by reducing sulfhydryl groups. Addition of 5
mM DTT resulted in complete dissociation of all MG53 oligomers (Fig. 3). To conduct a pull-down assay for MG53
oligomers, we treated cell lysates with an alkylating reagent, NEM, which reacts with sulfhydryl groups to form
stable thioether bonds [6]. Multimers of MG53 were stabilized by chemical cross-linking with GA. Addition of 5
mM NEM to cell lysates resulted in oligomerization of MG53 (Fig. 3). In the presence or absence of Ca2+, MG53
oligomers associated with wild-type C2A-GST, whereas MG53 monomers did not associate with wild-type C2A-
GST. In the absence of DTT or NEM, MG53 existed as oligomers including dimers, which associated with WT C2A-
GST only in 10 mM free ca’t (Fig. 3, top).

Next, we generated two mutant versions of C2A-GST (W52R or V67D) to further characterize the association
between MG53 and the C2A domain. A V67D missense mutation in the human dysferlin gene has been found in
patients with MM and patients with LGMD2B [16]; similarly, the W52R dysfertin missense mutation has been
found in patients with LGMD2B [17]. Each mutant C2A-GST, like the wild-type C2A, associated with MG53

PLOS Currents Muscular Dystrophy 6



oligomers when conditions included NEM in the presence or absence of Caz"’" (Fig. 3). However, the V67D
mutation altered the calcium sensitivity of the association between C2A-GST and MG53 dimers; specifically,
V67D-C2A-GST could associate with MG53 when conditions did not include NEM in the absence of C&£ 7. In
contrast, W52R-C2A-GST did not associate with MG53 when conditions did not include NEM in the presence or
absence of Ca’%. These results revealed that the V67D mutation in the dysferlin C2A domain altered the cdt-
dependence of the association between dysferlin and MG53 dimers.

PLOS Currents Muscular Dystrophy 7
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Fig. 3: Pull-down assay of dysferlin C2A-GST and MGE3.

COS-7 cells overexpressing FLAG-tagged MG53 were lysed and supplemented with DTT or NEM, and proteins
in these lysates were cross-linked with GA. Cross-linked proteins were incubated with glutathione Sepharose
4B beads bound to wild-type C2A-GST, V67D C2A-GST, or GST. GST fusion proteins bound to beads were
separated by SDS-PAGE, foliowed by Coomassie Brilliant Blue R-250-staining. Precipitated MG53
oligomers/monomers were detected on immunoblots using an anti-FLAG antibody. Mutations in the C2A

domain affect the association of between dysferlin and MG53.

MGE3 with a C242A missense mutation shows impaired accumulation at wound sites and
attenuates the formation of dysfertin patches

To examine the biological role of the association between dysferlin and MG53 in sarcolemmal repair, we used
mouse skeletal muscle co-transfected with dysferlin-EGFP and RFP-tagged wild-type MG53 or RFP-tagged
rmutant MG53 to perform a membrane repair assay. The mutant MG53 carried a C242A missense mutation and
is designated RFP-C242A-MG53 here. MG53 with a C242A missense mutation reportedly exists as a monomer or
dimer when expressed in mammalian cells, but does not form oligomers via disulfide bonding [4,6]. RFP-C242A-
MG53 did not accumulate at wound sites as reported previously, and it was associated with defective
sarcotemmal repair [4]. Co-expression of RFP-C242A-MG53 did not affect the subcellular localization of dysferlin
in myofibers, and dysferlin was localized in a striated pattern (Fig. 4A). However, RFP-C242A-MG53
compromised the accumulation of dysferlin at injury sites (Fig. 4A, B). When the movement of dysferlin and wild-
type MG53 were observed simultaneously in mouse skeletal muscle, RFP-wild-type MG53 accumulated more
slowly at injury sites than dysferlin-EGFP (Fig. 4A). Accumulation of dysferlin-EGFP at wound sites stops within 5
seconds of injury and disperses gradually, while wild-type MG53 continues to accumulate for 200 seconds after

injury (Fig. 4A and 4B).

PLOS Currents Muscular Dystrophy 8



PLOS Currents Muscular Dystrophy



A PP IR
Crysferin- GUP WT BMGES Morge  Dhysferbn-GFP G242 A 1G53

200 sec

PLOS Currents Muscular Dystrophy 10



- WT-MG5H3
&~ C242A-MG53

vy

GFP Intensity

0 50 100 150 200

Time(sec)

Fig. 4: Membrane repair assay of myofiber transfected with dysferlin-GFP and RFP-MGE3.

RFP-C242A MG53 perturbed the accumulation of dysferlin at wound sites in the sarcolemma. A. Dysferlin-
GFP was simultanecusly expressed with RFP-tagged wild-type MG53 or the RFP-C242A-MG53 mutant in
mouse skeletal muscle. Arrowheads indicate sites of membrane injury, which were induced with a two-
photon laser microscope. Dysferlin-GFP accumulated at the injury site in the presence of RFP-wild-type
MG53, but no obvious accumulation of dysferlin-GFP was observed in the presence of the RFP-C242A-MG53
mutant. Scale bar, 10 mm. B.Time course fluorescence intensity (n=3) at wounded sites versus time. For
every image taken, the fluorescence intensity of dysferlin-GFP at the site of the damage (circle of 5 mm in

diameter) was measured with Zeiss LSM5 Image Examinar software. Data are means = standard deviation.

MG53 accumulates normally at injury site of sarcolemma in dysferlin-deficient mice.

A previous study revealed that exogenous expression of MG53 in undifferentiated C2C12 cells was necessary

for recruitment of GFP-dysferlin to sites of injury [5]. Conversely, to examine whether the recruitment of MG53
reguires dysferlin, and to elucidate the molecular pathology of dysferlinopathy, we used skeletal muscle from
dysferlin-deficient A/} mice transfected with EGFP-MG53 to perform a membrane repair assay. We confirmed
that EGFP-MG53 accumulated at sites of injury (Fig. 5). Sarcolemmal repair was observed and confirmed by FM4-
46-loading in A/] mice (data not shown). The accumulation of MG53 at the sarcolemmal wound was cobserved in
A/L mice, similar to wild-type mice. Similar results were obtained from the membrane repair assay using
dysfertin-deficient SjL mice.

PLOS Currents Muscular Dystrophy 11



wild-type

Fig. 5: Membrane repair assay of myofiber using dysferlin-deficient myofiber transfected with
GFP-MGB3.

GFP-MG53 accumulated at sites of injury in the sarcolemma in dysferlin-deficient A/} mice, similar to wild-
type mice. GFP-MG53 was expressed in wild-type or dysferlin-deficient A/} mice, and a membrane repair
assay was performed using transfected myofibers. Subcellular localization of GFP-MG53 was similar between
wild-type and A/} mice. Arrowheads indicate membrane injury sites, which were induced with a two-photon

laser microscope. Scale bar, 10 pm.

Discussion

Both dysferlin and MG53 are involved in membrane repair after injury in skeletal muscle. Dysferlin accumulates
at wounded sarcolemmal sites, and this accumulation requires the influx of ca’ T into the myofiber [3]. MG53
forms oligomers at the sarcolemmal injury site in an oxidation-dependent manner [4,6]. MG53 associates with
dysferlin and facilitates vesicle trafficking to the site of membrane injury, and a recent finding suggests that
MG53 and dysferlin may form a complex that participates in membrane repair in striated muscle [5]. To
characterize the association between dysfertin and MG53, we used an IP assay and mouse muscle extract with
or without exogenously added EGTA or CaCl, to examine the ca’”t dependency of this association. Using lysis
buffer that lacked EGTA and CaCly, we observed the association of dysferlin with MG53 in mouse skeletal
muscle. Lysates lacking exogenously added EGTA and CaCl contain physiological concentrations of free
calcium. Hence, low concentrations of calcium are likely to be necessary for the interaction between MG53 and
dysferlin.

Our results indicated that MG53 oligomers associated with the dysferlin C2A domain in the presence or absence
of Ca2+, whereas MG53 dimers associated with the dysferlin C2A domain in a Ca2+-dependent manner. We also
revealed that pathogenic mutations in the dysferlin C2A domain (W52R and V67D) alter the association
between this domain and MG53 dimers in a pull-down assay. In the absence of EGTA or Caz"", dysferlin with a
C2A missense mutation (W52R or V67D) did not associate with MG53 in an [P assay that used extracts from co-
transfected COS-7 cells; however, full-length dysferlin with the most common pathogenic mutation found in
Japan, a W999C missense mutation in the dysferlin domain, did associate with MG53 in these IP assays (data
not shown). These results indicate that the dysferlin C2A domain is important for the association between
dysferlin and MG53. Amino acid W52 in human dysferlin is located between the b5-sheet and the b6-sheet, and
V67 is located in the b6-sheet [18]. Both residues are reportedly important for the C2 structure, particularly
those of the b-sheet, and are predicted to coordinate calcium [18].

Recently, MG53 was reported to form homodimers, which are essential for MG53-mediated sarcolemmal repair
[6]. We used pull-down assays to investigate associations between MG53 monomers or MG53 dimers and the

PLOS Currents Muscular Dystrophy 12



dysferlin C2A domain, and we found that MG53 dimers associated with dysferlin in a Ca2+-dependent manner.
An increase in the cytoplasmic ca’ ™t level is necessary for dysferlin accumulation at wounded sarcolemmal sites
[3]. The intracellular ca’" level is maintained at 50-100 nM in resting mammalian cells, but this increases to 6
UM after membrane puncture in Swiss-3T3 cells [12]. The influx of extracellular cat through the wound site is
required for vesicle fusion with the plasma membrane and formation of a repair patch in skeletal muscle, but
MG53 trafficking to the wound site does not require ca’™ [4]. In pull-down assays in the present study, we
demonstrated a selective association between the wild-type dysferlin C2A domain and MG53 dimers at a free Ca
2+ concentration of 10 UM, but not at lower or higher free ca’T concentrations. These findings indicated that
the concentration of free Ca?™ is important for association of dysferlin with MG53 dimers, and suggest that
MG53 dimers not only form oligomers, but also associate with dysferlin in response to sarcolemmal injury. The
altered ca’™ sensitivity of the association between dysferlin with a mutation in the C2A domain and MG53
dimers in the pull-down assay also suggested that the C2A domain was important in the CaZ+-dependent
association between dysferlin and MG53 dimers.

We were able to analyze the movement of dysferlin and MG53 in real time during sarcolemmal repair in a
membrane repair assay that employs mouse myofibers that express dysferlin-EGFP and RFP-MG53. This is the
first report to demonstrate that dysferlin and MG53 have different accumulation patterns at wound sites, and
this result indicated that dysferlin and MG53 have different functions in sarcolemmal repair. Our studies also
revealed that MG53 carrying a C242A missense mutation can suppress the accumulation of dysferlin at the
wound site; this finding, together with results from pull-down assays, suggests that MG53 dimers play an
important role in sarcolemmal repair.

Our studies also revealed that MG53 accumulated at injury sites in the sarcolemma in dysferlin-deficient mice,
similar to wild-type mice. However, dysferlin-deficient SJL and A/] mice have a progressive muscular dystrophy
phenotype, suggesting that MG53 is necessary but not sufficient for efficient sarcolemmal repair.
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1. Introduction

Background: Glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine kinase (GNE) myopathy, also
called distal myopathy with rimmed vacuoles (DMRV) or hereditary inclusion body myopathy (HIBM), is a
rare, progressive autosomal recessive disorder caused by mutations in the GNE gene. Here, we examined the
relationship between genotype and clinical phenotype in participants with GNE myopathy.
Methods: Participants with GNE myopathy were asked to complete a questionnaire regarding medical history
and current symptoms.
Results: A total of 71 participants with genetically confirmed GNE myopathy (27 males and 44 females; mean
age, 43.1 4 13.0 (mean = SD) years) completed the questionnaire. Initial symptoms (e.g., foot drop and lower
limb weakness) appeared at a mean age of 24.8 + 8.3 years. Among the 71 participants, 11 (15.5%) had the
ability to walk, with a median time to loss of ambulation of 17.0 2.1 years after disease onset. Participants
with a homozygous mutation (p.V572L) in the N-acetylmannosamine kinase domain (KD/KD participants)
had an earlier disease onset compared to compound heterozygous participants with mutations in the uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc) 2-epimerase and N-acetylmannosamine kinase domains
(ED/KD participants; 26.3 £ 7.3 vs. 21.2 4+ 11.1 years, respectively). KD/KD participants were more frequently
non-ambulatory compared to ED/KD participants at the time of survey (80% vs. 50%). Data were verified
using medical records available from 17 outpatient participants. )
Conclusions: Homozygous KD/KD participants exhibited a more severe phenotype compared to heterozygous
ED/KD participants.

© 2012 Elsevier B.V. All rights reserved.

inclusion body myopathy (HIBM; MIM: 600737), is an early adult-
onset, progressive myopathy that affects the tibialis anterior muscle,

Glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine but spares quadriceps femoris muscles [1,2]. The disease is caused by a
kinase (GNE) myopathy, also known as distal myopathy with rimmed mutation in the GNE gene, which encodes a bifunctional enzyme
vacuoles (DMRV), Nonaka myopathy (MIM: 605820) or hereditary [uridine diphosphate-N-acetylglucosamine (UDP-GIcNAc) 2-epimerase

* Corresponding author, Tel.: + 81 42 341 2711; fax: + 81 42 346 1852.
E-mail address: yoshimur@ncnp.go.jp (M. Mori-Yoshimura).

(GNE) and N-acetylmannosamine kinase (MNK)] known to catalyze
two rate-limiting reactions involved in cytosolic sialic acid synthesis
[3-7]. Mutations in the GNE gene result in decreased enzymatic activity
in vitro by 30-90% [7-10]. Therefore, hyposialylation is thought to

0022-510X%/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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contribute to the pathogenesis of GNE myopathy. This is supported by
the myopathic phenotype associated with a mouse model expressing
the human D176V mutant GNE protein (GNE —/—hGNED176V-Tg)
[11]). Muscle atrophy and weakness are prevented by oral treatment
with sialic acid metabolites in this mouse model {12].

A phase 1 clinical trial using oral sialic acid therapy has recently
been performed in Japan for the treatment of GNE myopathy
(ClinicalTrials.gov; NCT01236898). A similar phase [ study is current-
ly underway in the United States (ClinicalTrials.gov; NCT01359319).
Natural history and genotype-phenotype correlations need to be
established for a successful phase II clinical trial for the treatment of
GNE myopathy. However, only a small number of studies have been
conducted that review the natural course of this disease. In addition,
the presence of genotype-phenotype correlations is controversial in
GNE myopathy, with most reports denying significant correlations
[7]. In fact, substantial heterogeneity is observed among participants
who have the same mutations. For example, few subjects with
p.D176V and p.M712T mutations exhibited a normal or very mild
phenotype, with disease onset after the age of 60 [3,13]. Furthermore,
only a limited number of studies that analyze compound heterozy-
gous patients are available. Nonetheless, such studies report a
variable degree of severity [14-17].

To clarify the potential relationship between genotype and clinical
phenotype (ie., age at onset, disease course, and current symptoms)
of GNE myopathy, we performed a questionnaire-based survey of
participants with confirmed GNE myopathy.

2. Participants and methods
2.1. Study population

We obtained approval for this study from the Medical Ethics
Committee of the National Center of Neurology and Psychiatry
(NCNP). Seventy-eight participants with known GNE myopathy
were seen at 8 hospitals specializing in muscle disorders in Japan
and 83 participants (not all genetically diagnosed) from the
Participants Association for Distal Mpyopathies (PADM) were
recruited. Participants provided written informed consent prior to
completing the questionnaire.

A total of 75 participants completed and returned the question-
naire. Of the 75 participants analyzed, 4 were found to have only one
heterozygous mutation. Because single heterozygous mutations have
not been confirmed to cause GNE myopathy, these 4 participants
were excluded from this study.

2.2. Study design

The present study is a retrospective and cross-sectional analysis,
which includes 71 participants with genetically confirmed GNE
myopathy. Clinical information was collected from participants
using a questionnaire and genetic information was acquired from
available medical records.

2.3. Questionnaire

Participants completed a self-reporting questionnaire regarding
1) developmental and past symptoms, 2) past and present ambula-
tory status, and 3) information about diagnosis and medical services
(Supplementary material, original version in Japanese).

To determine developmental history, we collected the following
information: 1) trouble before and/or during delivery, 2) body weight
and height at birth, 3) age at first gait, 4) exercise performance during
nursery, kindergarten, or school, and 5) age at onset and signs of first
symptoms. Participants were also asked about the onset of 1) gait
disturbance, 2) walking with assistance (i.e., cane and/or orthotics and/
or handrails), 3) wheelchair use, 4) loss of ambulation, and 5) current

gait performance. With regard to medical history, participants were
asked about 1) age at the time of first hospital visit, 2) whether or not
they had symptoms at the time of visit, 3) age at the time of final
diagnosis, 4) how many hospitals/clinics were visited before final
diagnosis, and 5) whether a biopsy was performed.

2.4. Medical record examination

To verify the accuracy of the information provided by each
participant, available medical records from 17 participants (23.9%)
seen at outpatient clinics at NCNP were examined (9 males and
8 females).

2.5. Data handling and analysis

All variables were summarized using descriptive statistics, which
included mean, standard deviation (SD), median, range, frequency, and
percentage. Each variable was compared against age, sex, genotype,
and domain mutation (ie., within the UDP-GIcNAc 2-epimerase
domain: ED or N-acetylmannosamine kinase domain: KD). Student's
t test was used to compare the means for each participant group
(ED/ED, ED/KD and KD/KD participants). Data from the two participant
groups were calculated using chi-square contingency table analysis.
The time from disease onset to walking with assistance, time from
disease onset to wheelchair use, and time from disease onset to loss of
ambulation were evaluated using the Kaplan-Meier method with
log-rank analysis. Questionnaire reliability was tested using intraclass
correlation coefficients (ICCs), and two-sided 95% confidence intervals
(Cls) were calculated using a one-way random effects analysis of
variance model for inter-rater reliability. All analyses were performed
using SPSS for Macintosh (version 18, SPSS Inc., Chicago, IL).

3. Results
3.1. General characteristics

A total of 71 Japanese individuals (27 males and 44 females)
participated in the study. The mean age at data collection was 43.1 +
10.7 years. None of the participants showed developmental abnor-
malities during infancy or early childhood.

3.2. GNE mutations

Forty-one percent of study participants (n=-29/71) had homozy-
gous mutations, while 59% (n=42/71) had compound heterozygous
mutations (Table 1). Among homozygous participants, 86.2% (n=25/
29) harbored the p.V572L mutation, while the remaining participants
had other mutations. No homozygous participants for the p.D176V
mutation were identified. Among compound heterozygous partici-
pants, 28.5% (n==12/42) had p.D176V/p.V572L mutations, while the
remaining participants had other mutations. With respect to allelic
frequency, 50.0% (71/142) were p.V572L, 20.4% (29/142) p.D176V,
3.5% (5/142) p.C13S, 2.8% (4/142) p.M712T, and 2.1% (3/142)
p.AG30T. All other mutations accounted for 2%. A total of 18.3%
(n=13/71) of participants were homozygous with a mutation in the
GNE domain (ED/ED), 39.4% (n=28/71) of participants were
compound heterozygous with a mutation in the GNE domain and
one in the MNK domain (ED/KD), and 42.3% (n=30/71) of
participants had a mutation in the MNK domain in both alleles
(KD/KD).

3.3. Past and present symptoms
Mean participant age at symptom onset was 25.2+49.2 years

(range, 12-58 years; median, 24.5 years). There was no significant
difference between males and females for current age, age at disease
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Table 1
Genotypes of the GNE myopathy patient population.

Questionnaire Outpatients

ED/ED Total 13 4
Homozygote 1 0
p.C13S homozygote
Compound heterozygote 1
p.C135/p.M29T
p.C135/p.A631
p.D176V/p.F233S
p.D176V/p.R306Q
p.R129Q/p.D176V
p-R129Q/p.R277C
p.D27L/p.D176V
p.B89S/p.D176V
p.D176V/p.R246W
p.D176V/p.R321C
p.D176V/p.V331A
ED/KD Total
Compound heterozygote
p.D176V/p.V572L
p.C135/p.v572L
p.D176V/p.1472T
p.D176V/p.L603F
p.R177C/p.V572L
383insT/p.V572L
p.D176V/p.G708S
p.D187G/p.V572L
p.R8X/p.V572L
p.D176V/p.G568S
p.D176V/p.H626R
p.D176V/p.AG30T
p.1276T/p.V572L
p.G295D/p.A631V
p.AGOOE/p.D176V
KD/KD Total 30 5
Homozygote 28 5
p.V572L homozygote 25 4
p.M712T homozygote 2
p.AG630T homozygote
Compound heterozygote
p.V572L/p.R420X
1756Gdel (stop)/p.V572L
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onset, age at walking with assistance, age at wheelchair use, and
current ambulatory status. Initial symptoms included gait disturbance
(66.2%, n=47/71), other lower limb symptoms (26.8%, n=19/71),
easily fatigued (23.9%, n=17/71), and weakness of hands and fingers
(8.5%, n=6/71). In addition, 21.1% (n=15/71) had onset of
symptoms before the age of 20. When specifically asked, 47.8%
(n=34/71) described themselves as slow runners during childhood,
and 42.5% reported having had difficulty with physical exercise
during school years.

3.4. Diagnosis

Mean participant age at diagnosis was 33.9 4- 12.6 years (median,
29.5 years; range 17 to 67 years). Mean participant age at first
physician visit was 29.6410.4years (median, 27 years; range,
12-62 years), and mean time between first visit and diagnosis was
4.4 4 8.3 years.

3.5. Walking with assistance and wheelchair use

At the time of the survey, 52.0% (n=37/71) were ambulant (41.3 +
12.8 years); however, only 15.5% (n=11/71, 40.0413.6 years) could
walk without assistance, with the remaining 35.2% requiring assistance
(n=25/71, 41.8412.7years). Only 7.0% of these participants
(n=5/71) could walk up stairs, while 49.3% (n=35/71) were non-
ambulant. Wheelchairs were used by 63.6% (23.9% partially bound and
43.7% totally bound) and an electric wheelchair was used by 41.9%
(n=31/71). Mean participant age of wheelchair users was 34.9+4

11.7 years (range, 18-70 years). Wheelchairs were not used by 32.4%
(n=26/71) of participants. Current age of wheelchair-free partici-
pants was 39.44 123 years (range, 21-61 years; median, 34 years)
and that of wheelchair-bound participants was 42.8+412.6 years
(range, 21-71; median, 42 years).

Kaplan-Meier analysis revealed a median proportional age at
walking with assistance of 30.0 4 1.4 years. Median proportional age
of wheelchair users was 36.042.7 years, and that for loss of
ambulation was 45.0+4.2 years. The time from disease onset to
walking with assistance was 7.0 4- 0.4 years, time from disease onset
to wheelchair use was 11.5 4 1.2 years, and time from disease onset
to loss of ambulation was 17.0 4 2.1 years.

3.6. Correlation between disease genotype and phenotype

To determine if a correlation between genotype and phenotype
existed, we compared domain mutations (ED/KD, or both) available
from medical reports to questionnaire answers (Table 2). Participants
with KD/KD mutations (both homozygous and heterozygous) were
younger and more severely affected compared to participants with
ED/KD or ED/ED mutations. No significant difference in current age or
age at disease onset between ED/ED and ED/KD participants was
identified. Kaplan-Meier analyses revealed that the proportional time
from disease onset to wheelchair use and from disease onset to loss of
ambulation was significantly shorter in KD/KD compared to ED/KD
participants. ED/ED participants exhibited a shorter time of disease
onset to wheelchair use compared to ED/KD participants (Table 3,
Fig. 1).

3.7. Comparison between p.V572L homozygous and p.D176V/p.V572L
compound heterozygous participants .

To compare clinical features in patients with the same mutations,
we specifically analyzed data from those with p.V572L (n=25/71,
35.2%) and p.D176V/p.V572L (n=12/71, 16.9%) mutations, as these
two were the most frequent mutations in our study population
(Table 2). Age at disease onset of homozygous participants (p.V572L)
was 21.345.7 years (range, 12-32 years) and time from disease
onset to wheelchair use was 11.3+5.4 years (range, 3-21 years).
Only 16.0% (n=4/25) of these homozygous participants reported
that they were not currently using a wheelchair. In contrast, the mean
age at disease onset of heterozygous participants (p.D176V/p.V572L)
was 35.5414.1 years (range, 13.5-57 years) and time from disease
onset to wheelchair use was 17.94-7.0 years (range, 11-28 years). A
total of 66.7% of these compound heterozygous participants
(n=28/12) reported that they were not using a wheelchair.

3.8. Questionnaire response compared to medical records

Questionnaires from 17 participants (NCNP outpatient partici-
pants) were compared to available medical records (Table 2). Age at
disease onset, age at onset of gait disturbance, age at walking with
assistance, and age at loss of ambulation were assessed for inter-rater
reliability. Age at disease onset, age at onset of gait disturbance, age at
walking with assistance, and age at loss of ambulation were assessed
for inter-rater reliability. ICC values were 0.979 (95% CI 0.941-0.992)
for age at disease onset, 0.917 (95% C10.752-0.972) for age at onset of
gait disturbances, 0.985 (95% C1 0.949-0.995) for age at walking with
assistance, and 0.967 (95% (I 0.855-0.993) for age at loss of
ambulation.

4. Discussion
The present study provides a detailed overview of disease severity

and progression in 71 Japanese participants with genetically confirmed
GNE myopathy. Questionnaire-based surveys have been used to study



