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Abstract

Mutations in dysferlin cause an inherited muscular dystrophy due to defective membrane repair.
Three interacting partners of dysferlin are also implicated in membrane resealing: caveolin-3 (in
limb girdle muscular dystrophy type 1C), annexin Al, and the newly identified protein
mitsugumin-53 (MG53). MG53 accumulates at sites of membrane damage and MG53 knockout
mice display a progressive muscular dystrophy. This study explored the expression and
localization of MG53 in human skeletal muscle, how membrane repair proteins are modulated in
various forms of muscular dystrophy, and whether MG53 is a primary cause of human muscle
disease. MG53 showed variable sarcolemmal and/or cytoplasmic immunolabeling in control
human muscle and elevated levels in dystrophic patients. No pathogenic MG53 mutations were
identified in 50 muscular dystrophy patients, suggesting that MG53 is unlikely to be a common
cause of muscular dystrophy in Australia. Western blot analysis confirmed upregulation of MG53,
as well as of dysferlin, annexin Al and caveolin-3 to different degrees, in different muscular
dystrophies. Importantly, MG53, annexin Al and dysferlin localize to the t-tubule network and
show enriched labelling at longitudinal tubules of the t-system in overstretch. Our results suggest
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that longitudinal tubules of the t-system may represent sites of physiological membrane damage
targeted by this membrane repair complex.
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INTRODUCTION

The muscular dystrophies are a genetically and phenotypically heterogeneous group of
disorders defined by progressive muscle weakness and wasting, with dystrophic changes on
muscle histology. The most common form, Duchenne muscular dystrophy (DMD) is due to
the absence of dystrophin, a structural protein that acts as a scaffold for signalling molecules
and integral membrane proteins such as p-dystroglycan and integrin. A deficit in the
structural integrity of the muscle plasma membrane, and its links with the extracellular
matrix, is widely believed to be a primary cause of muscle damage and degeneration in
many genetic forms of muscular dystrophy involving the dystrophin-associated protein
complex (1).

The discovery that muscle fibers lacking dysferlin (causing limb-girdle muscular dystrophy
2B) did not show the same membrane fragility as dystrophin-deficient fibers, and instead
demonstrated defects in calcium-activated membrane resealing, highlighted a new
mechanistic pathway in muscular dystrophy (2). Microinjection demonstrates the capacity of
most cultured cells to reseal acute membrane lesions (3), a process vital for cell survival, and
likely relevant to many physiological and pathophysiological settings such as during
exercise, injury, surgery, ischemia, and muscular dystrophy.

Dysferlin interacts with caveolin-3 (4, 5) and annexins Al and A2 (6), and both caveolin-3
and annexin Al participate in membrane repair (7, 8). Caveolin-3 is a small muscle
membrane protein contributing to formation of caveolae, membrane invaginations with roles
in vesicular trafficking, signal transduction and t-tubule formation (9-11). Mutations in
caveolin-3 cause limb girdle muscular dystrophy type 1C (LGMD1C) (12), which is
characterized by reduced plasma membrane expression of dysferlin (4). Studies in cultured
cells show that some LGMD1C caveolin-3 mutants induce aggregation and retention of both
caveolin and dysferlin in the Golgi, perhaps underpinning the reduced levels of plasma
membrane dysferlin in caveolinopathy (4).

The annexins are a large multi-gene family of calcium and phospholipid binding proteins
and are characterized by a conserved C-terminal domain comprised of a 70 amino acid
repeating motif, (between 4 and 8 repeats) (13, 14) and a unique N-terminal domain that
confers functional specificity to each annexin. Annexin Al normally associates with
dysferlin, but this association is disrupted in a calcium-dependent manner following a
membrane injury (6). Blocking annexin Al activity (by the use of function-blocking
antibody, competitive peptide or dominant negative mutant) inhibits acute membrane
resealing in vitro, thereby demonstrating that annexin Al plays a central role in acute
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membrane repair (7). Annexins Al and A2 are upregulated in several forms of muscular
dystrophy (15).

Recently, it has been demonstrated that dysferlin and caveolin-3 interact with a new
membrane repair protein, mitsugumin 53 (MG53, also called TRIM72) (8). The MG53 gene
is located on the human 16p11.2 locus and encodes a 53-kDa protein containing a canonical
N-terminal tripartite motif and a C-terminal SPRY domain (16) that localizes to the
sarcolemma and intracellular vesicles in rabbit striated muscle. MG53 knockout mice
display a mild, progressive muscular dystrophy that is associated with defective membrane
resealing of skeletal myofibers (16). Accumulation of subsarcolemmal vesicles following a
single bout of downhill running is significantly reduced in MG53 knockout mice, which
implicates MG53 in the translocation of intracellular vesicles during acute membrane repair.
This contrasts with dysferlinopathy, dysferlin-null mice, and with C. elegans Fer-1 mutants,
in which accumulations of unfused submembranous vesicles are observed (2, 17-19).
Interestingly, unlike both dysferlin and caveolin-3, MG53 is not an integral membrane
protein, but rather binds phosphatidylsering, a lipid that is typically located in membranes
that face the cytoplasm, such as on the inner leaflet of the sarcolemma and the outer/
cytoplasmic surface of intracellular vesicles.

The recruitment of both MG53 and dysferlin to sites of membrane injury is markedly
reduced in cells and myofibers expressing a mutant form of caveolin-3 (P104L, associated
with LGMD1C), suggesting that defective membrane repair is altered in at least some
patients with LGMD1C. Cai et al suggest that mutant caveolin-3py41, Which is retained in
the Golgi, interferes with export of MG53 and dysferlin from the Golgi, thereby preventing
MG53-mediated vesicle translocation to sites of membrane damage and dysferlin-mediated
patch repair fusion (8).

The current paradigm for muscle membrane resealing centers upon a role for dysferlin and
the annexins in calcium-activated vesicle fusion for membrane patch repair. MG53 may act
upstream of dysferlin and function independently of calcium, acting as an “oxidation sensor”
that is activated by a change in the intracellular redox state following a membrane breach
(16, 20). MG53 rapidly oligomerizes, and MG53-bound vesicles accumulate at the injury
site. The second, calcium-dependent stage, in which annexin Al and dysferlin facilitate
fusion of the accumulated vesicles to form the repair patch to seal the membrane lesion is
then deployed (21).

In view of the proposed role for MG53 as a central facilitator of acute membrane resealing
and the progressive muscular dystrophy observed in MG53-deficient mice, we examined
MG53 as a potential new muscular dystrophy disease candidate; we characterized the
expression of membrane repair proteins MG53, caveolin-3, dysferlin and annexin Al in
control and diseased human muscle by immunohistochemistry and Western blot. Little is
known about MG53 in human skeletal muscle, and how levels of MG53 and other
membrane repair proteins are modulated in patients with muscle disease. With 2 known
muscular dystrophy genes (DYSFand CAV3) now implicated in membrane repair, there is
an emerging concept that defects in membrane repair pathways may be more widely
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implicated in the muscular dystrophies, both as a primary basis for disease and as a
therapeutic target.

MATERIALS AND METHODS

Patient Ascertainment

These studies were approved by The Human and Animal Ethics Committees of the
Children’s Hospital at Westmead (CHW) (Biospecimen bank_042), and by the Mayo
Foundation Institutional Review Board. LGMD patients were enrolled in a Myopathy
Biospecimen Bank at the Institute for Neuroscience and Muscle Research, CHW. Inclusion
criteria for LGMD patients selected were onset of proximal limb-girdle, distal or generalized
muscle weakness after the age of 1 year, dystrophic features on muscle biopsy, elevated
serum creatine kinase, and common forms of LGMD excluded through protein and/or
genetic-based testing. These forms included dystrophinopathy (DMD), LGMD2A or
calpainopathy (CAPN.3), LGMD2B or dysferlinopathy (DYSF), LGMD1C or
caveolinopathy (CAV3), X-linked EDMD (EMD), LGMD1B (LMNA), the
sarcoglycanopathies (SGCA/B/G/D) and LGMD2I (FKRP) (22). Skeletal muscle biopsies
from healthy controls were obtained from family members of malignant hyperthermia
patients who had undergone malignant hyperthermia testing with normal results in the
Department of Anaesthesia, CHW.

Muscle Biopsies

All muscle biopsies were snap-frozen in isopentane cooled in liquid N, and stored in liquid
N, until required. For stretched skeletal muscle, freshly harvested muscle was stretched to
approximately 150% of its resting length, clamped and fixed in 3% paraformaldehyde for 10
minutes at room temperature (RT) before snap freezing.

Immunohistochemistry

Antibodies

Indirect immunofluorescence was performed on 8-um-thick muscle cryosections cut onto
glass slides (Thermo Scientific Superfrost plus, Menzel-Glaser, Braunschweig, Germany)
and fixed in equal ratios of an acetone and methanol solution at RT for 4 minutes. Sections
were washed in 1x phosphate buffered saline (PBS) and then blocked in 2% bovine serum
albumin (BSA) in 1x PBS solution at RT for 15 minutes. Sections were incubated in primary
antibody (diluted in 2% BSA) at 4°C overnight, followed by 3 washes in PBS. Secondary
antibodies (Jackson Immuno Research Laboratories, West Grove, PA) were applied and
sections were incubated at RT for 2 hours. After an additional 3 PBS washes, coverslips
were applied over Immumount (Shandon, Pittsburgh, PA).

Polyclonal anti-MG53 was raised against a purified protein fragment of human MG53
(amino acids 144-477; 90% sequence identity between human and mouse) (pAb MG53,
Jianjie Ma, Robert Wood Johnson Medical School, Piscataway, NJ). Monoclonal MG53 was
raised against native rabbit MG53 (94% sequence identity between rabbit and human
MG53) as part of an immunoproteomic library raised against triad proteins purified from
rabbit skeletal muscle (mAb 5259, Dr. Hiroshi Takeshima, Kyoto, Japan). Other antibodies
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employed were obtained from spectrin (NCL-Specl) (Leica Microsystems, North Ryde,
Australia); dysferlin (NCL-Hamlet) (Leica Microsystems); caveolin-3 (610421) (BD
Biosciences, San Jose, CA); annexin Al (610067) (BD Biosciences); dystrophin (NCL-
Dys1) (Leica Microsystems); dihydropyridine receptor (DHPR) (c1603) (Sigma Aldrich, St.
Louis, MO); a and p-ryanodine receptor (RYR1) (34c) (Developmental Studies Hybridoma
Bank, lowa City, IA)); a-actinin (A7811) (Sigma Aldrich); alpha-actinin-2 (4B3) (a kind gift
from Prof Alan Beggs, Boston, MA); B-dystroglycan (NCL-b-DG) (Leica Microsystems);
a-, B-, y- and & sarcoglycan (NCL-a-SARC, NCL-B-SARC, NCL-y-SARC, NCL-6-
SARC) (Leica Microsystems); Alexa Fluor-conjugated secondary antibodies (Invitrogen,
Carlsbad, CA); Cy3-conjugated secondary antibodies (Jackson Immuno Research
Laboratories); and HRP-conjugated secondary antibodies (Amersham Biosciences,
Buckinghamshire, UK).

Microscopy

Confocal microscopy was performed using the 40x HCX Plan Apo (1.23%), 63x HCX Plan
Apo (1.32x), 100x HCX Plan Apo (1.4x) oil immersion lenses on a Leica SP2 Scanning
Laser Confocal Microscope. Images (1024 x 1024) were captured without subtraction of
glow-under. Background was subtracted post-capture using Adobe Photoshop software
through a single adjustment of the levels histogram.

Western Blot

Western blot was performed using muscle lysates prepared as previously described (23).
Polyacrylamide gel electrophoresis (24) was performed using precast gels (Invitrogen),
according to the manufacturer’s instructions. Each series of gels had a standard curve run in
parallel with serial 2-fold dilutions of a control sample loaded in adjacent lanes.

After PAGE, proteins were transferred to membrane (PVVDF, Millipore, Billerica, MA).
Transfer buffer contained 25 mM Tris base, 192 mM glycine, 15% methanol — with 0.075%
SDS for high molecular weight proteins separated on 3%-8% gels, or without SDS for low
molecular weight proteins separated on 10% gels. Following transfer, membranes were
blocked with 5% skim milk powder in PBS/0.1%Tween for 20 minutes at RT with shaking.
Primary antibodies were diluted in blocking solutions, incubated at 4°C overnight with
gentle agitation, then washed 3 x 5 minutes in PBS/Tween. Secondary antibodies were
added for 2 hours at RT with agitation and washed 3 x 5 minutes in PBS/Tween. Membranes
were developed by addition of ECL reagent (GE Healthcare, Buckinghamshire, UK) for 2
minutes at RT, then exposure to x-ray film (GE Healthcare). Films were scanned for
densitometry using a BIORAD GS800 calibrated densitometer. Standard curves were
assessed for linearity and used to calculate relative protein concentrations.

Genetic Analysis

Genomic DNA was isolated from either frozen muscle using the QlAamp DNA Mini Kit
(Qiagen Pty Limited, Doncaster, VIC, Australia), or from whole blood using a modified
salting-out protocol (25). Healthy controls for MG53 sequencing included 200 echo- and
electrocardiographic normal samples from Olmsted County Heart Study (mostly Caucasian),
and a panel of 100 African-American blood donors from the Coriell Institute Repository
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(Camden, NJ). Six sets of primers were designed to amplify the coding regions of MG53
(Table 1, Supplemental Digital Content 1, http://links.lww.com/NEN/A216). The amplicon
for region 2 was generated using Platinum Pfx Enzyme (Invitrogen) and the amplicons for
regions 3—-7b were generated using Taqg DNA Polymerase (Invitrogen). PCR fragments were
resolved on a 1% agarose gel and visualized with ethidium bromide. The PCR product for
region 2 was gel-purified (Jetquick gel extraction spin kit, Astral Scientific, Caringbah,
Australia) while products for regions 3—7b were treated with 1U Shrimp Alkaline
Phosphatase (USB Corporation, Cleveland, OH) and 6U Exonuclease | (New England
Biolabs, Ipswich, MA). All DNA sequencing was performed on an Applied Biosystems
3730x/ capillary sequencer. MG53 sequence variations were cross-referenced against a
published SNP database, dbSNP (26).

RESULTS

MG53 Shows Variable Sarcolemmal and/or Cytoplasmic Immunolabeling in Control Human
Muscle and Elevated Levels in Dystrophy Patient Muscle

Immunohistochemistry for MG53 in human control skeletal muscle in cross-section
demonstrated both plasma membrane and cytoplasmic labelling (Fig. 1). The staining
pattern was highly variable, both within each muscle biopsy and among different controls
(Fig. 1, C1-C4). For example, most fibers in biopsy C1 had fairly uniform plasma
membrane staining. In contrast, biopsies C2 and C4 showed some fibers with enriched
labelling of the plasma membrane (Fig. 1, C2 arrows) and other fibers with cytoplasmic
labelling (Fig. 1, C2 stars). Biopsy C3 showed predominantly cytoplasmic staining for
MG53 (Fig. 1, C3). The same variability in MG53 localization was observed using 2
separate MG53 antibodies (rabbit polyclonal and mouse monoclonal) (Fig. 2), where some
fibers show predominant membrane labelling either ringing the whole fiber or part of the
fiber, whereas other fibers show predominant cytoplasmic labelling. The specificity of the
MG53 antibodies is demonstrated in Figure, Supplemental Digital Content 2, http://
links.lww.com/NEN/A217, and Figure, Supplemental Digital Content 3, http://
links.lww.com/NEN/A218, showing absence of MG53 reactivity by immunoblot and
immunostaining in MG53 knockout muscle.

We also performed immunohistochemistry of patients with 3 genetically defined forms of
muscular dystrophy (DMD, LGMD2B and LGMD1C) to investigate the expression of
MG53 in defined myopathies. Patients showed similar variability in the localization of
MG53, including strong membrane labelling in some fibers, cluster of fibers, or regions
within the perimeter of a single fiber and cytoplasmic labelling in other fibers. However,
despite this variability in immunolocalization, the overall intensity of MG53 fluorescence
appeared elevated in patients with DMD (Fig. 1, DMD1-DMD4) and LGMD2B (Fig. 1,
Dysf1-Dysf4) relative to controls, and relative to patient biopsies with less severe dystrophic
histopathologic features (LGMD1C).

Although the pattern of MG53 immunolabeling was variable, it should reliably detect MG53
deficiency. Therefore, we used MG53 immunohistochemistry to screen 30 patients clinically
diagnosed with LGMD in whom common genetic causes had been excluded, and in whom
dysferlin immunolabeling was abnormal (patients with no/low sarcolemmal dysferlin and
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predominant cytoplasmic dysferlin (22). No patients demonstrated absent MG53
immunostaining. There was variable labelling of plasma membrane and cytoplasmic
compartments in this patient cohort similar to controls. In addition there was punctate
cytoplasmic staining in some biopsies (Fig. 1, Unknown 2 and 4, arrows).

MG53 As a Disease Gene

We examined MG53 as a potential muscular dystrophy disease candidate by sequencing 50
patients with undiagnosed forms of muscular dystrophy and 300 controls. Patients subjected
to gene screening for MG53 included 18 of the 30 patients screened by immunostaining, as
well as 32 additional patients selected on ascertainment criteria. Ages at biopsy ranged from
1to 74 years (mean = 37 years + 18 years (SD); 80% of these patients were male. Two
synonymous changes (c.C438T/p.R146R, allele freq 0.69; ¢.C513T/p.A171A, allele freq
0.01) and one heterozygous missense change (c.C574T/p.R192C, allele freq 0.01) were
identified as sequence variants in our LGMD patient cohort. Synonymous ¢.C438T was
identified as a common polymorphism (Table 1), with ¢.C513T not previously reported. The
heterozygous missense change ¢.C574T (p.R192C) was found in a patient with mild LGMD
and myalgias. The change was also present in the patient’s asymptomatic mother and in
African American blood donor controls (AA cohort, Table 1), suggesting that it was not
disease-causing in the LGMD patient. In view of the established role of cysteine-mediated
oligomerization of MG53 (16), we investigated MG53 expression in this patient in more
detail. MG53 immunohistochemistry showed prominent labelling of the plasma membrane
in all fibers, with little cytoplasmic labelling (Fig. 1, Unknown 1). Western blot (Fig. 3A)
indicated that total MG53 protein expression levels were similar to those in the control, and
levels of high molecular weight MG53 oligomers were unchanged by non-reducing SDS-
PAGE (data not shown). These results strongly suggest that p.R192C is an uncommon
missense polymorphism that is not disease-causing in the heterozygous state.

Upregulation of Membrane Repair Proteins in Muscular Dystrophy

DMD, LGMD2B and LGMD1C cases were examined by Western blot for levels of
membrane repair proteins (dysferlin, caveolin-3, MG53, annexin A1) and dystrophin-
associated proteins (dystrophin, sarcoglycans, f-dystroglycan). Membrane repair proteins
were generally upregulated in all forms of muscular dystrophy (Fig. 3B, C), although the
protein profiles varied between different genetic forms. MG53 was upregulated in all
dystrophies between 2- to 4-fold above age-matched controls, with slightly greater
upregulation in LGMD2B and DMD than in LGMD1C. These results are in agreement with
our observations of brighter MG53 immunostaining in muscle cryosections in LGMD2B and
DMD patients (Fig. 1). We found similar upregulation of MG53 (~ 4-fold) in the madx mouse
model of dystrophinopathy compared to WT control mice at 6 months of age (Figure,
Supplemental Digital Content 4, http://links.lww.com/NEN/A219).

Caveolin-3 shows significant upregulation in LGMD2B (by =8-fold) compared to 2- to 4-
fold elevation in DMD. Elevated levels of caveolin-3 in LGMD2B and DMD were also seen
by immunohistochemistry (Figure, Supplemental Digital Content 5, http://
links.lww.com/NEN/A220). Similarly, annexin Al was markedly upregulated in most
LGMD2B samples (up to 8- to 16-fold), less so in DMD (4- to 8-fold) and was not increased
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in LGMD1C. Immunohistochemistry for annexin Al showed increased staining of muscle
fibers (not shown), in keeping with the Western blot results. Annexin Al is highly expressed
in blood vessels and inflammatory cells and these cell types may also have contributed to the
high protein levels seen in dystrophy patients on Western blot. Upregulation of annexin Al
was most variable among the LGMD2B cohort, ranging from 2- to 16-fold upregulation in
different patients. Dysferlin showed modest upregulation in DMD (~2-fold), slightly lower
than observed in madx mice (4-fold, Figure, Supplemental Digital Content 4, http://
links.lww.com/NEN/A219) and levels were normal in LGMD1C.

For comparison, we also examined levels of members of the dystrophin-associated protein
complex (DAPC). Interestingly, the pattern of DAPC protein expression varied for the 3
forms of muscular dystrophy. Levels of dystrophin were upregulated in caveolinopathy (2- to
4-fold) and markedly upregulated in dysferlinopathy (~8 fold); increases were also seen by
immunohistochemistry (Figure, Supplemental Digital Content 5, http://links.lww.com/NEN/
A220). Other dystrophin-associated proteins were upregulated to lesser degrees. p-
dystroglycan was upregulated in most dystrophy biopsies by 2- to 4-fold whereas the levels
of 6- and y-sarcoglycan were variable and did not correlate with dystrophin upregulation or
dystrophic phenotype (Figure, Supplemental Digital Content 6, http://links.lww.com/NEN/
A221).

MG53 Immunolocalizes to t-Tubules in Stretched Human Skeletal Muscle

To define MG53 localization in human control muscle, we compared biopsy samples
mounted in cross section, longitudinal section, and after mechanical stretch, (to ~1.4-1.6 x
passive length) (Fig. 4A). Muscle samples were stretched to expand the A-1 band and
improve separation and visualization of the t-tubule network from the sarcoplasmic
reticulum and Z-line. Similar to cross-section, the longitudinal mounted muscle
demonstrated variable plasma membrane and cytoplasmic labelling, with some regions of
faint striated staining. Immunolabelling of MG53 in 6 stretched human muscle samples
revealed a consistent striated pattern and clearly labelled longitudinal structures cross-
bridging striations in some regions (Fig. 4A, Stretch). To further investigate the striated
staining, we co-stained with markers for the t-tubule (DHPR), sarcoplasmic reticulum
(ryanodine receptor, RYR1) and Z-line (a-actinin). MG53 colocalized with the DHPR, but
not RYR1 or a-actinin, suggesting that MG53 is enriched at t-tubules (Fig. 4B, DHPR).
MG53 labelling of t-tubules was identical in muscle stretched at RT and at 4°C (to inhibit
intracellular trafficking), which suggests that MG53 striated staining is more prominent in
stretched muscle due to unmasking of the MG53 epitope rather than active recruitment of
MG53 to t-tubules in response to stretching. Immunolabelling of MG53 in control and
dysferlin-deficient mouse (A/J) stretched skeletal muscle demonstrated similar labelling of
the t-tubule network (data not shown), suggesting the localization of MG53 to the t-tubule
network is independent of dysferlin.

Membrane Repair Proteins Label t-Tubule and Longitudinal Tubules in Control Stretched
Muscle

We also observed MG53 staining at membrane compartments that ran perpendicular to t-
tubules, likely representing longitudinal tubules of the t-system (27, 28). Although both
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MG53 and dysferlin labelled t-tubules, clear separation of green and red fluorophores along
the length of the t-tubules suggest they do not precisely colocalize within the t-tubule
compartment (Fig. 5, Dysferlin), except at the junction where longitudinal tubules intersect
with the transverse tubule system where there was intense staining for both proteins (Fig. 5,
Dysferlin inset, arrows). Dysferlin was not as prominent as MG53 across the length of the
longitudinal tubules, showing more enrichment at longitudinal/t-system junctions.

Annexin Al staining was faint at the t-tubules, but there was prominent labelling of the
longitudinal tubules where it colocalized with MG53 (Fig. 5, Annexin, stars). Caveolin-3
staining was prominent at the sarcolemma, particularly at the junction of the t-tubule with
the sarcolemma, but longitudinal tubules were not labelled (Fig. 5, Cav3). Therefore, MG53,
dysferlin and annexin A1, but not caveolin-3 nor spectrin (not shown), label longitudinal
tubules in stretched human muscle.

DISCUSSION

Currently, the genetic basis remains undefined in approximately one third of patients with
muscular dystrophy, even in the best diagnostic laboratories (29, 30). One of the likely
reasons is that further muscular dystrophy genes remain to be identified. Because MG53 has
an established role in the membrane resealing of muscle cells, has interactions with other
known membrane repair and muscle disease proteins, and the MG53 knockout mouse has a
progressive muscular dystrophy, we considered it to be a candidate disease gene. Neither
genetic nor immunohistochemical screening revealed a primary abnormality in MG53 in 50
undiagnosed LGMD patients, however, suggesting that MG53 is unlikely to be a common
cause of LGMD in the Australian population tested. MG53 has a highly variable staining
pattern in healthy human skeletal muscle, ranging from uniform membrane staining, a
mixture of cytoplasmic and membrane staining, to diffuse low-level cytoplasmic labelling.
The reason for such variability in immunolocalization of MG53 is not known, but is
consistent with reports of rapid, transient recruitment of MG53 to the plasma membrane
following acute membrane damage (16, 31), and supports the proposed role for MG53 in the
biology of highly mobile vesicles recruited in response to membrane damage. Surgical
excision of a biopsy sample may be sufficient to activate signalling of membrane injury,
resulting in MG53 recruitment to the sarcolemma in some fibers, but not others. Variability
in MG53 localization was similarly observed with 2 distinct antibodies, thereby reducing the
likelihood of conformation-specific epitope unmasking, although this possibility is not
excluded. We demonstrated increased expression of MG53 in patients with LGMD2B and
DMD, which suggests it may have a role in the adaptation of muscle to disease. In contrast,
MG53 levels were near-normal in LGMD1C. This may relate to the fact that dystrophic
changes are typically mild in LGMD1C compared to the other dystrophies studied, (e.g.
Cavl-4, Fig. 1).

MG53 demonstrated a striated localization in longitudinal sections of human muscle,
consistent with results previously documented in rabbits (32). Cross-striated MG53 labelling
of human muscle was more apparent following mechanical stretch. We believe that this most
likely due to epitope unmasking rather than active transport of MG53 to t-tubules because
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similar staining was seen following mechanical stretch of cooled muscle in which protein
trafficking would be largely inhibited.

We found a general upregulation in other proteins implicated in membrane repair (dysferlin,
annexin Al, and caveolin-3) in the muscular dystrophies studied. Others have proposed that
this reflects a general upregulation of the pathways that mediate membrane repair in
response to increased levels of myofiber damage, and thus is broadly proportional to the
severity of the dystrophic process. Overall, our results support this hypothesis, although we
found evidence of subtle differences in how individual membrane repair proteins are
regulated. Our results for annexin A1 were in keeping with previous studies showing that
annexin Al upregulation broadly correlates with the severity of dystrophic histopathology
(15). In our study, annexin A1 was most upregulated in patients with DMD and LGMD2B,
and least upregulated in patients with LGMD1C, which is usually a less severe form of
muscular dystrophy. In general, marked upregulation of annexin Al (4- to 16-fold) was
mirrored by a similar upregulation of caveolin-3 (4- to 8-fold), with the exception of 2
sisters with LGMD2B for whom annexin Al levels were not significantly elevated, despite
high levels of caveolin-3 (Fig. 3B, Patients Dysfl and Dysf5). LGMD2B can follow an
aggressive course at onset but both sisters were biopsied early in their disease courses and
had only mild dystrophic changes on histology (Fig. 1, Patient Dysf1). Our results suggest
caveolin-3 upregulation may temporally precede annexin Al elevation in dystrophic
pathology.

The degree of caveolin-3 upregulation we observe in LGMD2B is greater than has been
previously reported (4), perhaps due to the high affinity of the caveolin-3 monoclonal
antibody, which was carefully titered to appropriate saturation (Fig. 3C). It is interesting that
transgenic overexpression of caveolin-3 by 3- to 5-fold can induce a DMD-like dystrophy in
mice (33), characterized by reduced levels of dystrophin and p-dystroglycan; this is thought
to be due to competition by caveolin-3 for the p-dystroglycan WW-binding site within
dystrophin. This raises the intriguing possibility that secondary upregulation of caveolin-3 in
muscular dystrophies may be counter-productive and exacerbate the disease process.

Levels of B-dystroglycan, a membrane protein that forms part of the DAPC, also showed
elevated levels of expression in DMD and LGMD2B (2- to 4-fold) compared to control
muscle, in rough correlation with the degree of dystrophic pathology. Interestingly, we also
found striking upregulation of dystrophin in all dysferlinopathy patients (4- to 8-fold). This
has not been previously reported, but was consistently observed in replicate experiments and
levels were carefully calculated relative to internal standard curves. Of note, upregulation of
dystrophin in patients with dysferlinopathy was not mirrored by a similar upregulation of the
sarcoglycans (Figure, Supplemental Digital Content 5, http://links.lww.com/NEN/A220).
This indicates that the various members of the DAPC are differently regulated and raises the
possibility that the stoichiometry of the different DAPC components may change in response
to disease. Dystrophin interacts with many proteins outside the DAPC, such as those
regulating the integrin-complex (34). The dramatic upregulation of dystrophin in LGMD2B
may relate to the increased levels of caveolin-3 (and/or B-dystroglycan), or may reflect
specific compensatory upregulation of a non-DAPC role for dystrophin activated in response
to dysferlin deficiency.
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One of the most interesting findings from this study is that the membrane repair proteins
dysferlin, MG53 and annexin Al localize to transverse and longitudinal tubules of the t-
system in stretched muscle. Longitudinal tubules are fine membrane tubules 10 nm in
diameter that interconnect adjacent t-tubules (27, 28, 35). Longitudinal tubules are aligned
parallel within the axis of stretch and contraction, which makes them more vulnerable to
mechanical damage during muscle stretch and contraction. Swelling of longitudinal tubules
(also called vacuolation of the tubular system) (27) can occur in response to many stimuli,
such as eccentric contraction (36, 37), stretch (37), the rapid removal of glycerol (38, 39)
and fatigue (40, 41). Vacuolated longitudinal tubules bear striking histological resemblance
to the membrane structures intensely labelled by dysferlin, MG53 and annexin A1, but not
caveolin-3 or spectrin, in over-stretched human muscle (Fig. 5). Thus, our data suggest that
rapid and reversible vacuolation of longitudinal tubules in stretched muscle may represent
physiological sites of membrane damage and remodelling relevant to functions of dysferlin
and the skeletal muscle membrane repair complex. Overall, our findings support the current
paradigm for muscle membrane repair that suggests dysferlin, MG53 and annexin Al play
direct roles at sites of membrane damage that may involve repair and remodelling of the
longitudinal tubules of the t-system, whereas caveolin-3 indirectly affects membrane
resealing due to altered trafficking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mitsugumin-53 (MG53) has variable sarcolemmal and/or cytoplasmic immunolabeling in

control human muscle samples and increased staining in dystrophic patient muscle samples.
Immunohistochemical analysis of MG53 (rabbit polyclonal MG53 antibody) in 4 human
control skeletal muscle samples (C1-C4), 4 Duchenne muscular dystrophy human skeletal
muscle samples (DMD1-DMD4), 4 Dysferlin human skeletal muscle samples (DY SF1-
DYSF4), 4 Caveolin-3 human skeletal muscle samples (CAV1-CAV4), and 4 unknown limb
girdle muscular dystrophy human skeletal muscle samples (Unknown1-Unknown4). Arrows
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in C2 indicate fibers with enriched membrane staining for MG53; stars in C2 indicate fibers
within the same section showing predominantly cytoplasmic MG53 labelling. Arrows in
Unknown 2 and Unknown 4 indicate punctate cytoplasmic labelling of MG53 aggregates.
All samples were stained on the same day, under the same conditions. All imaging was
completed over 2 days using identical confocal settings. Scale bar = 100 pum.
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Figure 2:
Two distinct anti-mitsugumin-53 (MG53) antibodies confirm variable localization of MG53

in control human muscle. Sequential muscle cryosections from Control 2 were labelled with
either rabbit polyclonal anti-MG53 plus a mouse-monoclonal recognizing y-sarcoglycan (to
demonstrate membrane fidelity in fibers that did not show MG53 sarcolemmal labelling)
(top row), or mouse monoclonal anti-MG53 plus rabbit polyclonal anti-MG53 antibodies
(bottom row). Both antibodies show a highly similar staining pattern for MG53, which
variably localizes to sarcolemma or cytoplasm (asterisks) in different fibers. Bar = 50 pm.
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Overlay

oy

Figure 3.
Membrane repair proteins are upregulated in muscular dystrophy. Western blot analysis of

muscle biopsies from patients with muscular dystrophy and age-matched controls. (A) Serial
dilutions of total protein lysates from muscle of an undiagnosed limb girdle muscular
dystrophy (LGMD) patient who is heterozygous for the mitsugumin-53 (MG53) p.R192C
polymorphism, and an age-matched control, demonstrating equivalent levels of MG53
protein. (B) Ten LGMD2B (dysferlinopathy) and 4 age-matched control samples. (C) Four
Duchenne muscular dystrophy (DMD) and 6 LGMD1C (caveolinopathy) samples with age-
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matched controls. Arrows on B and C indicate where a lane with a degraded sample was
removed for image presentation. Standard curves for each protein were generated from serial
2-fold dilutions of a control sample (Std Curve). Labels: Dysf 1, DMD 1, Cav 1 etc.
correspond to samples in Figure 1; MyHC = myosin heavy chain; B-DGN = B-dystroglycan.
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Figure 4.
Mitsugumin-53 (MG53) immunolocalizes to t-tubules in stretched human skeletal muscle.

(A) Immunohistochemical analysis of MG53 in human control (C1) skeletal muscle cut in
cross-section (Cross) in longitudinal section (Long) and in stretched longitudinal section
(Stretch). A striated pattern is most evident in stretched longitudinal muscle. Bar = 50 um.
(B) Immunohistochemical analysis of MG53, dihydropyridine receptor (DHPR),
dihydropyridine receptor (RYR1) and a-actinin in stretched longitudinal human control
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muscle (C1) to investigate the localization of MG53. The MG53 striated staining pattern
overlaps with DHPR staining, but not with RYR1 or actinin staining. Bars = 10 ym.
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Figure 5.
Membrane repair proteins label t-tubule and longitudinal t-tubules in control stretched

muscle. Immunohistochemical analysis of mitsugumin-53 (MG53) with spectrin, dysferlin,
annexin-Al and caveolin-3 in longitudinal human control (C1) skeletal muscle stretched at
room temperature before freezing. Arrows indicate enriched co-labelling of MG53 and
dysferlin at the junction of longitudinal tubules with the t-system. Stars indicate co-labelling
of MG53 and annexin Al at longitudinal tubules of the t-system. Scale bars = 10 um.
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