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REPEIIES €5 BN TRERMEZBD 3 H V=T, UL VEIKERREA RS EEh 5 Yy DB
3o MVEF VETOMREHTRE TR IR & BN TV S, —F, Y% 0 OB KRB
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B DRI R EMIC LT MELAS K89 3 L-7 V8o Vg0 B S SMagi G bhi, B, 208
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T D YRR & TR ENET 2 0805 5. IRREHOHETE, BT, —8l aRBRay
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8. BIREERREICIRU DM - 56X

I havRY TR BB, BEHREE, R, HiE, 1994
bV Ry TERE . WEE, RBE—E, 2l nsit, HE, 1994
Mitochondrial Medicine. DiMauro S, Hirano M, Schon EA, ed. Informa Healthcare, UK, 2006
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IraVFUTHRER, MINEETHESII NIV FY TORBEEZAELTIHRD
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I

IV RU7ROER

3PV TIROBERNFHREZRETSS. I by FUT7RS505MBICHET
50T, TRANMF—-EZBICHEE T30, Sk, Ok SimA T, s
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ZDHIZI IV PY 7TROEHRAERREELRD S Z L 3HL <, HER RIS RS
WEBEFEROEE L EOFEMVHFICH 0L TH5. 2 aV P 7ROFEER,
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c:vronAaC HO:Kk O, E¥ ADP:7F/ LYY vE: Pi:YVER ATP: 757/ Y V=Y VER

283
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2AC—LAFEELAENI L ERELESTNS, ZO@EWNE, I 2V FYT7DNAESD
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REBEDEDZ(L (2 ) 22D, HAKLEE) 2805, BRHO XS KA LTEET
HRBOBAEE, ZOKD AEEARETE 55, B iidiifatlod >ty
PMEHFELTWAHIRIEI Fa v FY 7882 H 5 LMY, I ravFy7r-a
DBEAREL MGV LRBN,

F723 baVRY 7OEDEOREI IV Y -EEBBLEETH 3 Z LI R0,
FRICAT, BUBEORE, 78—V ANOHES, MRS Y AL+ VBT,
BAA PO Z XE ML H 5. I b3V FYTHRICBWT, T35 —-RiEEY
ADZINEDI PV FPYTHEEBEDIICEL TN IN TS Tk
W L l, ZAAF-BEERATREIETHERBECESLE I PITONTE, %D
FIRBTZE, EMIEIC W TEBRIREEETH 5.
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ERE FaR
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BEY LOEFIOER2 b ONFEET2EAEATR /I X I — L), RROBLPEROHE
EoT, ~FRSISRI—DEGLFETSIRAI-OBEND 5, MHEPOMIENTIRS Fay FY
FHREGLHEEL DEBELTED, SLLAFRSIRI—mHNE, FHEL T2 TR,
~F, SLLAIRCEE Fa v Y FORG LSRR THD, SV Y LRERR
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3) HpEL NN
MR AL P a v R 7TEER, HBOBEEE LML LTABRE, ~FaT
FAX—DI PV FYT7DNAZE TR 2FEOGE, MRS LICERENRERD I LN
Mo Thy, XHICEREBNH LM (B BLLiCx b hwv L IIaEES X A0,
EAA BT L IZEREPFLLTOL I 3N THy, HEEET s TRER
ERELLTwL.

4) 8% - WEHEL AN

R - JfER L A TAS &, BREOSOMIESE S - T 3RS CRERRER 2 W
R33LFLoN3. B4DEMTERZOTCHROGHENEDI I >TNE2DF
BB <, ko TFHOPUBEBE TS 3. I OMM - MBI L OBBIZEY, HE
ERPARELSELRY, COWERI IV FITHTARALNS, VABBZIER, Whk3E
i, VR SERREREE SR T [ERRERDERIE] ORRE o Tw3.

D& E~TFaT IR -ERTREOLFEE, REESEEZ EHE T 21880
YESHRBRREEIERE, MR 2 & 9% MELAS (mitochondrial myopathy, enceph-
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- IR T
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() ZEBFRFERIC L 2L XS, ARIGZEREORLERES & &g
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ELSEHTHI L3 RS, PRARERYS DS 3B 63HBHOAR - ULV VBREREER
B ns,
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FEEECLTCWB—HETH 5.

5 BT
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BEFREDR, BROXERIESANBRO—E, RAESHO ) ¥— &6 -2,
GEGFA LY A (BR) BETHBN, FWNBI IV ) 7DNABEOEENRELE > (H
D, REE|RRBZIYFYToy VERERTFToTOEWERE H 5.
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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
Ca2+-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 Ca2+ that occurs
during membrane injury.

To examine the biological 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 Ca2+-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 caveolin-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
SJL 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 dysferiin, mouse gastrocnemius muscles
were lysed in lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1% NP-40, and Complete mini EDTA-
free protease inhibitor cocktail (Roche) [9] supplemented with 1 mM CaCh 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 BL21E. 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 NapyHPOy, 1.8 mM KHpHPOy, 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 CaCl, 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 quenched with 100 mM Tris-HCI (pH
7.5) [6]. The cross-linked lysates were diluted with 75 mM Tris-HCI (pH 7.5), 150 mM NacCl, 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 aliquots 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-HCI (pH 7.5), 2x sample buffer (125 mM Tris-HCI (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/pcDNA3.1 and/or C-terminal GFP-tagged human dysferlin cDNA/pcDNA3.1 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 plasmid 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 Il 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 CaCl, (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 CaCly supplementation.
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