Solubility and Immunoblot Assay

To examine solubility of mutant myotilin, we used frozen
biopsied muscles from human control subjects and from
the two myotilinopathy patients, as well as TA muscles of
six mice each from the wiMYOT-, mMYQOT S60C-, and
mMYOT R405K-expressing groups, at 14 days afier elec-
troporation. The 1.25-mm? specimens of muscle were
lysed and homogenized in 150 pl of radioimmunopre-
cipitation assay buffer containing 50 mmol/L Tris-HC!H {(pH
7.5). 150 mmol/L NaCl, 1 mmol/L EDTA (pH 3.0). 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
and Roche complete protease inhibitor cocklail (Roche
Diagnostics). The lysates were incubated at 4°C for 20
minutes with gentle rotation, and then cenirifuged at
15,000 % g at 4°C for 20 minutes. The supernatants and
precipiiates were collected, and the protein concenira-
tions of the supernatanis were determined using a protein
assay kit {Bio-Rad Laboratories, Hercules, CA). Immuno-
biotiing of the supernatant (detergent-soluble) and pre-
cipitate (detergent-insoluble) fractions was performed, as
described previously.*® Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal slan-
gard. Immunoreactive complexes on the membranes
were detected using enhanced chemiluminescence ECL
Plus detection reagent (GE Healihcare, Chalfont St Giles,
UK). Insolubitity index was calculated as the ratio of the
quantity of insoluble protein io the total quantity of pro-
teins (ihe sum of soluble and insoluble proteins).

Immunoprecipitation

The 5-mm® specimens of frozen electroporated mouse
muscles isolated ai 14 days after electroporation were
tysed and homogenized in 0.6 mL of radioimmunopre-
cipitation assay buffer. The lysales were incubated at 4°C
for 20 minutes with gentle rotation. and then centrifuged
at 15,000 % g at 4°C for 20 minutes. The supematanis
were collected, and their protein concenirations were
adjusted using a protein assay kit (Bio-Rad Laboratories).
Immunoprecipitation was performed as described previ-
ously,®® with agarose-conjugated anti-Myc antibody
(Santa Cruz Biotechnology).

Statistical Analysis

Differences between wiMYOT-, mMYOT S60C-, and
mMYOT R405K-expressing mice were analyzed with
GraphPad Prism version 5 (GraphPad Software, La Jolia,
CA). Comparisons among groups were performed by
one-way analysis of variance with post hoc Tukey's anal-
ysis. Dala are expressed as means = SD.

Resulis

Mutation Screening and Histochemical Analyses
of Muscles from Patients

We performed MYOT mutation screening in MFM patients
and identified two patients with mutations. Patient 1, har-
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boring a MYOT ¢.179C—G (p.560C) mutation in exon 2,
was a 63-year-old woman with a 6-year-long history of
siowly progressive limb muscie weakness. Her mother
(deceased) had had muscle weakness. The patient had
difficulty in climbing stairs without support, and could
not walk for long distances. Her serum creatine kinase
ievel was elevated to 734 IU/L (reference, <200 1U/L).
A biopsied specimen from the rectus femoris muscle
showed marked variation in fiber size, with some ne-
crotic fibers. Clusters of degenerated fibers with ab-
normal cyloplasmic inclusions were observed; some
fihers with rimmed vacuoles were also seen (Figure
1B). Intermyofibrilar networks were markedly disorga-
nized (Figure 1D). Under eleciron microscopy, elec-
tron-dense materials and cytoplasmic amorphous in-
clusions of various sizes were seen in some fibers (see
Supplemental Figure S1 at http://ajp.amjpathol.org).
Patient 2 was a 57-year-old woman harboring a MYOT
¢.1214G—A (p.R40EK) mutation in exon 9. Detailed
clinical symptoms have been described previously.*®
In brief, this patient had a 16-year-long history of slowly
progressive proximal limb muscle weakness. Her se-
rum creatine kinase level was mildly elevated (385
IUM). A specimen from the vastus lateralis muscle
showed marked variation in fiber size, scattered fibers
with internal nuclei, and small angular fibers. Some
fibers with rimmed vacuoles were seen (Figure 1C),
and intermyofibrillar networks were disorganized (Fig-
ure 1E). lmmunohistochemical analysis of muscle
specimens from both patients revealed scattered fi-
bers with strong immunoreactive accumulations of
myotilin (Figure 1, F and G), which costained with
polyubiguitin (Figure 1, H and 1), «-B crystaliin, BAGS3,
actin, desmin, and filamin C (see Supplemental Figure
S2 at htip://ajp.amjpathol.org).

Mutant Myotilin Does Not Aggregate in Cultured
Cells

To examine the aggregation of mutant myotilins in cul-
tured cells, C2C12 murine myoblasts were transfected
with Myc-tagged wiMYOT (Myc-wiMYOT) or Myc-tagged
mMYOT (Myc-mMYOT S60C or R405K). After 48 hours,
immunostaining with anti-Myc antibody and rhodamine-
labeled phalloidin revealed that the expressed Myc-wit-
MYOT. Myc-mMYOT S60C, and Myc-mMYOT R405K did
rot form abnormal protein aggregations, and they local-
ized at actin stress fibers (Figure 2). Expression of
mMYOT did not affect differentiation of C2C12 cells (data
not shown).

Accumulation of Myotilin after Electroporation

To investigate ihe roles of mutant myotilin, we performed
in vivo electroporation io express Myc-wiMYOT or Myc-
mMYOT (S60C or R405K) in mouse TA muscies. At 7 and
14 days after electroporation, Myc-positive granules with
diameters >1 pm were observed in Myc-tagged myotilin-
expressing myofibers (Figure 3A). Compared with wi-
MYOT-expressing myofibers, mMYOT-expressing myofi-
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Figure 2. Expression of mutamt myotilin in culiwred cells. Immunofluorescence staining of uansfected Myc-wtMYOT (A), Mve-mMYOT S60C «B). and

Myce-mMYOT R405K (C in C2C12 murine myoblasts. Merged images of Myc-tagged myotilin- cxpressi
nuclear staining with DAP (blue). C2C12 myoblasts expressing m\!\f T S6OC (B} or R405K (C) did 1
colocalized with actin stress fibers similar o WiMYOT (A) Scale bar = 26 pm

bers contained more granular aggregaies that were
larger in size. At 7 days after electroporation, Myc-posi-
tive aggregates of wiMYOT, mMYOT S60C, and mMYOT
R405K were observed in 14 = 5%, 44 = 7%, and 21 =
4% of muscle fibers, respectively (Figure 3B). Al 14 days
after electroporation, the number of the fibers with aggre-
gates increased 1o 22 = 4% in wiMYOT, 50 = 2% in
mMYOT S60C, and 37 = 3% in mMYOT R405K (Figure
3C). The number and size of Myc-positive aggregaies
in 30 randomly selected Myc-positive muscle fibers
were much higher in mMYOT S60C and slightly higher
in mMYOT R405K at 14 days after electroporation than
at 7 days (see Supplemental Figure S3 at http://ajp.
amjpathol.org). These data indicate that the expressed
mutant myotilins, and mMYOT S60C in particular, are
prone to aggregate in skeletal muscies. The amounis
of expressed Myc-tagged myotilin proteins were ap-
proximately equal, as measured by immunoblotting
(Figure 3D).

Myofibril Disorganization and Z-Disk Streaming
in Muscles Expressing Mutant Myotilins

To investigate the ultrastructural characteristics of mutant
myotilin-electroporated muscles, we performed electron
microscopy at 7 and 14 days after electroporation. in
Toluidine Blue-stained longitudinal semithin sections,
partial disorganization of the Z-disk was observed in both
mMYQOT SB0C-expressing and mMYOT R405K-express-
ing TA muscles, but not in controt or wiMYOT electropo-
rated muscles (data not shown). Electron microscopy
also revealed myofibril disorganization with disrupted Z-
disk, such as Z-disk sitreaming and brc:adoninq in
mMYOT-expressing muscles (Figure 4, A and D). Vari-
able-sized (1 to 8 um in diameter) electron-dense mate-
rial, with electron densities similar 1o that of the Z-disk,
were also seen in mMYOT-expressing mouse muscles
(Fsgure 4, B and E). The inclusions were occasionally

ssociated with autophagic vacuoles (Figure 4, C and F).
These ultrastructural findings were commonly observed
in both mMYOT S60C- and mMYOT R405K-expressing
mouse muscles.

g cells (green) costained for actin stress § d»u»md\ and
not exhibit protein aggregates, and the muan myotilin

Mutant Myotilin Aggregates Colocalize with
Polyubiquitin and Other Z-Disk-Associated
Proteins

To compare the protein accumulations in human and
mouse muscles, we performed immunohistochemical
analysis. At 14 days afier eleciroporation, some cyto-
plasmic inclusions were cbserved in mGT-stained sec-
tions of mMYOT-expressing muscles (Figure 5, A and B).
Immunostaining of serial sections revealed that the inclu-
sions were immunopositive for the Myc tag (Figure 5, A
and B). The aggregates of Myc-mMYOT (S60C and
R405K) strongly colocalized with polyubiquitin and oB-
crystallin. Accumulations of other Z-disk-associated pro-
teins were also observed, including BAGS, actin, desmin,
and filamin C (Figure 5). These findings are similar {o the
observations made in the patients’ muscles (Figure 1, F-1;
see also Supplemental Figure S2 at hiip:/ajp.
amjpathol.org). in the eleciroporated muscles, Myc-
wiMYOT aggregates also colocalized with Z-disk-as-
sociated proteins, including aB-crystallin, BAG3, actin,
desmin, and filamin C (data not shown), whereas only
few wiMYOT aggregates were immunopositive for
polyubiguitin (Figure B6A).

Mutant Myotilin Proteins Display Marked
Detergent Insolubility with Polyubiguitinated
Proteins

in the muscie specimens of the two myotilinopathy pa-
tients, myotilin aggregates exhibited positive staining for
polyubiguitin (Figure 1; see also Supplemental Figure S3
at http.//ajp.amjpathol.org). Similarly, in electroporated
mouse muscles, mMYCOT aggregates were positive for
polyubiquitin, and polyubiguitin-positive  aggregates
were more prominently observed in mMYOT S80C-ex-
pressing muscles at 14 days after eleciroporation. On
the other hand, only few aggregates of Myc-wiMYOT
were positive for polyubiquiiin (Figure 6A). This result
suggesis that mutant myotilin was ubiguitinated or that
the expressed mutant myotilin induced the deposition
of poiyubiguitinated proteins in the muscles of patients
and electroporated mice. To characterize these aggre-
gates, we performed a solubility assay. The muscle
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Figure 3. Enhunced aggregution of mutant myailing in mouse skeletal muscle. A

Mye-mMYOT (S60C or R4GSK-eleciroported motse 1/
s (arrows) in myofibers. compared with W)
ration. SOOC-espressing myvofibers exhibited fas
in the electroporated fibers of the WT. S00C. and R405K «
transtected Myo-tagged myatilin in 15 serial sections ik

electr oy

specimen with the S60C mutation (patient 1) exhibited
increased amounts of myotilin in the detergent-insolu-
ble fraction. compared with the conirol specimens
(Figure 6. B and D). Increasing amounis of polyubig-
uftinated proteins and aB-crystallin were also detected
in the insoluble fraction. On the other hand, the solu-
bilities of myotilin and other proieins, inciuding polyu-
biguitin. in the muscle specimen wii’*\ the R405K muta-
tion (patient 2) were similar 1o those of conirols (Figure
6B). Consisiently, in the mouse muscies isolated al 14
days after electroporation, markedly increasing
amounts of insoluble mMYCT S80C were observed
(Figure 6C). in the PBS-injected control muscle, insol-
ubility of endogenocus myotilin was 31 = 12%. whereas
in the wiMYOT-. mMYOT 860C-, and mMYOT R405K-

7 and 14 davs ;

ression groups (i = S

er the sections used for i

~electroporated muscle. At 14 days after
1ge wf myofibers with Myc-positive ugg
s P 0001, D Immunoblotiing analyeis of
sy (:\HlH was nsed as a foading um’,ui

s

inlected muscles, the Myc-tagged myotifin amounts in the
wsombie fraction were 34 = 10%, 69 = 5%, and 48 =
9%, respectively (Figure BE). Insolubility of Myc-wi-
MYOT was simiiar to that of endogenous myotilin, but
mMYOT. and S60C in particular, exhibited higher in-
solubiiity (Figure 6E\

These resulis are consisient with the number of intra-
celiutar agg:ega%@“ r‘-b%‘:wed after e%euizogo;auon. The
amount O
creased solu *3\10 'a:C”m of mMYOT :,GOC e?w-

troporat efi gt sr_‘.ies. similar to that of the muscle with the
S60C mutation (patient 1) {Figure 6. B and C). A slight
increase in the amount of detergent-insoluble polyubig-
uilinated proleing was observed in mMYOT R405K-elec-
troporated muscles (Figure 6C). The amounis of other
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A

Figure 4. Electron microscopy of muscles expressing mutant myotifin. mMYOT S60C (A-C). mMYOT R405K (D-F). A and D: mMYOT-transfected muscle fibers

exhibited myofibril disorganization with disrupted Z-disk: note broadening of Z-disks (A, brackets) and Z-disk streaming (D, asterisk). B and E: Variable-
(110 8 pm in diameter) electron-dense inclusions (arrowheads) were seen in mMYOT-expressing muscles. € and Fz Inclusions were occasionally ¢

sized
ocixted with

autophagic vacuoles (AV). B and C: Seven days after clectroporation. A and D=F: Fourteen days after electroporation. Scale bars: 3.0 pm (B and E): 2.0 um (Ck

1.7 pm (A and D) L4 pm (FL

Z-disk-associated proteins, including aB-crystallin, in the
insoluble fraction did not exhibit an increase, even in
mMYQOT S60C-electroporated muscles (Figure 6C; see
also Suppiemental Figure S4, A and B, at hitp://ajp.
amjpathol.org). We also performed an immunoprecipita-
tion assay to examine whether myoctilin was polyubiquiti-
nated. Myc-tagged myoflilin proteins were immunopre-
cipitated from the detergent-soluble fraction of the mouse
muscles isolated at 14 days after eleciroporation. Polyu-
biquitin immunoreactivity was not detected in the immu-
noprecipitated proteins (see Supplemental Figure S4C at
http://ajp.amjpathol.org), indicating that neither the wi-
MYOT nor the mMYOT proteins in the soluble fraction
were polyubiquitinated.

Discussion

Patients with MFM, including myotilinopathy, exhibii vari-
able clinical features. Some patienis exhibit progressive
weakness in proximal muscles, whereas others exhibi
distal dominant muscle involvement. Cardiomyopathy,
peripheral neuropathy, and respiratory insufficiency
may be observed.? The diagnosis of MFM is generi-
cally based on characterisiic pathological findings in
biopsied muscles, namely, myofibrillar degradation
and protein aggregation.’ Histochemically, the most re-
markable pathological changes were observed with mGT
staining (Figure 1). Abnormal protein aggregates were

observed, including amorphous, granular, or hyaline de-
posits of various sizes, shapes, and colors (dark biue,
biue red, or dark green). The presence of rimmed and
nonrimmed vacuoles was also a characteristic observa-
tion. Furthermore, NADH-TR staining revealed intermyo-
fibriflar network disorganization. Attenuation or absence
of NADH-TR activity in focal areas of myofibers is also
observed in MFM. "3

Here, we have presented findings for myotilinopathy
patients with similar clinical features but different patho-
logical changes. Fibers with cytoplasmic inclusions and
disorganized myofibriis were prominent in the patient with
S60C mutation, and these inclusions were strongly immu-
noreactive for myotilin (Figure 1).

Although ftransfected culiured cells did not show ag-
gregations, our in vivo expression studies in mice were
able 1o reproduce the pathological changes observed
in myotilinopathy patients. Mutant myotilin caused en-
hanced protein aggregation in TA muscies within 1to 2
weeks (Figure 3). The dark biue or dark green inciusions
stained by mGT in mutant-expressing fibers (Figure 4) were
similar 1o those observed in the myotiiinopathy patients.
Furthermore, mMYQOT SE60C-expressing myofibers ex-
hibited a greater number of aggregates, which is con-
sistent with the pathology of the patient with that mu-
tation {patient 1). Of note, the size of mMMYOT S60C
aggregates markedly increased over time, suggesting
that mutant myotilin may be resistant to profein degra-
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Figare 5. Mutant myotilin aggregates colocalt
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histochemical staining of mousce muscle expressi
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dation, as described previously for MFM-associated
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Focal disorganization of myofibrils,

and accumuiation of elecitron-dense malerial near the
Z-disk are characteristic electron microscor gs in
the muscles of MFM patients. ' ®43% in the myotilinopathy
patient, Z-disk sireaming. numerous autophagic vacu
oles' and cytoplasmic amorphous inclusions were ob-
served (see Supplemental Figure S2 at hitp//ajp.

are commonly observed in
hese features were also ob-
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ogical findings imply that the presence of mutant
1 can inguce characieristic pathological features
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fecting structure.
amjpathol.org). in the present study. expression of Ectopic accurnuiations of multiple proteins, includin
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mMYOT by eleciroporation elicited myofibril disorganiza- Z-disk-associated proteins, are typical pathological fea-
tion and accumulation of electron-dense material, which tures of MFM.®%7 This study and previous reports®®®®
re ultrastructural hallmarks of MFM (Figure 5). Au- showed that myotiiin-positive protein aggregates colocal-
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Figure 6. Mutant mvatilin displays marked detergent insolubility,
WIMYOT (WT) or Myc-mMYOT (S60C or R4GSK), Myc-mMYOT ag
The WT aggregates rarely costained with polyubiquitin, B-E Solubi

dong with polyubiqui
ates. particularly those of S60C. colocn
8 uf myotilin, polvubiquitinated prote

ted protein : At 13 davs afier clectroporation of Myc-
d with polvubiquitin (polyUb tarrows),

s, and other sarcomeric proteins in muscles

from m}(m]fnugxum paticnts (B and D) and from dleciroporated mice (€ and E). GAPDH was used as a loading conrol. B: Immunoblotting of

detergent-soluble and deterg

nt-insoluble fractions of muscles from control subjects (C1 and C2) or myotilinopahy patients {P1 (patient 1) and P2 (patient
23, In the muscles from P with S60C, markedly increasing amounts of myotilin, polyubiguid
fraction. compared with muscles from control subjects. Dr Quantification of myatilin insolub

:d proteins, and aB-crvstallin were detecied in the insoluble
ss revealed highest insolubility in P11 C: Immunobiotting

of detergent-soluble and detergent-insoluble fractions of WT, $60C. or R4O5K-expressing muscles at 14 days after electroposation, Increasing amounts of

insoluble Myc-tagged myatilin proteins and polyubiquitinated proteins were observed in mMYOT-clectro
» potably increased. B Quar
Myc-tagged myotilin in the WT, S60C. and R405K expression groups (12 = 6 mice pe

in S60C-electroporated muscles. the amounts of insoluble proteins we

cd muscles, compared with WT. Particularly
ion of the insolubilitics of electroporated
T group). Insolubility of endogenous myotilin was measured using

PBS-treated mouse muscles. Compared with \'\T insolubilitics of clec tmpw ited Myetagged mvatilin were significantly increased in S60C and R405K.

P 0.05; TP < 00T 7 < (L0601, Scale bar = 20 pm.

ize with ubiquitin and Z-disk-associated proteins (ie, aB-
crystallin, BAGS, actin, desmin, and filamin C) in the
muscles of myotilinopathy patients (Figure 1; see aiso
Supplemental Figure S2 at hitp://ajp.amjpathol.org). it has
been reported that the myotilin T57! fransgenic mice de-
velop progressive myofibrillar changes, including Z-disk
streaming and accumulation of mutant myotlilin with ubig-
uitin and Z-disk-associated proteins, similar fo those ob-
served in myctilinopathy patients.®® Expression of
mMYOT elicited similar cytoplasmic aggregations in
mouse skeletal muscle, and within 2 weeks the aggre-
gates colocalized with polyubiquitin and other Z-disk-
associated proteins. Our resulls indicate that muiant
myotilin is able to nucleate aggregations of Z-disk—asso-
ciated proteins in skeletal muscle.

MFM is a proteinopathy (ie, a protein accumulation
disease). In these diseases, protein aggregates are op-
erationally defined by poor solubility in agueous or deter-
gent solvents.®>4° Such insoluble protein aagregd: ions
are characteristic of many neurodegeneraiive dis-
eases.*! In the present study, we discovered that the
mutant myotilin S80C prolein, along with polyubiquiii-
nated proteins, exhibited marked detergent insclubility in
muscles from both the patient and electroporated mice.
Mutant myotilin R405K protein showed increased, but
lower, detergent insolubility in mice (Figure 6}, which may
be consistent with the observation that the muscle from
the patient with the R405K mutation exhibiied only mild

protein aggregation (Figure 1). The different detergent
insolubilities exhibited by the two MYOT mutations may
closely correlate with the amounts of protein aggregation.
Here, we confirmed the aggregation-prone property of
mutant myotilin, which participates in the pathogenesis of
myotilinopathy. Using an immunoprecipitation assay, we
aiso showed that electroporated mMYOT was not ubig-
uitinated in the detergent-soluble fraction (see Supple-
mental Figure S4 at hitp://ajp.amjpathol.org). A previous
study showed that transfected myatilin is degraded by
the proteasome system in cultured cells.*? Our present
findings show that ubiguitinated mutant myotilin can form
insoluble aggregates. it is also possible that aggregation
of insoluble ubiquitinated proteins is induced by the ex-
pression of mutant myotilin,

Several causative genes have been identified for MFM;
however, in previous studies no mutations were found in
nearly half of the MFM patients.® To identify the unknown
causai‘ive genes, easy methods are required for deter-

mining the pathogenicity of novel mutations. Some mu-
;am proteins exhibit protein aggregation?® 48 or biologi-
cal ﬂ‘vqm‘ clion, inc!udiﬁg protein-protein interaction in
vitro 2346748 Hawever, we couid not detect any protein
aggregation in mMY OT—wDressing cuitured cells (Figure
2) 'he d'f‘icu!ty of in vitro investigation may be respon-

the inability to identify Z-disk-associated pro-
teéns or mature Z-disk structures. Indeed, myotilin is ex-
pressed in later differentiated C2C12 myotubes with




sarcomere-like structures.®® This suggests that mutant
myotilin requires mature Z-disk and/or other sarcomeric
proteins to cause aggregations. In such cases, in vivo
examination is important for evaluating the pathogenicity
of mutations. Because in vivo electroporation can repro-
duce the pathological changes observed in MFM pa-
tients within a short time, it is a useful and powerful tool for
evaluating the pathogenicity of mutations in MFM.
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