The American Journal of Pathology, Vol. 180, No. 4. April 2012
Copyright © 2012 American Sociely for Investigative Patholog):.
Published by Elsevier Inc. All rights reserved.

DOE 10.1016/.ajpath 207 1.12.040

Molecular Pathogenesis of Genetic and Inherited Diseases

In Vivo Characterization of Mutant Myotilins

Etsuko Keduka,* Yukiko K. Hayashi,”
Sherine Shalaby,* Hiroaki Mitsuhashi,*"
Satoru Noguchi,* lkuya Nonaka,* and
Ichizo Nishino*

From the Department of Newromuscular Research. National
Institute of Neuroscience, National Center of Neurology and
Psychiatry, Tokyo, Japan: and the Division of Genetics,t
Children’s Hospital Boston, Harvard Medical School, Boston,
Massachuselts

Myofibrillar myopathy (MEM) is a group of disorders
that are pathologically defined by the disorganization
of the myofibrillar alignment associated with the in-
tracellular accumulation of Z-disk-associated pro-
teins. MFM is caused by mutations in genes encoding
Z-disk-associated proteins, including myotilin. Al-
though a number of MFM mutations have been iden-
tified, it has been difficult to elucidate the precise
roles of the mutant proteins. Here, we present a use-
ful method for the characterization of mutant pro-
teins associated with MFM. Expression of mutant
myotilins in mouse tibialis anterior muscle by in vivo
electroporation recapitulated both the pathological
changes and the biochemical characteristics observed
in patients with myotilinopathy. In mutant myotilin-
expressing muscle fibers, myotilin aggregates and is
costained with polyubiquitin, and Z-disk-associated
proteins and myofibrillar disorganization were com-
monly seen. In addition, the expressed S60C mutant
myotilin protein displayed marked detergent insol-
ubility in electroporated mouse muscle, similar to
that observed in human MFM muscle with the same
mutation. Thus, in vivo electroporation can be a
useful method for evaluating the pathogenicity of
mutations identified in MFM. (4m J Pathol 2012, 180:
1570-1580; DOI: 10.1016/j.ajpath.2011.12.040)

Myofibrillar myopathy (MFM) is a group of neuromuscular
diseases with common morphological features such as
disorganized myofibrillar alignment and accumulation of
7-disk-associated proteins.’ Mutations in genes encod-
ing Z-disk-associated proteins are known to cause MFM.
Disease-associated mutations have been identified in six
genes, including myotilin, desmin, aB-crystallin, ZASP,
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filamin C, and BAG3.2"® Elucidation of their pathogenicity,
however, is sometimes difficult.

Myotilin (myofibrillar protein with titin-like immunoglob-
ulin domains) is a 57-kDa protein with 10 exons encoded
by the myotilin gene (MYOT) on chromosome 5¢31. Myo-
tilin consists of a unique serine-rich domain at the N-ter-
minus and two Ig-like domains at the C-terminus.*~" Myo-
tilin is highly expressed in skeletal and cardiac muscle,
and localizes to the Z-disk,® which plays important roles
in sarcomere assembly, actin filament stabilization, and
muscle force transmission.®® Myotilin interacts with sev-
eral Z-disk—associated proteins, including a-actinin,? fil-
amin C,'%'7 FATZ,'" ZASP,'2 and MuRF ubiquitin li-
gase.'® Myotilin also interacts with actin monomers and
filaments through its 1g-like domains, which also mediate
homodimerization.* Previous studies have shown that
myotilin can bundle actin filaments in vitro, acting alone or
in collaboration with e-actinin and filamin C.*"° Thus,
myotilin is thought to play a role in anchoring and stabi-
lizing actin filaments at the Z-disk, and is involved in the
organization and maintenance of Z-disk integrity. '2 Mis-
sense mutations in MYOT have been associated with
MFM,*®'® |imb girdle muscular dystrophy type
1A,771820 gnd distal myopathy.=*“* We have previously
identified a mutation p.Arg405Lys (R405K) in exon 9 in
the second lg-like domain of myotilin. The R405K mutant
myotilin exhibited defective homodimerization and de-
creased interaction with e-actinin in a yeast 2-hybrid
(Y2H) system.2® All of the other previously reported
MYOT mutations are located in exon 2 "*71671824 with
p.Ser60Cys (S60C) being one of the most common mu-
tations. The pathogenic effects of MYOT mutations and

Supported by a Grant-in-Aid for Scientific Research from the Japan So-
ciety for the Promotion of Science; a Comprehensive Research on Dis-
ability Health and Welfare (20B-12, 20B-13) award from the Ministry of
Health, Labor and Welfare: a Research on Intractable Diseases award
from the Ministry of Health, Labor and Welfare; an Intramural Research
Grant (23-4, 23-5, 23-6) for Neurological and Psychiatric Disorders. Na-
tional Center of Neurology and Psychiatry: and a grant from the Japan
Foundation for Neuroscience and Mental Health.

Accepted for publication December 29. 2011.

Supplemental material for this article can be found at http://ajp.
amjpathol.org or at doi: 10.1016/j.ajpath.2011.12.040.

Address reprint requests to Yukiko K. Hayashi, M.D, Ph.D., Department
of Neuromuscular Research. National Institute of Neuroscience, National
Center of Neurology and Psychiatry, 4-1-1 Ogawahigashicho, Kodaira,
Tokyo, 187-8502, Japan. E-mail: hayasi_y@ncnp.go.jp.



the disease mechanism involved remain poorly under-
stood.

Model animals, such as transgenic mice, have contrib-
uted to understanding of the critical pathogenic events in
MFM.2527 Some MFMs, including myotilinopathies, are
late-onset and slowly progressive diseases."® To repro-
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duce clinical and pathological features in model animals
for such late-onset mild myopathy is both labor intensive
and time consuming. Among the 10 missense mutations
identified to date in patients with myotilinopathy,'* 6~
18.23.24 only the Thr57lle (T571) mutation reproduces the
pathological changes in transgenic mice after 12 months
of age.?® To screen for candidate mutations in MFM, a
new method is required for demonstrating the pathoge-
nicity of mutations. In the present study, we expressed
mutant myotilin in mouse muscle by in vivo electropora-
tion and were able to easily reproduce pathological
changes similar to those observed in skeletal muscle
from patients with MYOT mutations.

Materials and Methods

Clinical Materials

All clinical materials used in this study were obtained for
diagnostic purposes with written informed consent. The
studies were approved by the Ethical Committee of the
National Center of Neurology and Psychiatry.

Genetic Analysis

Genomic DNA was isolated from peripheral lymphocytes
or muscle specimens of patients, using standard tech-
nigues. Sequencing and mutation analysis of MYOT were
performed as described previously.??

Plasmid Construction

We cloned full-length human myotilin cDNA and gener-
ated mutant myotilin (mMMYQOT) by site-directed mutagen-
esis, as described previously.?® A C—G substitution at
nucleotide position 179 and a G—A substitution at nucle-
otide 1214 were introduced to obtain p.S60C and
p.R405K, respectively. A schematic of the location of
these mutations in the structure of the myotilin protein is
given in Figure 1A. For expression in mammalian cells,
cDNAs of wild-type myotilin (wtMYOT) or mMYOT (S60C
or R405K) were subcloned into pCMV-Myc vector (Ta-

Figure 1. Mvatilin mutations and histopathological findings in myounlinopa-
thy patients. A: Myotilin structure and disease-related mutations. p.Ser6GOCys
(S60CY is located in the serine-rich domuin and P Arg40SLys (R40SK) s
located in the second immunoglobulin tg)-like domain of myotilin, B-I:
Pathological changes in muscles from patient 1with YOTSO0C (B, D. F. and
H) and from patient 2 with JYOTR405K (C. E. G. and . B: Madified GOomaori
trichrome (mGT) siining of biopsied skeletal muscle from patient 1 rev ealed
markedly degenerated fibers with many spheroid protein inchsions (ar-
rows). Some fibers had rimimed vacuoles tarrowhead). C: mGT stining of
hiopsied skeletal muscle trom patient 2 revealed scattered fibers with rimmeed
vacuoles (arrowhead). D: NADH tetrazolium reductase (NADH-TR) stuining
of the serial section shown in B revealed markedly disorganized intermyo-
fibrillar networks (arrows). E: NADH-TR staining of the serial section shown
in € revedled disorganized intermvofibrillar networks (arrow ). F~I: Coim-
munostaining of muscles from patients using anti-myotilin (greens and anti-
polyubiquitin (red) antibodies. Fr Lurge accumulations of myotilin were
observed in many fibers in patient 1. G Small accumulations of myotilin were
seen in some fibers in patient 20 Myotilin aggregates were positive for
polyubiquitin in both patient 1 CHDY and patient 2 (D, Scale hars: SO wm (B—E ).
20 wm (F=D.
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kara Bio. Shiga, Japan). All constructs were verified by
sequencing. Primer sequences are available on request.

Cell Cutture, Transfection, and
Immunocytochemical Analysis

C2C12 murine myoblast cells (American Type Culture
Collection, Manassas, VA) were cultured in Dulbecco's
modified Eagle's medium (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA) at 37°C in a humidified atmosphere of 5%
carbon dioxide. The cells were transiently transfected
using FUGENE HD transfection reagent (Roche Diagnos-
tics, Indianapolis, IN), according to the manufacturer's
instructions. Forty-eight hours after transfection, the cells
were fixed in 4% paraformaldehyde, permeabilized with
0.5% Triton-X 100, and costained with anti-Myc antibody
(Sigma-Aldrich) and rhodamine-labeled phalloidin (Wako
Pure Chemical Industries, Osaka, Japan) to detect trans-
fected myotilin and actin filaments, respectively, accord-
ing to standard protocol.?®

In Vivo Electroporation

ICR mice were purchased from CLEA Japan (Fuji, Shi-
zuoka, Japan). Animals were handled in accordance with
the guidelines established by the Ethical Review Com-
mittee on the Care and Use of Rodents in the National
Institute of Neuroscience, National Center of Neurology
and Psychiatry. All mouse experiments were approved
by the Committee. Five-week-old male ICR mice were
anesthetized with diethyl ether, and the tibialis anterior
(TA) muscles of mice were injected with 80 ug of purified
Myc-tagged myotilin plasmid DNA. wtMYOT was injected
to one side of TA muscle and mMYOT (S60C or R405K)
was injected to the other side of TA muscle. In vivo trans-
fection was performed using a square-wave electropora-
tor (CUY-21SC: Nepa Gene. Ichikawa; Japan). A pair of
electrode needles was inserted into the muscle to a
depth of 3 mm to encompass the DNA injection sites.
Each injected site was administered with three consecu-
tive 50 ms-long pulses at the required voltage (50 to 90 V)
to yield a current of 150 mA. After a 1-second interval,
three consecutive pulses of the opposite polarity were
administered. At 7 or 14 days after electroporation, mice
were sacrificed by cervical dislocation, and TA muscles
were isolated.

Histochemical and Immunohistochemical
Analyses

Biopsied human muscies or electroporated mouse TA
muscles were frozen in isopentane cooled in liquid nitro-
gen. Serial 10-pm cryosections were stained with modi-
fied Gomori trichrome (MGT) and NADH-tetrazolium re-
ductase (NADH-TR) and were subjected to a battery of
histochemical methods. Immunohistochemistry was
performed on serial 6-um cryosections. as described
previously "¢

Antibodies

The primary antibodies used in this study were as follows:
actin (Kantoukagaku, Tokyo, Japan), a-actinin (Sigma-
Aldrich), BAG3 (Abcam, Tokyo, Japan), aB-crystallin
(StressGen Biotechnologies, Victoria, BC, Canada),
desmin (PROGEN Biotechnik, Heidelberg, Germany), fi--
amin C (kindly provided by A.H. Beggs),®° c-Myc (Sigma-
Aldrich), c-Myc (PROGEN Biotechnik), myotilin (Protein-
tech Group, Chicago, IL), polyubiquitinated protein
(Biomol International-Enzo Life Sciences, Plymouth Meet-
ing, PA), GAPDH (Advanced ImmunoChemical, Long
Beach, CA), and horseradish peroxidase-labeled anti-c-
Myc antibody (Santa Cruz Biotechnology, Santa Cruz, CA).

Evaluation of Aggregates

Histochemical and immunohistochemical analyses were
performed on cryosections of electroporated muscles
sectioned at 500-um intervals. The section containing the
highest number of Myc-positive fibers (>100 fibers) was
used. Myc-positive granules >1 um in diameter were
defined as aggregates. The Myc-positive fibers contain-
ing Myc-positive aggregates were counted among all
Myc-positive fibers. Five mice each from the wiMYOT-,
mMYOT S60C-, and mMYOT R405K-expressing groups
were examined. To compare the number and size of
Myc-positive aggregates per fiber, we measured the
number and area of Myc-positive aggregates in 30 myo-
fibers from each specimen using ImagedJ software ver-
sion 1.43 (NIH, Bethesda, MD). The results are presented
as bar graphs (=SD) and histograms. Fifteen seriai sec-
tions were immunoblotted to measure the amounts of
electroporated Myc-tagged myotilin protein.

Electron Microscopy

For electron microscopy, cryosections (25 um thick) of
biopsied muscle with the S60C mutation (patient 1) were
fixed with 2% glutaraldehyde in 100 mmol/L cacodylate
butffer for 15 minutes on ice. After a shaking with a mixture
of 4% osmium tetroxide, 1.5% lanthanum nitrate, and 200
mmol/L s-collidine for 1 to 2 hours, samples were embed-
ded in epoxy resin. TA muscles of 5-week-old ICR mice
were coelectroporated with pEGFP-C1 plasmid (Clon-
tech, Tokyo, Japan), which encodes enhanced green
fluorescent protein (EGFP), and with either Myc-wtMYCT
or Myc-mMYOT (S60C or R405K) plasmid (40 ug each).
As a control, pEGFP-C1 plasmid was electroporated
alone. TA muscles were isolated 7 and 14 days after
electroporation. EGFP-positive regions were trimmed un-
der a fluorescence microscope and fixed with 2% glutar-
aldehyde in 100 mmol/L cacodylate buffer for 3 hours.
After a shaking with a mixture of 4% osmium tetroxide,
1.5% lanthanum nitrate, and 200 mmol/L s-collidine for 2
to 3 hours, samples were embedded in epoxy resin.
Semithin sections (1 um thick) were stained with Toluid-
ine Blue. Ultrathin sections (100 nm thick) were stained
with uranyl acetate and lead citrate, and were analyzed at
120 kV using a Tecnai Spirit transmission electron micro-
scope (FEI, Hillsboro, OR).



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 wtMYOT-, mMYOT S60C-, and
mMYOT R405K-expressing groups, at 14 days after elec-
troporation. The 1.25-mm?3 specimens of muscle were
lysed and homogenized in 150 ulL of radioimmunopre-
cipitation assay buffer containing 50 mmol/L Tris-HC! (pH
7.5), 150 mmol/L NaCl, 1 mmol/L EDTA (pH 8.0}, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
and Roche complete protease inhibitor cocktail (Roche
Diagnostics). The lysates were incubated at 4°C for 20
minutes with gentle rotation, and then centrifuged at
15,000 X g at 4°C for 20 minutes. The supernatants and
precipitates were collected, and the protein concentra-
tions of the supernatants were determined using a protein
assay kit (Bio-Rad Laboratories, Hercules, CA). Immuno-
blotting 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 stan-
dard. Immunoreactive complexes on the membranes
were detected using enhanced chemiluminescence ECL
Plus detection reagent (GE Healthcare, Chalfont St Giles,
UK). Insolubility index was calculated as the ratio of the
quantity of insoluble protein to the total quantity of pro-
teins (the sum of soluble and insoluble proteins).

Immunoprecipitation

The 5-mm?® specimens of frozen electroporated mouse
muscles isolated at 14 days after electroporation were
lysed and homogenized in 0.6 mL of radioimmunopre-
cipitation assay buffer. The lysates were incubated at 4°C
for 20 minutes with gentle rotation, and then centrifuged
at 15,000 X g at 4°C for 20 minutes. The supernatants
were collected, and their protein concentrations 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 Jolla,
CA). Comparisons among groups were performed by
one-way analysis of variance with post hoc Tukey's anal-
ysis. Data are expressed as means * SD.

Results

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.S60C) mutation in exon 2,
was a 63-year-old woman with a 6-year-long history of
slowly progressive limb muscle 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
level was elevated to 734 [U/L (reference, <200 IU/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 cytoplasmic inclusions were observed; some
fibers with rimmed vacuoles were also seen (Figure
1B). Intermyofibrillar networks were markedly disorga-
nized (Figure 1D). Under electron 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
c.1214G—A (p.R405K) mutation in exon 9. Detailed
clinical symptoms have been described previously.2®
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). Immunohistochemical 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
polyubiquitin (Figure 1, H and 1), a-B crystallin, BAGS,
actin, desmin, and filamin C (see Supplemental Figure
S2 at http://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 wtMYOT (Myc-wtMYOT) 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-wt-
MYOT, Myc-mMYOT S60C, and Myc-mMYOT R405K did
not 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 the roles of mutant myaotilin, we performed
in vivo electroporation to express Myc-wtMYOT or Myc-
mMYOT (S60C or R405K) in mouse TA muscles. At 7 and
14 days after electroporation, Myc-positive granules with
diameters >1 um were observed in Myc-tagged myotilin-
expressing myofibers (Figure 3A). Compared with wt-
MYOT-expressing myofibers, mMYOT-expressing myofi-
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Figure 2. Expression of mutant myotilin in cultured cells. Immunofluorescence staining of transfected Myc-wtMYOT (A), Myc-mMYOT S60C (B). and

Myc-mMYOT R405K (€) in C2C12 murine myoblasts. Merged images of Myc-tagged mvotilin-expressing cells (green) costained for actin stress fibers (red). and
nuclear staining with DAPI (blue). C2C12 myoblasts expressing mMYOT S60C (B) or R405K (€) did not exhibit protein aggregates, and the mutant myotilin

colocalized with actin stress fibers similar to wiMYOT (A). Scale bar = 20 pm.

bers contained more granular aggregates that were
larger in size. At 7 days after electroporation, Myc-posi-
tive aggregates of wtMYOT, mMYOT S60C, and mMYOT
R405K were observed in 14 * 5%, 44 = 7%, and 21 =
4% of muscle fibers, respectively (Figure 3B). At 14 days
after electroporation, the number of the fibers with aggre-
gates increased to 22 = 4% in wiMYOT, 50 = 2% in
mMYOT S60C, and 37 + 3% in mMYOT R405K (Figure
3C). The number and size of Myc-positive aggregates
in 30 randomly selected Myc-positive muscle fibers
were much higher in mMYOT S60C and slightly higher
in mMMYOT 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 muscles. The amounts
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
mMYOT S60C-expressing and mMYOT R405K-express-
ing TA muscles, but not in control or wiMYOT electropo-
rated muscles (data not shown). Electron microscopy
also revealed myofibril disorganization with disrupted Z-
disk, such as Z-disk streaming and broadening, 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 to that of the Z-disk,
were also seen in mMMYOT-expressing mouse muscles
(Figure 4, B and E). The inclusions were occasionally
associated with autophagic vacuoles (Figure 4, C and F).
These ultrastructural findings were commonly observed
in both mMYOT S60C- and mMYOT R405K-expressing
mouse muscles.

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

To compare the protein accumulations in human and
mouse muscles, we performed immunohistochemical
analysis. At 14 days after electroporation, some cyto-
plasmic inclusions were observed in mGT-stained sec-
tions of mMMYOT-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, inciuding BAGS, actin, desmin,
and filamin C (Figure 5). These findings are similar to the
observations made in the patients’ muscles (Figure 1, F-I;
see also Supplemental Figure S2 at htip.//ajp.
amjpathol.org). In the electroporated muscles, Myc-
witMYOT aggregates also colocalized with Z-disk-as-
sociated proteins, including aB-crystallin, BAG3, actin,
desmin, and filamin C (data not shown), whereas only
few witMYOT aggregates were immunopositive for
polyubiguitin (Figure 6A).

Mutant Myotilin Proteins Display Marked
Detergent Insolubility with Polyubiquitinated
Proteins

In the muscle specimens of the two myotilinopathy pa-
tients, myotilin aggregates exhibited positive staining for
polyubiquitin (Figure 1; see also Supplementai Figure S3
at http://ajp.amjpathol.org). Similarly, in electroporated
mouse muscles, mMYOT aggregates were positive for
polyubiquitin, and polyubiquitin-positive aggregates
were more prominently observed in mMYOT S60C-ex-
pressing muscles at 14 days after electroporation. On
the other hand, only few aggregates of Myc-wtMYOT
were positive for polyubiquitin (Figure 6A). This result
suggests that mutant myotilin was ubiquitinated or that
the expressed mutant myotilin induced the deposition
of polyubiquitinated 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. Enhanced aggregation of mutant myotilins in mouse skeletd muscle. A: Immunohistochemical staining of Myc-wtMYOT (WT)-electroporated or
Mye-mMYOT (SOUC or R405K -electroporated mouse TA muscles. At 7 and 14 davs after electroporation. S60C and R405K formed many Myc-positive granular
aggregates (arrows) in myvofibers. compared with WT. More prominent protein aggregates were observed in the S60C-electroporated muscle. At 14 days after
electroporation. SOOC-expressing mvofibers exhibited larger aggregates. Scale bars: 20 wm. B and C: The percentage of myofibers with Myc-positive aggregates
in the electroporated fibers of the WT. SO0C. and R403K expression groups €17 = 5 mice per group). */2 < 0,05 ** P < 0.001. D: Immunoblotting analysis of

transfected Mye-tagged myotilin in 15 serial sections tken after the sections used tor immunohistochemistry. GAPDH wus used as a loading control.

specimen with the S60C mutation (patient 1) exhibited
increased amounts of myotilin in the detergent-insolu-
ple fraction, compared with the control specimens
(Figure 6, B and D). Increasing amounts of polyubig-
uitinated proteins and aB-crystallin were also detected
in the insoluble fraction. On the other hand, the solu-
bilities of myotilin and other proteins, including polyu-
biguitin, in the muscle specimen with the R405K muta-
tion (patient 2) were similar to those of controls (Figure
6B). Consistently, in the mouse muscles isolated at 14
days after electroporation, markedly increasing
amounts of insoluble mMYOT S60C were observed
(Figure 6C). In the PBS-injected control muscle, insol-
ubility of endogenous myotilin was 31 = 12%, whereas
in the wtMYOT-, mMYOT S60C-, and mMYOT R405K-

injected muscles, the Myc-tagged myotilin amounts in the
insoluble fraction were 34 = 10%, 69 * 5%, and 48 *
9%. respectively (Figure 6E). Insolubility of Myc-wi-
MYOT was similar to that of endogenous myotilin, but
mMYOT, and S60C in particular, exhibited higher in-
solubility (Figure 6E).

These results are consistent with the number of intra-
cellular aggregates observed after electroporation. The
amount of polyubiquitinated proteins was markedly in-
creased in the insoluble fraction of mMMYOT S60C-elec-
troporated muscles, 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-
vitinated proteins was ohserved in mMYQOT R405K-elec-
troporated muscles (Figure 6C). The amounts of other
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Figure 4. Electron microscopy of muscles expressing mutant myotilin. 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-sized
(1 to 8 wm in diameter) electron-dense inclusions tarrowheads) were seen in mMYOT-expressing muscles, € and F: Inclusions were occasionally associated with
autophagic vacuoles (AV). B and C: Seven davs after electroporation. A and D=F: Fourteen days after electroporation. Scale bars: 3.0 wm (B and E): 2.0 wm (C):

1.7 wm (A and D) L4 pm (F)

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

Discussion

Patients with MFM, including myotilinopathy, exhibit vari-
able clinical features. Some patients exhibit progressive
weakness in proximal muscles. whereas others exhibit
distel dominant muscie involvement. Cardiomyopathy,
peripheral neuropathy. and respiratory insufficiency
may be observed.” The diagnosis of MFM is generi-
cally based on characteristic pathological findings in
biopsied muscles, namely. mvofibrillar degradation
and protein aggregation.” Histochemically, the most re-
markable pathological changes were observed with mGT
staining (Figure 1). Abriormal protein aggregates were

observed, including amorphous, granular, or hyaline de-
posits of various sizes, shapes, and colors (dark blue,
blue red, or dark green). The presence of rimmed and
nonrimmed vacuoles was also a characteristic observa-
tion. Furthermore, NADH-TR staining revealed intermyo-
fibrillar 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 myofibrils were prominent in the patient with
S60C mutation, and these inclusions were strongly immu-
noreactive for myatilin (Figure 1).

Aithough transfected cultured cells did not show ag-
gregations, our in vivo expression studies in mice were
able to reproduce the pathological changes observed
in myotilinopathy patients. Mutant myotilin caused en-
hanced protein aggregation in TA muscles within 110 2
weeks (Figure 3). The dark blue or dark green inclusions
stained by mGT in mutant-expressing fibers (Figure 4) were
similar to those observed in the myotilinopathy patients.
Furthermore, mMYOT S60C-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 protein degra-



Characterization of Mutant Myotilins 1577
AP April 2012 Vol 180, No. 4

R405K

Figure 5. Mutant myotilin aggregates colocalize with polyubiquitin and other Z-disk—associated proteins in electroporated mouse muscle. mGT and immuno-
histochemical staining of mouse muscle expressing Myc-mMYOT S60C (A) or mMYOT R405K (B) at 14 days after electroporation. On mGT-stained sections of
mMYOT-expressing muscles, cytoplasmic inclusions (arrows) were seen. The inclusions were immunopositive for the Mye tag in serial sections. The Myve-positive
aggregates of S60C and R403K strongly colocalized with polyvubiquitin (poly-Uh) and aB-crystallin (aBC). The aggregates were also immunopositive for BAG3,

actin, desmin, and filamin C. Scale bars: 20 um (A and B).

dation, as described previously for MFM-associated
mutant desmin. 3238

Focal disorganization of myofibrils, Z-disk streaming,
and accumulation of electron-dense material near the
Z-disk are characteristic electron microscopic findings in
the muscles of MFM patients. 343 |n the myotilinopathy
patient, Z-disk streaming, numerous autophagic vacu-
oles'” and cytoplasmic amorphous inclusions were ob-
served (see Supplemental Figure S2 at http://ajp.
amjpathol.org). In the present study, expression of
mMYOT by electroporation elicited myofibril disorganiza-
tion and accumulatior. of electron-dense material, which
are ultrastructural hallmarks of MFM (Figure 5). Au-

tophagic vacuoles associated with inclusions were also
observed in electroporated muscles. Disorganization of
myofibrils starting from the Z-disk and material appearing
to originate from the Z-disk are commonly observed in
MFM patients 235 and these features were also ob-
served in the mMYOT-electroporated muscles. These
morphological findings imply that the presence of mutant
myotilin can induce characteristic pathological features
by affecting Z-disk structure.

Ectopic accumulations of multiple proteins, including
Z-disk-associated proteins. are typical pathological fea-
tures of MFM %37 This study and previous reports?>¢
showed that myotilin-positive protein aggregates colocal-



1578 Keduka et al
AP April 2012, Vol 180. No. 4

A B C

x b4
g.-8¢8 g g
s¥ze §5 88 g s
0. & .kDa e = S o kDa
S cxmemem ey s Gt e e
e —— o :
i —~L g ~250 o B e ~250
B Myoun B ATy e
B2
routn : ~100 ve =100
-75 B -75
s I iy |
1B aB-crystalin £ Lsgg 1B Myolin £  lasg
m’ - § ;‘1=0 S“WE o # 150
s % £ é S - £ o o L‘DO
00 . i
ST -5 ~75
[8) 1B° GAPDH 18 pely-Ub 18 «B-crystalin - 18- poly-Ub
S
@ R
f :
I8 GAPDH

R405K

c1 cz Pz EES
Figure 6. Mutant myotilin displays marked detergent insolubility, along with polyubiquitinated proteins. A: AU 14 davs after electroporation of Mye-
WIMYOT (WT) or Myc-mMYOT (S60C or R405K), Myc-mMYOT aggregates, particularly those of $60C, colocalized with poly ubiquitin (polyl b tarrows).
The WT aggregates rarely costained with polyubiquitin. B-E Solubilities of myotilin, polvubiquitinated proteins. and other sarcomeric proteins in muscles
from myotilinopathy patients (B and D) and from electroporated mice (C and E). GAPDH was used as o loading control. B: Immunoblotting of
detergent-soluble and detergent-insoluble fractions of muscles from control subjects (C1and C2) or myotilinopathy patients [P (patient 1) and P2 (patient
21 n the muscles from P1 with S60C, markedly increasing amounts of myotilin, polyubiguitinated proteins. and aB-crystallin were detected in the insoluble
fraction. compared with muscles from control subjects. D: Quantification of myotilin insolubilities reveuled highest insolubility in 1. C: Immunoblotting
of detergent-soluble and detergent-insoluble fractions of WT, S60C, or R105K-expressing muscles at 14 days after electroporation. Increasing amounts of
insoluble Myve-tagged myotilin proteins and polyubiquitinated proteins were observed in mMY OT-electroporated muscles, compared with WT. Particularly
in SoUC-clectroporated muscles, the amounts of insoluble proteins were notably increased. E: Quantification of the insolubilities of electroporated
Mye-tugged myotilin in the WT. S60C. and R405K expression groups (7 = 6 mice per groupl. Insolubility of endogenous nmyotilin was measured using

PBS-treated mouse muscles. Compared with WT, insolubilities of electroporated Mye-tagged myotilin were significondy increased in S60C and R105K.

P <005 2P < 0.0 2P < 0,001, Scale bar = 20 pm.

ize with ubiquitin and Z-disk—associated proteins (ie, aB-
crystallin, BAG3, actin, desmin, and filamin C) in the
muscles of myotilinopathy patients (Figure 1; see also
Supplemental Figure S2 at fiiip./Yajp.arypaiiiui.org). It has
been reported that the myotilin T571 transgenic mice de-
velop progressive myofibrillar changes, including Z-disk
streaming and accumulation of mutant myotilin with ubig-
uitin and Z-disk-associated proteins, similar to those ob-
served in  myotilinopathy 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. Qur results indicate that mutant
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 soiubility in aqueous or deter-
gent solvents. 340 Such insoluble protein aggregations
are characteristic of many neurodegenerative dis-
eases.?’ In the present study, we discovered that the
mutant myotilin S60C protein, along with polyubiquiti-
nated proteins, exhibited marked detergent insolubility 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 exhibited 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 myotiiin, which participates in the pathogenesis of
myotilinopathy. Using an immunoprecipitation assay, we
also showed that electroporated mMYOT was not ubig-
uitinated in the detergent-soluble fraction (see Supple-
mental Figure S4 at htip.//ajp.amjpathol.org). A previous
study showed that transfected myotilin is degraded by
the proteasome system in cultured cells.*? Qur present
findings show that ubiquitinated mutant myotilin can form
insoluble aggregates. It is also possible that aggregation
of insoluble ubiguitinated 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
causative genes, easy methods are required for deter-
mining the pathogenicity of novel mutations. Some mu-
tant proteins exhibit protein aggregation“®*° or biologi-
cal dysfunction, including protein-protein interaction in
vitro 234648 However, we could not detect any protein
aggregation in mMYQT-expressing cultured cells (Figure
2). The difficulty of in vitro investigation may be respon-
sible for the inability to identify Z-disk-associated pro-
teins 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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