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Table 2
Comparison of disease course among genotypes.
Total ED/ED ED/LD KD/KD
Questionnaire n 71 13 28 30
Age (years old) 431107 4424112 453+134 40.6+13.0
Age at onset (years old) 255492 26347.3" 298+ lw’jk 212+ 55*
Age at walking with assistance 31.84+100 3404+ 11.1 356+£109" 278468
Duration from onset to walking with assistance 84+£65 75473 92465 8.0+66
Wheelchair user (%) 48 (67.8) 10(76.9) 14 (50.0)* 24 (80.0)"
Wheelchair use since (age) 376486 3644120 430+87" 312493
Number of patients with lost ambulation 35 (49.8) 6(46.2) 8 (28.6)* 21 (70.0)"
Age at lost ambulation 33.6+9.2 31.2+6.0 39.7+95 321+£93
Duration from onset to loss of ambulation 122452 9.8+35 13.84+64 124451
NCNP outpatients n 17 4 8 5
Age (years old) 439+14.1 535489 4434163 356+£92°
Age at onset (years old) 2584+9.2 334+92° 29.6+135 19.6+4.2"
Duration from onset to walking with assistance 75442 8945.1 81447 52+£15
Wheelchair user (%) 12 (70.6) 3(75.0) 4 (50.0) 4 (100)
Wheelchair use since {age) 333+£126 4754177 3524124 258+63
Number of patients with lost ambulation 9 (52.9) 3(75.0) 3(28.6)" 5 (100)*
Age at lost ambulation 338493 40.0+0.0 39.0+16.5 31.04+82
Duration from onset to loss of ambulation 10.7+4.2 11.2+56 11.1+£78 62+26

In the questionnaire group, age at onset and age at walking with assistance were significantly younger in KD/KD patients than in ED/KD patients. The number of wheelchair users
and patients with loss of ambulation was significantly higher in the KD/KD group than in the ED/KD group. In contrast, with the exception of age at onset, there were no significant
differences between ED/ED and ED/KD or KD/KD patients in these clinical parameters. The ED/ED patients were older than the others, and KD/KD patients tended to show the

fastest progression.
* p<0.05 between ED/KD and KD/KD.
* p<0.05 between ED/ED and KD/KD.

the natural disease course of other rare neuromuscular disorders, such
as Pompe disease [18] and spinal muscular atrophy type-1 [19]. It is
difficult to establish the natural history of such rare disorders using
medical records only because patients are typically seen in many
different hospitals. In the present study, we used a self-reporting
questionnaire and support its use for complementing medical records
because it provides a more complete disease overview and establishes
specific clinical trends or correlations. Indeed, our questionnaire
demonstrates excellent inter-rater reliability against medical records
and yields several findings regarding differences in disease progression
among genetically distinct, GNE myopathy participants.

Only 15.5% of participants could walk and 7.0% could walk up
stairs without assistance, which reflects the fact that GNE myopathy
patients often require canes and/or leg braces at an early disease
stage. This indicates that traditional six-minute walk or four-step
walking tests often used to evaluate muscular dystrophies or
myopathies can only be applied in a very limited number of cases,
such as natural disease course studies or clinical trials. Therefore,
alternate evaluation tools are required, which should include
functional measurements that can be completed without canes or
braces. For example, the Gross Motor Function Measure is a useful
tool for evaluating mildly and severely affected patients [20].

The male to female ratio in our study population (27 males and 44
females) was skewed from the expected ratio for autosomal recessive
inheritance. However, the male to female ratio of the 17 NCNP
outpatient participants was 9:8. One possible explanation for the
observed sex ratio in our study population is that female participants
tend to be more enthusiastic toward questionnaire-based and/or
PADM activities. There was no significant difference in age at survey
and age at disease onset between male and female participants.

Table 3
Inter-rater reliability of the questionnaire.

However, in a mouse model of GNE myopathy, weight loss and
muscle atrophy were more pronounced and occurred earlier in
femnales compared to males [11].

We showed that KD/KD mutations are associated with a more
severe phenotype compared to ED/KD mutations. Indeed, KD/KD
participants had an earlier disease onset, a more rapid and
progressive disease course, and a shorter time from disease onset to
loss of ambulation. This was also observed in the 17 NCNP outpatient
participants analyzed in our study. In contrast, ED/ED participants did
not show significant differences across disease course parameters
analyzed except for an earlier and later age at disease onset compared
to ED/KD and KD/KD participants, respectively. Thus, ED/ED partic-
ipants appear to have a disease severity intermediate between ED/KD
and KD/KD participants. One possible explanation is that the major
mutation, p.V572L, may be associated with a more severe phenotype.
In general, the reasons for this earlier onset and disease progression
remain unknown. Jewish GNE myopathy patients with homozygous
p.M712T mutations have a milder phenotype compared to Japanese
patients, as most of their quadriceps are spared and they usually
become wheelchair-bound 15 years or more after disease onset
[13,21]. Our study population included two women with homozygous
p.M712T mutations: a 38 year-old ambulant and a 35 year-old non-
ambulant participant. Although the two participants had a slightly
later disease onset (ages 23 and 27 years, respectively) compared to
KD/KD participants, the difference was not significant.

An asymptomatic patient with a p.D176V homozygous mutation
was previously reported [3]. The study suggested that p.D176V
homozygous patients may show a mild or late disease onset
phenotype. The results presented here may support this observation
as no p.D176V homozygous participants were present in our study

Onset Age of gait disturbance Age of gait with help Age at loss of ambulant
Number of patients 17 17 13 9
ICC (95% CI) 0.979 (0.941-0.992) 0.917 (0.752-0.972) 0.985 (0.949-0.995) 0.967 (0.855-0.993)
p 0.000 0.000 0.000 0.000

Age at onset, age at onset of gait disturbances, age at walking with assistance, and age at loss of ambulation were assessed in a subgroup of 17 outpatients to evaluate the inter-rater

reliability of the questionnaire,
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Fig. 1. Kaplan-Meier analysis of time from disease onset to (a) walking with assistance, (b) wheelchair use, and (c) loss of ambulation. Significant differences between ED/KD and
KD/KD genotypes were identified. Age at disease onset was significantly different between ED/ED participants and ED/KD and KD/KD participants.

population, although p.D176V was the second most common
mutation carried by 29 of our participants. In addition, a high
variability was observed regarding age at disease onset and disease
progression, underscoring the role of a yet-to-be identified factor(s)
in determining disease phenotype.

The recruitment of participants from PADM and highly specialized
neurology hospitals is a potential source of selection bias and thus a
limitation of this study. These participants are likely to be more
motivated because they are more severely affected compared to the
general patient population. Furthermore, patients with lower disease
severity may not yet be diagnosed with GNE myopathy. Therefore,
our study may not accurately reflect the general patient population.
Nevertheless, we believe our findings provide important information
as our study population covers a broad range in age (22 to 81 years)
and symptoms (minimal to wheelchair-bound). Finally, recall bias
may also affect results presented in this retrospective study.
Therefore, future studies should be performed with an emphasized
prospective design.

In conclusion, our study shows that the KD/KD genotype (i.e.,
p.V572L homozygous mutation) is associated with a more severe
phenotype compared to compound heterozygous ED/KD mutations.
Because only a small number of participants could walk, future
studies should include ambulation-independent motor tests to yield a
more comprehensive clinical overview in GNE myopathy patients
with different genotypes. '

Supplementary data to this article can be found online at doi:10.
1016/j,jns.2012.03.016.
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Background: Missense mutations in dynamin 2 gene (DNM2) are associated with autosomal dominant cen-
tronuclear myopathy (CNM) with characteristic histopathological findings of centrally located myonuclei
in a large number of muscle fibers.

Methods: To identify Japanese CNM caused by DNM2 mutations (DNM2-CNM), we sequenced DNM2 in 22
unrelated Japanese patients who were pathologically diagnosed with CNM. The clinical and pathological
findings of DNM2-CNM in patients were reviewed.

Ié?r: ‘:;z:fs;;]ear mvopath Results: We identified 3 different heterozygous missense mutations (p.E368K, p.R369W, and p.R465W)
Dynamin 2 vopathy in 4 probands from 4 families. Clinically, calf muscle atrophy and pes cavus are features that are highly
Congenital myopathy suggestive of DNM2-CNM among all CNMs. Pathologically, all 4 DNM2-CNM patients showed a radial

distribution of myofibrils in scattered fibers, type 1 fiber atrophy, type 1 fiber predominance, and type 2C
fibers. None of the non-DNM2-CNM patients exhibited all the 4 abovementioned pathological features,
although some patients showed radial distribution without type 1 fiber atrophy and/or type 2C fibers.
Discussion: These results indicate that the clinicopathological features of DNM2-CNM are rather homo-
geneous and can be distinguished from the features of non-DNM2-CNM.

Radial distribution
Clinicopathological homology

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Centronuclear myopathy (CNM) is a rare congenital myopathy
named after its characteristic feature of centrally located nuclei
in majority of the muscle fibers [1]. In autosomal dominant (AD)
cases, muscular weakness and atrophy often begin in childhood or
early adolescence [2,3]. CNM progresses slowly, and patients usu-
ally follow a mild course and can often expect a normal life-span.
In muscle biopsy, a radial alignment of intermyofibrillar networks
[1] is seen in nicotinamide adenosine dinucleotide-tetrazolium
reductase (NADH-TR) preparations due to the presence of central
nuclei; type 1 fiber atrophy is also often observed. Several families
with CNM are found in Europe, the United States, Central Africa,
Argentina, and Japan [2-6].

Thus far, 4 causative genes have been reported for CNM:
myotubularin (MTM1), dynamin 2 (DNM2) [7], JUMPY [8], and
amphiphysin 2 (BINT){9]. Among them, DNM2 mutations have been

* Corresponding author. Tel.: +81 423461712, fax: +81 423461742.
E-mail address: nishino@ncnp.go.jp (I. Nishino).

0303-8467/$ ~ see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.clineuro.2011.10.040

identified among patients in France, French Guiana, the United
States, Belgium, Germany, Great Britain, Argentina, and Central
Africa [6,10,11]. DNM2 encodes a protein involved in endocytosis,
membrane trafficking, actin assembly, and centrosome cohesion
[12-14]. Thus, DNM2 mutations cause a reduction of dynamin
in transfected fibroblasts, leading to defects in centrosomal
function.

Patients with CNM that is caused by mutation in the middle
domain of DNM2 (DNM2-CNM) present with a homogenous mild
phenotype characterized by slowly progressing muscle weakness
without cardiac or respiratory involvement [ 10]. Muscle computed
tomography (CT) and MRI studies clearly show a relatively dif-
fuse involvement in lower-leg muscles, while a selective pattern
appears in thigh muscles [10,15,16]. Subtle mental impairment or
peripheral nerve involvement was described in a previous report
[17]. Mutations in the PH domain lead to an intermediate pheno-
type with mild respiratory failure and relatively severe weakness as
compared to DNM2-CNM caused by middle-domain mutations [6].
Another study reported a more severe infantile form with hypo-
tonia, weak suckling, and respiratory failure due to mutation in
the PH domain of DNM2 [11]. Although no DNM2 mutations have
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been identified among Japanese patients, there have been reports
of patients with evidently similar clinicopathological features [4,5],
suggesting the possibility of the presence of DNM2-CNM in the
Japanese population. We therefore aimed at detecting DNM2 muta-
tions among Japanese CNM patients.

2. Materials and methods
2.1. Patients

We retrospectively recruited patients who were diagnosed with
CNM or myotubular myopathy at the National Center of Neurology
and Psychiatry and analyzed their samples from a total of 9639
muscle biopsies obtained between 1978 and 2006. Inclusion crite-
ria were the presence of more than 6% centrally nucleated fibers
and the absence of characteristic findings indicating other muscle
diseases upon muscle biopsy. Our cohort consists of 22 unrelated
patients aged 1-72 years: 2 had an AD family history; 5 had affected
siblings, and consanguinity was documented in one of the patient’s
families; and 8 were sporadic cases. No record of family history was
available for 7 patients. Direct sequence analysis previously per-
formed on these patients excluded CTG expansion in the DMPK gene
and MTM1 mutations. Their clinical history was carefully reviewed.
Additional medical information from affected family members was
obtained by the attending neurologist, when possible.

2.2. Sequence analysis of DNM2

‘All 22 patients and 4 members of 1 family were examined for
DNM?2 sequence variants. DNA was extracted from blood or muscle
samples using standard protocols. We sequenced all the exons and
the exon-intron boundaries of DNM2. Both strands of PCR products
were sequenced directly using BigDye Terminator v1.1 Sequenc-
ing Standard Kit (Applied Biosystems) with an automated ABI
3100 DNA sequencer with custom-made primers (Supplementary
Table).

3. Results
3.1. Genetic diagnosis

Among 22 patients, we identified 3 mutations in 4 probands:
c.1102G>A (p.E368K), ¢.1105C>T (p.R369W), and ¢.1393C>T
(p-R465W), all of which were previously reported [6]. We further
confirmed the mutations in affected family members of 2 patients
(Table 1). We did not identify mutations from the families with
consanguinity.

3.2. Clinical features

The clinicopathological features of patients with DNM2 muta-
tions are shown in Table 1. Clinical information for Patient 1-1 was
not available. He was autopsied at the age of 17 years, at which
point the gastrocnemius muscle was taken as a sample for analysis
(Fig. 1A). The inheritance pattern was compatible with AD trans-
mission in families 2 and 3, while it was sporadic in Patient 4-1.

Patients 2-1 and 3-2 were previously reported to have AD CNM
or myotubular myopathy (Fig. 2A) [4,5]. In brief, Patient 2-1 noticed
an ankle contracture at the age of 10 years and started having dif-
ficulty in climbing stairs at the age of 30 years. Achilles tendon
elongation was performed at the age of 37 years, during which this
patient was found to have atrophy of facial and distal muscles,
and diminished tendon reflexes. He had mild ptosis, but oph-
thalmoplegia was not observed. Creatine kinase (CK) levels were
within the normal range. nREMG was myogenic. Muscle biopsy of the

rectus femoris at the age of 42 years showed 68% centrally nucle-
ated fibers and a scattered radial distribution (Fig. 1B). CT of the
patient’s hamstring, soleus, and gastrocnemius muscles showed
atrophy and fatty changes. There was no cardiac or respiratory
involvement. Nerve conduction velocities were normal except for
low-median compound action potentials that could be explained by
muscle atrophy. Patient 2-2 exhibited ankle contracture, pes cavus
due to plantaris muscle atrophy, and distal atrophy since 10 years of
age and also underwent Achilles tendon elongation for ankle con-
tracture in his second decade. No ptosis or ophthalmoplegia was
observed.

Patient 3-2 noticed progressive lower-leg weakness, atrophy,
and ankle contracture when he was 15 years old and he underwent
achillotenotomy at 18 years of age. He developed dyspnea at the
age of 54 years that necessitated a tracheotomy at the age of 55
years. Neurological findings at the age of 55 years revealed mild
ptosis, distal muscle atrophy and weakness, and mild facial mus-
cle involvement including ptosis. CK level was 48 IU/L. nEMG was
myogenic. Sural nerve biopsy was unremarkable. Muscle biopsy
of the peroneus brevis showed centrally placed nuclei in 40% of
the fibers (Fig. 1C). The patient unfortunately died at the age of 58
years, and the primary cause of death was undetermined. His chil-
dren (Patients 3-6, 3-7, 3-8, and 3-9 (Fig. 2B)) were found to have
pes cavus caused by plantar muscle atrophy and were slow runners
in their childhood.

At the age of 20 years, Patient 3-6 could not appose his palms
when his wrists were extended and at the age of 35 years, he
had difficulty in walking. He developed bilateral ankle contrac-
ture, because of which he had to stand and walk tiptoed. When
he was 50 years old, neurological examination showed distal mus-
cle weakness and atrophy with ankle- and finger-joint contractures
(Fig. 3A-D). His deep tendon reflexes were also diminished. He lost
his left eye in an accident during his childhood, but neither ophthal-
moplegia in his right eye nor ptosis was observed. No peripheral
nerve involvement was found on normal nerve conduction study.
nEMG was myogenic. Results of echocardiography, Holter ECG, and
pulmonary function tests were normal. Muscle biopsy of the biceps
brachii at the age of 50 years was compatible with the CNM diag-
nosis (Fig. 1D-G).

The daughters of Patient 3-6 (Patients 3-10 and 3-11) followed
a similar clinical course. They did not have ophthalmoplegia nor
ptosis (Fig. 3G). Muscle CT showed marked atrophy in the pos-
terior compartment of the lower extremities (gluteus maximus,
hamstrings, gastrocnemius, and soleus) and thigh abductors, while
only moderate atrophy and fatty changes were observed in the
paraspinal muscles (Fig. 3E). Patient 3-11 had muscle involvement
limited to the biceps femoris, gastrocnemius, and soleus as shown
on CT at the age of 19 years (Fig. 3F). Both Patients 3-10 and 3-
11 showed myogenic changes on nEMG, and the findings of nerve
conduction studies were normal.

Patient 4-1 had no obvious family history (Fig. 3C). He noticed
ankle contracture at the age of 30 and had gait disturbance at the age
of 40 years. He underwent muscle biopsy at the age of 55 years. He
was ambulant but did not use a cane. nEMG was actively myogenic,
and the results of nerve conduction studies were normal.

In all patients, pes cavus caused by plantar muscle atrophy was
the earliest sign that appeared before the age of 10 years. Atro-
phy of calf and posterior thigh muscles was seen during the second
decade, but could be detected by muscle CT even in early stages
(Fig. 3E and F). The clinical course was relatively benign, except
for that of 1 patient who died at the age of 16 years (Patient 1-1),
although no detailed information on the cause of death was avail-
able. Neither cardiac nor respiratory failure occurred in any patient,
except Patient 3-2 who underwent tracheotomy for dyspnea sec-
ondary to severe pneumonia. All the 3 patients who were above 50
years of age are still ambulant. With an exception of Patient 3-2,



Table 1

Clinicopathological features of DNM2-CNM.

Family 1 2 3 4
Demographic Patient number 1-1 2-1 32 3-6 3-7 3-10 3-11 4-1
data Mutation c.1102G>A c.1393C>T ¢.1105C>T c.1105C>T c.1105C>T c.1105C>T c¢.1105C>T c¢.1105C>T
(p-E368K) (p.R465W) (p.R369W) (p.R369W) (p.R369W) (p.R369W) (p.R369W) (p.R369W)
Age/sex 16/M 42/M 55/M 50/M 47[F 22[F 19/F 55/M
Ability to walk NR Ambulatory With cane With cane Ambulatory Ambulatory Ambulatory Ambulatory
Opthalmoplegia NR - - - - - - -
Ptosis NR + + - - - - -
MMT upper Proximal NR 5 5 5 4 4 4 4
extremities Distal NR 5 5 2 3 2 2 3
MMT lower Proximal NR 4 5 4 3 3 4 4
extremities Distal NR 4 5 2 2 2 2 3
Deep tendon NR NR N 1 - NR i
L reflexes
ChchaI Joint contractures NR Elbow, wrist, Ankle Finger, wrist, Finger, wrist, Finger, wrist, Finger, wrist, Ankle
features ankle elbow, spine, etbow, spine, elbow, spine, elbow, spine,
ankle ankle ankle ankle
Leg NR + + + + + + +
Muscle atrophy Paraspinal NR NR NR + + + + +
Plantar NR + + + + + + +
Cardiovascular NR N N NR NR N N N
Respiratory NR NR Tracheotomy Normal vital Normal vital Normal vital Normal vital NR
capacity capacity capacity capacity
Electromyography NR M M M M M NT M
Nerve conduction NR * N N N N N NR
studies
Serum CK NR N N N N NR N N
Calf NR + + + NR NR - +
Muscle CT Thigh NR 2+ 2+ 2+ NR NR + 2
% of centrally 65 68 55 60 70
nucleated fibers
Findings on Radial distribution + + NT + +
muscle biopsy of myofibrils
Type 1 80 79 NT 88 90
predominance (%)
Type 1 atrophy + + NT + +
Type 2B deficiency + + NT + +
Type 2C fibers (%) 2 1 NT 2 5

Abbreviations: MMT, manual muscle testing; +, present; —, absent; N, normal; NR, no record; NT, not tested; |, decreased; EMG, electromyography; M, myogenic changes; and NCS, nerve conduction study. The CT scores are as

follows: 1+: decreased signal density and 2+: decreased signal density with severe muscle atrophy.
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Fig. 1. Biopsy findings of DNM2-CNM (A-G) and non-DNM2-CNM (H). Hematoxylin and eosin stain of muscle sections from Patients 1-1 (A), 2-1 (B), 3-2 (C), and 3-6 (D).
Numerous centronuclear fibers (up to 55%) and interstitial fibrosis were observed. Histochemical findings in muscle sections from Patient 3-6 (E~G). Type 1 predominance
and hypotrophy (E, ATPase staining pH 10.6), a few type 2C fibers (F, ATPase pH 4.6), and radial distributions (G, NADH-TR) were observed. Radial distributions were also

observed in some non-DNM2-CNM muscles (H, NADH-RT).

neither ptosis nor ophthalmoplegia was observed in the affected
family members.

Clinical features of the CNM patients without DNM2 muta-
tions (non-DNM2-CNM) along with the number of patients are
given below: proximal weakness (2/18), floppy infant (8/18), sco-
liosis (1/18), mental retardation (1/18), dysphagia (1/18), myalgia
(1/18), and high-arched palate (8/10). Furthermore, only 1 of 10
patients with non-DNM2-CNM showed joint contracture. The clin-
ical features of non-DNM2-CNM varied more widely than those of
DNM2-CNM.

3.3. Summary of the pathological features

In all patients with DNM2-CNM, the pathological findings were
rather similar: (1) radial distribution of myofibrils in scattered
fibers, (2) type 1 fiber atrophy, (3) type 1 fiber predominance,
and (4) a small number of type 2C fibers (Table 1, Fig. 1).
In addition, the frequency with which muscle fibers with cen-
trally placed nuclei were observed in DNM2-CNM patients was
63.1 +6.1% (mean 4 SD), range, 55-70%, which is much lower than
that observed in non-DNM2-CNM patients (24.7 +13.2%, range,
8-50%).

In contrast, none of the non-DNM2-CNM patients had all the
4 abovementioned pathological features. Definite radial distri-
bution of myofibrils was seen only in 2 of 18 cases. In 4 of
18 cases, equivocal radial distribution was observed. Among the
18 cases, type 1 fiber atrophy was noted in 12 patients; type
1 fiber predominance, in 16 patients; and type 2C fibers, in

12 patients. In addition, type 2 fiber atrophy was seen in 2 of
18 patients.

4. Discussion

This is the first report to document DNM2 mutations in CNM
patients in Japan with a low frequency, similar to the cases found
in Europe, the United States, Central Africa, and Argentina[7,10,11].
All affected family members had distal muscle atrophy, finger and
ankle contractures, and pes cavus caused by plantar muscle atrophy
in their childhood (Table 1, Fig. 3A-D). Atrophy and fatty changes
in the gastrocnemius muscle were the earliest signs observed on CT
and were noted in the second decade of their lives (Fig. 3E). Thigh
flexor, gluteus maximus, and paraspinal muscles were involved in
the later stages (Fig. 3F).

The clinical and pathological features of DNM2-CNM were
rather homogeneous in our series, as in previous reports [6,10,16].
This can be helpful in establishing a working diagnosis in CNM
patients. The phenotypes of the mutations identified here (E368K,
R465W) were almost identical to those identified in previous cases
[7], although only 1 patient with E368K and 1 with R369W showed
ptosis and ophthalmoplegia. In addition, the early death of Patient
1-1 and the respiratory failure of Patient 3-2 are unusual occur-
rences for DNM2-CNM, although we could not obtain detailed
information.

A high occurrence of ptosis (9/10 [10], 7/11 [18]) and oph-
thalmoplegia (2/10 [10], 5/11 [18]) among DNM2-CNM patients
is observed in other countries [10], while in our series, ptosis was
much more rare (2/8), and ophthalmoplegia was not seen in our
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Fig. 2. The DNM2-CNM family tree. Families 2 and 3 had obvious autosomal dominant inheritance. On the contrary, Patient 4-1 had a sporadic onset. His parents and children

did not show any symptoms.

cohort. In previous studies, most patients who did not have pto-
sis and ophthalmoplegia were from a p.R522H family, and most
of them were infants [17]. The Japanese patients in our study,
including those with the p.R465W mutation that causes DNM2-
CNM with ptosis and ophthalmoplegia, as shown in a European
study, did not have ophthalmoplegia, and only 2 (p.R465W
and R369W) patients exhibited ptosis. Ethnic background may
be a contributing factor to the occurrence of ptosis because
there are some anatomical differences between the eyelids

of Asian and European populations: Asians have shallower
eyelids than Europeans [18,19]. Since the severity of ptosis
is correlated to the severity of myopathy, ptosis caused by
mutations in the middle domain in DNM2 in DNM2-CNM patients
could be mild enough not to be recognized in the eyelids of
Asians.

On the other hand, among non-DNM2-CNM patients, ptosis or
ophthalmoplegia was also seen in 4 of 18 cases, suggesting that ocu-
lar symptoms may not be a specific indicator of DNM2 mutations

Fig. 3. Photograph of Patient 3-6: distal muscular atrophy (A), joint contracture of fingers (B), and ankle contracture (C); patient could not put his heels on the floor because of
the ankle contracture (D). Muscle CT of Patient 3-6 {F) and Patient 3-11 (E) depicting lower-leg muscle atrophy of the posterior compartment (gluteus maximus, hamstrings,
gastrocnemius, and soleus), thigh abductor, and paraspinal muscles. Note the early involvement of the biceps femoris, gastrocnemius, and soleus in Patient 3-11 when she
was 19 years old. Ophthalmoplegia and ptosis are not observed in most patients (G: Patient 3-11).
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in CNM patients, at least in Japanese patients, further highlighting
the importance of the frequency of ocular involvement as a genetic
factor.

Other symptoms of the central nervous system and peripheral
neuropathy were also observed in our cohort and were reported as
subtle complications of DNM2-CNM [17]. Among the non-DNM2-
CNM patients, other causative genes for CNM were considered.
MTM1 mutations are implicated in CNM, but in our cohort, MTM1
mutations were excluded. Compound heterozygous mutations in
hJUMPY, a gene that encodes a phosphoinositide phosphatase, were
reported as a cause of sporadic CNM [8]. Additionally, BINT is a
newly identified causative gene for autosomal recessive CNM [9];
patients with autosormnal recessive CNM show typical CNM mus-
cle pathology and proximal-dominant muscle weakness, which is
more severe than observed in DNM2-CNM patients. The pathology
of CNM with BINT mutations does not have a radial distribution,
which is thought to be a hallmark of DNM2-CNM [9]. Notably, some
of our non-DNM2-CNM patients showed aradial distribution. How-
ever, none of our non-DNM2-CNM patients had a family history that
would indicate autosomal recessive inheritance and merit further
mutational analysis of the hJUMPY and BIN1 genes. Other candi-
date genes include Srpk3 [20] and PTPLA [21], which were thus far
implicated as causative genes of CNM in mice and dogs.

DNM2  mutations were also identified in AD
Charcot-Marie-Tooth disease (CMT) [22}]; in fact, some DNM2-
CNM patients also show very mild reductions in nerve conduction
velocities in the lower legs [10] or pathological changes in both
myelinated and unmyelinated nerve fibers [18]. Nevertheless,
none of our patients showed any abnormality in nerve conduction
studies, suggesting that peripheral nerve involvement does not
occur frequently in DNM2-CNM patients.

Although the precise pathomechanism of DNM2-CNM is not
known, mutations are thought to hinder either the transport of
DNM2 to the centrosome or its interaction with some centroso-
mal component [7]. Interestingly, in our study and past reports
of DNM2 mutations in the middle domain, characteristic features
were observed in muscle pathology, as opposed to neonatal DNM2-
CNM with PH domain mutations in which centrally nucleated fibers
and radial distribution of myofibers are less prominent [11].
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Myofibrillar myopathy (MFM) 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 Patbol 2012, 180:
1570-1580; DOIL: 10.1016/j.ajpath.2011.12.040)

Myofibrillar myopathy (MFM) is a group of neuromuscular
diseases with common morphological features such as
disorganized myofibriliar alignment and accumulation of
Z-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,

1570

filamin C, and BAG3.#® Elucidation of their pathogenicity,
however, is sometimes difficult.

Myatilin (myofibrillar protein with titin-like immunoglob-
ulin domains) is a 57-kDa protein with 10 exons encoded
by the myotilin gene (MYOT) on chromosome 5q31. 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 e-actinin,” fil-
amin C,'®"" FATZ,"" ZASP,'? and MuRF ubiquitin li-
gase.'® Myotilin also interacts with actin monomers and
filaments through its Ig-like domains, which also mediate
homodimerization.™ Previous studies have shown that
myotilin can bundle actin filaments in vitro, acting alone or
in collaboration with a-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.'® Mis-
sense mutations in MYOT have been associated with
MFM,'®"'® |imb girdle muscular dystrophy type
1A,171920 and 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 a-actinin in a yeast 2-hybrid
(Y2H) system.?® All of the other previously reported
MYOT mutations are located in exon 2 1671827 yjith
p.Ser60Cys (S60C) being one of the most common mu-
tations. The pathogenic effects of MYOT mutations and
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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.2*"#7 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 myaotilinopathy,™ ¢
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-
niques. 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 (MMYOT) 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 (wtMYQOT) or mMYOT (S60C
or R405K) were subcloned into pCMV-Myc vector (Ta-

Figure 1. Myotilin mutations and histopathological findings in myotilinopa-
thy patients. A: Myotilin structure and disease-related mutations. p.Ser60Cys
(S60C) is located in the serine-rich domain and p.Arg405Lys (R405K) is
located in the second immunoglobulin (Ig)-like domain of myotilin. B-I:
Pathological changes in muscles from patient 1 with MYOT'S60C (B, D, F, and
H) and from patient 2 with MYOTR405K (C, E, G, and ). B: Modified Gémori
trichrome (mGT) staining of biopsied skeletal muscle from patient 1 revealed
markedly degenerated fibers with many spheroid protein inclusions (ar-
rows). Some fibers had rimmed vacuoles (arrowhead). C: mGT staining of
biopsied skeletal muscle from patient 2 revealed scattered fibers with rimmed
vacuoles (arrowhead). D: NADH tetrazolium reductase (NADH-TR) staining
of the serial section shown in B revealed markedly disorganized intermyo-
fibrillar networks (arrows). E: NADH-TR staining of the serial section shown
in C revealed disorganized intermyofibrillar networks (arrow). F-I: Coim-
munostaining of muscles from patients using anti-myotilin (green) and anti-
polyubiquitin (red) antibodies. F: Large accumulations of myotilin were
observed in many fibers in patient 1. G: Small accumulations of myotilin were
seen in some fibers in patient 2. Myotilin aggregates were positive for
polyubiquitin in both patient 1 (H) and patient 2 (I). Scale bars: 50 wm (B-E);
20 wm (F-I).
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kara Bio, Shiga, Japan). All constructs were verified by
sequencing. Primer sequences are available on request.

Cell Culture, 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 muscles or electroporated mouse TA
muscles were frozen in isopentane cooled in liquid nitro-
gen. Serial 10-um 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 8-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), fil-
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 wtMYQOT-,
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 Imaged software ver-
sion 1.43 (NIH, Bethesda, MD). The results are presented
as bar graphs (£SD) and histograms. Fifteen serial 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
buffer 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-wtMYOT
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 wm 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 (FEl, 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?® specimens of muscle were
lysed and homogenized in 150 ulL of radioimmunopre-
cipitation assay buffer containing 50 mmol/L Tris-HCI (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-inscluble) 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).
immmunoprecipitation was performed as described previ-
ously,?® with agarose-conjugated anti-Myc antibody
(Santa Cruz Biotechnology).

Statistical Analysis

Differences between wtMYOT-, 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 IU/L (reference, <200 U/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.?®
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), «-B crystallin, BAG3,
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 wiMYOT (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 myotilin, 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, mMYQOT-expressing myofi-
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Figure 2. Expfession of mutant myotilin in cultured cells. Immunofluorescence stining of transfected Myc—thYOT (A), Myc-mMYOT S60C (B), and
Myc-mMYOT R405K (C) in C2C12 murine myoblasts. Merged images of Myc-tagged myotilin-expressing cells (green) costained for actin stress fibers (red), and
nuclear staining with DAPI (blue). C2C12 myoblasts expressing mMYOT SG0C (B) or R405K (C) did not exhibit protein aggregates, and the mutant myotilin

colocalized with actin stress fibers similar to wtMYOT (A). Scale bar = 20 um.

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 wtMYOT, 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 hitp:/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 SB0C-expressing and mMYOT R405K-express-
ing TA muscles, but not in control or witMYOT electropo-
rated muscles (data not shown). Electron microscopy
also revealed myofibril disorganization with disrupted Z-
disk, such as Z-disk streaming and broadening, in
mMYQOT-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
Polyubiquitin 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 aB-
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 to the
observations made in the patients’ muscles (Figure 1, F-I;
see also Supplemental Figure S2 at hitp:/ajp.
amjpathol.org). In the electroporated muscles, Myc-
wtMYOT 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
polyubiquitin (Figure 6A).

Mutant Myotilin Proteins Display Marked
Detergent Insolubility with Polyubiquitinated
Proteins

In the muscle specimens of the two myaotilinopathy pa-
tients, myotilin aggregates exhibited positive staining for
polyubiquitin (Figure 1; see also Supplemental Figure S3
at hitp://ajp.amjpathol.org). Similarly, in electroporated
mouse muscles, mMMYOT 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 skeletal muscle. A: Immunohistochemical staining of Myc-wtMYOT (WT-electroporated or
Myc-mMYOT (S60C or R405K)-electroporated mouse TA muscles. At 7 and 14 days after electroporation, S60C and R405K formed many Myc-positive granular
aggregates (arrows) in myofibers, compared with WT. More prominent protein aggregates were observed in the S60C-electroporated muscle. At 14 days after
electroporation, S60C-expressing myofibers exhibited larger aggregates. Scale bars: 20 um. B and C: The percentage of myofibers with Myc-positive aggregates
in the electroporated fibers of the WT, S60C, and R405K expression groups (17 = 5 mice per group). *P < 0.05; **P < 0.001. D: Immunoblotting analysis of
transfected Myc-tagged myotilin in 15 serial sections taken after the sections used for immunohistochemistry. GAPDH was used as a loading control.

specimen with the S60C mutation (patient 1) exhibited
increased amounts of myotilin in the detergent-insolu-
ble 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-
biquitin, 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 BE). 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 mMYOT 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-
uitinated proteins was observed in mMYOT 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 (arrowheads) were seen in mMYOT-expressing muscles. C and F: Inclusions were occasionally associated with
autophagic vacuoles (AV). B and C: Seven days after electroporation. A and D~F: Fourteen days after electroporation. Scale bars: 3.0 pm (B and E); 2.0 um (C);

1.7 um (A and D); 1.4 um (F).

Z-disk-associated proteins, including aB-crystallin, in the
insoluble fraction did not exhibit an increase, even in
mMYOQOT SB60C-electroporated muscles (Figure 6C; see
also Supplemental Figure S4, A and B, at htip.//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
distal dominant muscle 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, 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 blue,
blue red, or dark green). The presence of rimmed and
nontrimmed 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. "7

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 myotilin (Figure 1).

Although 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 1 to 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, mMYQOT 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 MMYOT S60C
aggregates markedly increased over time, suggesting
that mutant myotilin may be resistant to protein degra-
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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 Myc tag in serial sections. The Myc-positive
aggregates of S60C and R405K strongly colocalized with polyubiquitin (poly-Ub) and aB-crystallin (aBC). The aggregates were also immunopositive for BAG3,

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

dation, as described previously for MFM-associated
mutant desmin.®#-33

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.'”**=° In the myotilinopathy
patient, Z-disk streaming, numerous autophagic vacu-
oles' and cytoplasmic amorphous inclusions were ob-
served (see Supplemental Figure S2 at http://ajp.
amjpatholorg). In the present study, expression of
mMYOT by electroporation elicited myofibril disorganiza-
tion and accumulation 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,>3® 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-
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Figure 6. Mutant myotilin displays marked detergent insolubility, along with polyubiquitinated proteins. A: At 14 days after electroporation of Myc-
wWIMYOT (WT) or Myc-mMYOT (S60C or R405K), Myc-mMYOT aggregates, particularly those of SG0C, colocalized with polyubiquitin (polyUb) (arrows).
The WT aggregates rarely costained with polyubiquitin. B-E Solubilities of myotilin, polyubiquitinated proteins, and other sarcomeric proteins in muscles
from myotilinopathy patients (B and D) and from electroporated mice (C and E). GAPDH was used as a loading control. B: Immunoblotting of
detergent-soluble and detergent-insoluble fractions of muscles from control subjects (C1 and C2) or myotilinopathy patients [P1 (patient 1) and P2 (patient
2)]. In the muscles from P1 with S60C, markedly increasing amounts of myotilin, polyubiquitinated proteins, and aB-crystallin were detected in the insoluble
fraction, compared with muscles from control subjects. D: Quantification of myotilin insolubilities revealed highest insolubility in P1. C: Immunoblotting
of detergent-soluble and detergent-insoluble fractions of WT, S60C, or R405K-expressing muscles at 14 days after electroporation. Increasing amounts of
insoluble Myc-tagged myotilin proteins and polyubiquitinated proteins were observed in mMYOT-electroporated muscles, compared with WT. Particularly
in S60C-electroporated muscles, the amounts of insoluble proteins were notably increased. E: Quantification of the insolubilities of electroporated
Myc-tagged myotilin in the WT, S60C, and R405K expression groups (7 = 6 mice per group). Insolubility of endogenous myotilin was measured using
PBS-treated mouse muscles. Compared with WT, insolubilities of electroporated Myc-tagged myotilin were significantly increased in S60C and R405K.

*P < 0.05; *P < 0.01; **P < 0.001. 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 also
Supplemental Figure S2 at http://ajp.amjpathol.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. Our 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 solubility in agueous or deter-
gent solvents.®%° 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 myotilin, 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 hitp.//ajp.amjpathol.org). A previous
study showed that transfected myotilin is degraded by
the proteasome system in cultured cells.”® Our present
findings show that ubiquitinated 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
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 724848 However, we could not detect any protein
aggregation in mMYOT-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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