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mitochondrial changes are pathological hallmarks of
muscles with VCP mutations, findings that are useful
for the diagnosis of this clinically complicated disease.
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Abstract We examined the efficacy of 2-year enzyme
replacement therapy (ERT) using recombinant human o-
glucosidase (GAA; Myozyme®) in five long-term ventilator-
dependent adults and aged patients with advanced, late-onset
glycogen storage disease type 11 (GSDIL, also known as Pompe
disease). Although all patients had advanced respiratory failure
and were ventilator-dependent for more than 6 years, four
showed obvious improvements in muscle strength, pulmonary
function, and activities of daily living after ERT. Improvement
in each parameter was more prominent in the first year than in
the second year. Values in the second year were still
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significantly better than those at study entry and indicate
stabilization in the clinical status of all patients. These results
suggest that ERT continues to be effective in the second year of
treatment even in patients suffering from advanced late-onset
GSDII disease with severe respiratory failure.

Introduction

Glycogen storage disease type II (GSDII), or Pompe disease,
is an autosomal recessive lysosomal glycogen storage discase
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resulting from a deficiency in a-glucosidase (GAA) activity
(OMIM #232300). The different clinical phenotypes of GSDII
include classic infantile-onset: non-classic infantile-onset:
childhood, juvenile, and adult forms of GSDIIL: and late-
onset GSDII. However, GSDII presents as a broad spectrum
with varying degrees of severity and rates of progression. The
classic infantile-onset form is characterized by hypertrophic
cardiomyopathy and generalized muscle weakness, which
appear in the first few months of life (Hirshhorn and Reuser
2001; Engel et al. 2004). Late-onset GSDII is characterized
by progressive skeletal muscle weakness and loss of
respiratory function.

Enzyme replacement therapy (ERT) using recombinant
human GAA (thGAA) derived from transfected Chinese
hamster ovary cells resulted in marked improvement in the
survival rate of 18 patients with infantile-onset GSDII
(Kishnani et al. 2008). Nicolino and colleagues also reported
that thGAA reduced the risk of death and invasive
ventilation by 79 and 58%, respectively, in infants and
children with advanced Pompe disease (Nicolino et al.
2009). The use of ERT with Myozyme® (x-glucosidase)
was approved by the U.S. Food and Drug Administration
(FDA) in 2006 and by the Japan Ministry of Health, Labor
and Welfare (MHLW) in 2007.

Previous studies confirmed the efficacy of ERT in late-
onset GSDII patients with acute respiratory failure or
relatively mild respiratory dysfunction (Winkel et al.
2004; Pascual-Pascual et al. 2006; Merk et al. 2007,
2009; Case et al. 2008; Yamamoto et al. 2008; Rossi et
al. 2007; van Capelle et al. 2008; Strothotte et al. 2010; van
der Ploeg et al. 2010). On the other hand, ERT efficacy in
advanced patients seemed to be lower than that in milder
patients (Orlikowski et al. 2011). It is not clear whether
ERT is continuously effective in ventilator-dependent
patients with advanced disease and long-term respiratory
failure. Because ERT is relatively expensive, it is important
to determine whether continuous administration is effective,
or whether therapy is only effective for a short duration. In
the present study, we evaluated the efficacy of ERT in five
patients with advanced late-onset GSDII for 2 years and
analyzed factors related to its efficacy.

Patients and methods
Patients

Patients with late-onset Pompe disease diagnosed based on
both muscle biopsies and fibroblastmuscle residual GAA
activity, and who had undergone ERT at the National Center
Hospital (National Center of Neurology and Psychiatry), were
included in this study. Written informed consent was obtained
before enrollment. The study protocol was approved by the
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National Center Hospital Ethics Committee. Patients 4 and 5
have been reported previously (Sasaki et al. 1992: Yamazaki
et al. 1992). Table | lists the characteristics of all five
patients (two men and three women).

Genomic DNA was extracted from blood or muscle biopsy
samples according to standard protocols. All exons and
flanking intronic regions of GAA were amplified and
sequenced using an automated 3100 DNA sequencer (Applied
Biosystems, Foster, CA). Primer sequences are available upon
request. All patients had previously reported mutations
(Tsujino et al. 2000; Tsunoda et al. 1996; Lam et al. 2003;
Pipo et al. 2003; Hermans et al. 2004). The average (SD) age
at ERT initiation was 47 (13.6) vears (range 32-66 years),
and the average duration of disease was 26 (4.5) years (range
20-31 vears). The average duration of mechanical ventilato-
1y support before ERT was 8.0 (1.9) years (range 6-11 years).
Patients 1, 2, 4, and 5 had been treated with noninvasive
ventilation (NIV). and patient 3 had been treated with
invasive ventilation. All patients were wheelchair-bound for
a mean of 7.0 (5.1) years (range 214 years). Only patient 4
was able stand for a few minutes or walk a few steps with
assistance. Others were completely wheelchair-bound.

Methods

ERT (Myozyme®) was administered at 20 mg/kg body
weight biweekly at a dose of 1 mg/kg/h for the first 30 min,
3 mg/kg/h for the second 30 min, and then increased to
5 mg/kg/h, and finally 7 mg/kg/h every 30 min. Patients
were carefully monitored for infusion-related reactions
during and after ERT administration. Clinical condition
was assessed every 6 months, including physical examina-
tion, manual muscle test (MMT), ECG, Holter ECG,
ultrasound cardiography (UCG), and pulmonary function
tests [% vital capacity (%VC)., % force vital capacity (%
FVC(C), forced expiratory volume in the first second
(FEV1.0), peak expiratory flow rate (PEF). peak cough
flow (PCF: Bach 2004)], and lean body mass (Discovery
Bone Densitometer, Hologic, Bedford, MA). Muscle
strength, including grip power (Dynamometer®, TTM,
Japan, for patient 1; Grip Strength Dynamometer®, Takei,
Japan, for patients 2-5) and pinch power (PinchTrack™,
Jtech, Japan), was assessed every 2 weeks. The Barthel
index and gross motor function measure manual (GMFM)
were assessed every 6 months from the second year
{Hosoda and Yanagisawa 2000: Kondo and Fukuda 2000).
Occlusal force in the right and left first molar was measured
using the Occlusal Force Meter GM10% (Nagano Keiki,
Japan) every 6 months. In this test. which was repeated
three times, patients were asked to bite on a block as hard
as possible. All patients rested for more than 2 h before
each muscle strength test. Normal values for grip power
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Table 1 Baseline patient characteristics and conditions

Patient no. 1 2 3 4 5
Sex Male Male Female Female Female
Age at inclusion (years) 66 55 44 38 32
Age at onset (years) 35 35 25 8 7
Observation period (weeks) 104 104 104 104 104
Symptom at onset (weakness) Lower Lower Lower Neck Lower
extremities extremities extremities extremitics
Ventilator since (age in years) 58 49 36 32 21
Duration of ventilator use (years) 8 7 8 6 11
Wheelchair-bound Complete Complete Complete Complete Partial
Ventilator use (h/day) 24 10 (at night) 24 22 10 (at night)
Tracheotomy (age in years) None 48 36 None None
Wheelchair since (age in years) 51 48 36 36 29
Genotype c.1585-1586TC > c.546 G > c307T> c.1309 C > c.546 G >
GT(p.S529V) T(p.TI82T) C(p.C103R)/ T(p.R437C)/ T(p.T182Ty
homozygote homozygote c.546 G > c. 1857 C> c.1798 C >
A(p.T182T) G(p.S619R) T(p.R600C)
Enzyme activity® 1.2 (M) 0.6 (M) 1.88 (M) 0.46 (F) 3.8 (M)
Complications Diabetes Atrial Interstitial Pneumothorax —
mellitus fibrillation pneumonia subcutaneous/
pneumothorax mediastinal
emphysema
Pathology Myopathic Myopathic Myopathic Myopathic Myopathic
changes changes changes changes changes
AcP- and Few Scattered Scattered Stained for Many

PAS-positive vacuoles

acid phosphatase

& (M) Muscle (nmols 4MU/mg/h) (14.6:4.4), (F) fibroblast (mmol/pg protein) (161£32.4)

and occlusal force were provided by the manufacturer, and
three healthy volunteers were tested as controls for pinch
power [see Table in Electronic Supplementary Material
(ESM)]. Blood cell counts and blood chemistry tests were
conducted regularly. We interviewed patients and their
families about activities of daily living (ADL). 1gG antibodies
to thGAA were measured regularly by enzyme-linked
immunosorbent assay (ELISA) (Kishnani et al. 2006).
Annual changes in quantitative parameters (pulmonary
function tests, grip power, pinch power, and occlusal force)
were calculated for the first and second years by subtracting
old data from new data. Changes were analyzed with the
Mann-Whitney U test. Statistical analyses were performed
with SPSS for Macintosh (version 18, SPSS, Chicago, IL).

Results

Case presentation

Patient 1 suffered from limb muscle atrophy at age 35. He
could not climb stairs and visited us at age 44. Muscle biopsy

and acid maltase activity revealed Pompe disease. He lost
ambulation at age 51. He experienced dyspnea, and %VC was

22.4 at age 58. Nocturnal NIV was initiated; he required
continuous NIV from age 63 and was able to remove the NIV
mask for <1 min before ERT. ERT was initiated at age 66.
After 6 months of ERT, the patient was able to stop NIV for
9 min, allowing for a much easier transfer of the patient from
car to wheelchair by the caregiver. This also provided the
caregiver more than 5 min for shaving and/or cleaning the
patient’s face, compared to the I-min limit before ERT.

Patient 2 had difficulty climbing stairs from age 36. He
experienced dyspnea in the supine position at age 47 and
visited a physician due to morning headache and severe
dyspnea. He presented with pneumonia and CO, narcosis;
nocturnal oxygen therapy was initiated after recovery. A
muscle biopsy led to the diagnosis of Pompe disease. The
patient lost ambulation during hospitalization. He visited us
at age 50 and nocturnal NIV was initiated. The patient had
difficulty lying down in the supine position without NIV
before ERT. After ERT was initiated at age 55, he was able
to lie down for 10 min at 24 weeks of ERT and for 60 min
at 48 weeks without respiratory support. He was also less
fatigued in the afternoons and able to drive alone for 2 h
after 40 weeks.

Patient 3 noticed gait disturbance at age 22, visited a
neurologist at age 26, and was diagnosed with limb-girdle
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muscular dystrophy. At age 36, she complained of morming
headache and drowsiness; she was intubated and tracheos-
tomy was performed due to CO, narcosis and pneumonia.
The patient lost ambulation during hospitalization and had
recurrent pneumothorax and pneumonia. She visited us at
age 39 and was diagnosed with Pompe disease by muscle
biopsy and GAA activity. Recurrent pneumonia due to
Pseudomonas aeruginosa tequired hospitalization with
intravenous antibiotics once every 2 months before ERT.
After ERT was initiated at age 44, she developed a mild
fever of <38°C twice at 12 and 36 weeks after ERT, and
recovered without antibiotics. She was able to open a
plastic bottle unaided after 24 weeks of treatment, a task
that could not be completed for 8 years prior to treatment.
She was able to easily move from bed to wheelchair after
44 weeks. She also noticed less fatigue during meals, was
able to pull up both legs unaided after 2 years of ERT, and
could put on socks while sitting in the wheelchair.

Patient 4 had proximal weakness at age 15. She was
referred to a neurologist and found to have high creatine
kinase levels (1,256 U/L) and mild respiratory dysfunction
(%VC: 77) at age 21. She was diagnosed with late-onset
Pompe disease by muscle biopsy and fibroblast acid
maltase activity. At age 32, she experienced dyspnea and
initiated NIV during the night. At age 35, her %VC
decreased to 18.9 and she required NIV all day. She began
to use a wheelchair due to exertional dyspnea. At age 36,
she presented with a right-sided pneumothorax, and %VC
decreased to 15.8. She was able to turn off NIV only for
5 min to take a bath and could not comb her hair by herself
before ERT. At 24 weeks after ERT initiation, pinch power
increased from 48.4 N to 55.2 N, and she was able to stand
with less effort. At 64 weeks of treatment, she was able to
switch off NIV for 15 min while taking a bath and combing
her hair. However, she experienced severe dyspnea and
recurrent pneumothorax after 64 weeks of ERT and became
fully dependent on NIV thereafter. She developed pneumo-
thorax and emphysema at 80 weeks of ERT again and was
completely bedridden and required cuirass ventilation in
addition to NIV. She was also treated with parenteral
hyperalimentation, including standard calorie and protein,
for approximately 1 month due to inability to eat caused by
dyspnea. After recovery from severe emphysema, she
remained bedridden and consequently lost ambulation. Oc-
clusal force was also lower after parenteral hyperalimentation.

Patient 5 could not stand without hand support and
visited a pediatrician at age 13 and visited us and muscle
biopsy and acid maltase activity. She initiated NIV at age 21
and required a wheelchair at age 29. After ERT was
initiated at age 31, she found it easier to expectorate sputum
through coughing than before ERT and could move her hip
from floor to chair unaided after 44 weeks, which had been
impossible for several years. She also noticed alleviation of
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lumbago, and after three doses of ERT, she was able to
discontinue non-steroidal anti-inflammatory drugs (NSAIDS)
used for back pain. The patient suffered from emaciation
before ERT and was advised that this could not be resolved,
but she gained 3 kg of body weight after ERT. At present, she
can drive 2.5 h to go to the hospital every 2 weeks, which was
impossible before ERT due to fatigue and back pain.

ERT-induced changes

Table 2 lists the results of clinical and laboratory tests
before and after ERT. The mean duration of follow-up was
104 weeks. Grip power (Fig. la) and pinch power (Fig. 1b)
showed gradual improvement in all patients. In patient 4,
both grip and pinch powers continued to improve until
60 weeks after ERT initiation, but deteriorated thereafter.
Occlusal force improved markedly in patients 1 and 3
(Fig. 1c), but deteriorated in patient 4. No changes in MMT
were noted in any of the patients. GMFM improved slightly
in patients with a score of >25, while it remained
unchanged in those with a score of <5. After initiation of
ERT, all patients, except patient 4 who had severe
emphysema and pneumothorax, showed improvement in
%VC (Fig. 2a), PEF (Fig. 2b), PCF (Fig. 2¢), %FVC
(Fig. 2d), and/or FEV1.0 (Fig.2e).

Creatine kinase (CK) levels decreased during treatment
in patients 2, 4, and 5, and particularly in patient 4
(Table 2). CK levels were normal in patients 1 and 3 at
the commencement of treatment and did not show marked
changes during and after treatment. Body weight [44.4
(17.0) to 43.6 (16.1) kg, p=0.93)] and lean body mass [25.8
(7.9) to 25.8 (10.2) kg, p=0.99] did not change.

Changes in the first year were greater than in the second
year (Table 3). Most data were not available for patient 4 at
the first year evaluation because bed rest was required for
pneumothorax therapy. Changes in %VC, %FVC, PEF,
PCF, pinch power, and occlusal force were greater in the
first year than in the second year (p<0.05). While %VC, %
FVC, PEF, PCF, pinch power, and occlusal force signifi-
cantly changed in the first year after ERT, changes in these
parameters were not significant in the second year.

IgG antibody against Myozyme® was measured in
patients 1, 3, 4, and 5 (see figure in ESM). All patients
were IgG antibody positive at around weeks 12 to 16, but
patients 4 and 5 became negative thereafter. Furthermore,
IgG antibody titers increased to a peak level in patient 3,
and increased in patient 1 to 25,600. The antibody titer of
patient 2, measured once at 108 weeks after ERT, was
negative. Only patient 3 developed a skin rash immediately
after Myozyme® infusion at 12 weeks, but the rash
disappeared completely after treatment with an antihista-
mine. Other patients did not experience any infusion-related
reactions.
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Table 2 Results of clinical and laboratory tests before and after ERT

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Pre 1 year 2 year Pre I year 2year Pre 1 year 2year Pre 1 year 2 year Pre 1 year 2 year
MMT Neck flexion 1 1 i 2 2 2 2 2 2 2 2 2 2 2 2
Shoulder flexion 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2
Shoulder abduction 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2
Elbow flexion 1 1 1 3 3 4 3 3 3 4 4 4 3 4 4
Elbow extension 1 1 1 4 4 4 4 4 4 4 4 4 3 3 3
Wrist flexion 4 4 4 S 5 5 5 5 5 4 4 4 5 5 5
Hip flexion 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2
Knee flexion 1 1 1 2 2 2 2 2 2 3 3 3 2 2 2
Knee extension 1 1 1 2 2 2 2 2 2 3 3 3 2 2 2
Ankle flexion 1 1 1 5 5 5 2 2 2 4 4 4 5 5 5
Body weight (kg) 44 43 43 73.0 70 69 42 40 42 33 31 31 30 31 33
Lean body mass (kg) 239 226 22.6 39.8 39.8 39.8 23.0 244 24.4 21.1 NT 19.9 214 222 22.2
Pulmonary function  %VC 4.9 10.7 9.6 45.6 62.0 67.2 12.1 15.4 17.3 17.6  NT 9.2 13.1 19.5 214
%FVC 0.0 26.8 7.7 46.3 51.2 66.1 9.3 12.5 16.1 142 NT 7.0 10.3 17.7 20.4
FEV1.0 0.00 0.62 0.21 1.52 1.78 1.99 0.24 049 0.41 032 NT 0.14 029  0.50 0.55
PEF (L/s) 038 093 0.50 3.72 6.40 5.49 046  0.63 0.70 0.58 NT 0.25 124 1.63 1.70
PCF (L/s) 034 074 0.69 4.87 7.26 7.16 0.60  0.82 0.85 1.52 NT 0.86 1.19 1.96 2.17
Grip power (kg) 34 4.1 44 39.6 42.7 44.1 14.2 17.4 16.5 170 18.0 17.7 17.5 239 25.0
Pinch power (N) 147  21.1 15.5 81.9 96.1 98.8 23.6 424 42.5 483 563 53.0 443 485 47.3
Occlusal force (kgf) 6.4 15 15.9 NT 50.0 55.2 24.1 42.8 46.3 164 NT 8.4 NT 65.8 64.0
GMFM NT 3 3 NT 25 31 NT 5 S NT 56 59 NT 32 35
CK (1U/D) 47 36 50 238.0 132 10 166 132 100 621 NT 154 241 161 166
Barthel index 20 20 20 75.0 75 75 55 55 55 80 80 70 30 80 80

%V’C Percent vital capacity, %/ FC percent force vital capacity, FEVI.0 forced expiratory volume in the first second, PEF peak expiratory flow, PCF peak cough flow, GMFM gross motor
function measure, CK creatine kinase, N7 not tested
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Fig. 1 Effects of ERT on grip
power (a), pinch power (b), and
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Discussion

ERT is often difficult to initiate in the early stages of
subclinical GSDII or in early-stage GSDII because the
disease is difficult to diagnose due to heterogeneity in
clinical presentation and overlapping symptoms with other
neuromuscular diseases. Accordingly, it is important to gain
an understanding of ERT efficacy in patients with advanced
GSDIL Our study demonstrated that ERT is effective for
2 years without severe complications in adult patients who
have advanced GSDII and are dependent on ventilator and
wheelchair support. During the 2 years of ERT, all patients
showed some improvements in muscle and pulmonary
function and ADL.

@ Springer
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All parameters improved during the first year of
treatment. While the results of various tests in the second
year were lower than those recorded at the end of the first
year, they were still better than before ERT initiation.
Although the rate of improvement differed widely among
patients, our results indicate that ERT is more effective in
the first year and it maintains its efficacy for 2 years. At
present, there is no explanation for the better outcome in the
first year compared to the second year. Taking into
consideration the muscle pathology associated with GSDII,
intracellular accumulation of large amounts of glycogen
may cause displacement, replacement, or compression of
normal cellular organelles. Thus, ERT may normalize cell
function by reducing such accumulation in surviving
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myotubes, followed by a gradual regeneration of myofibers.
The observed effects of ERT may represent its acute effect
on intracellular glycogen accumulation.

Younger or milder cases, including those presented in a
randomized controlled study of ERT, showed a greater
improvement over advanced cases (Winkel et al. 2004;
Pascual-Pascual et al. 2006; van der Ploeg et al. 2010). Van
der Ploeg and colleagues reported on ambulant patients

whose %VC was greater than 30 (van der Ploeg et al.
2010). In this clinical study, ERT elicited significant
improvements in walking distance and stabilization of
pulmonary function. On the other hand, efficacy of ERT
in patients with advanced GSDII seemed to be milder or
partial. A case report of a 67-year-old wheelchair-bound
woman described alleviation of muscle symptoms following
ERT, although pulmonary function tests showed no improve-
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Fig. 2a-d (continued) D
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ment, suggesting cases with no respiratory recovery (Merk et
al. 2007). Furthermore, one open-label observational study of
ERT in 44 late-onset GSDII patients showed that both motor
function tests and CK levels improved, and pulmonary
function stabilized (Strothotte et al. 2010). Orlikowski et al.
reported a 52-week follow-up of five patients (Orlikowski et
al. 2011) with respiratory dysfunction as severe as in our
patients, and respiratory and motor functions in all patients
improved somewhat. Our data further these findings by
suggesting that the improvements continue through the
second year of ERT and that ERT is beneficial even for
patients with advanced-stage Pompe disease.

Only patient 4 failed to show a clear recovery at the end
of the follow-up period. However, grip and pinch powers
increased in this patient at 60 weeks of ERT. Immobility
and suspension of oral feeding resulted in reduction of
muscle power, particularly in the masseter muscles.
Pneumothorax also influenced the improvement in pulmo-
nary function. Thus, we speculate that the small improve-
ment was offset by the negative influence of pneumothorax.
Because patients in similar condition at the beginning of the
study responded to treatment (patients 3 and 5), one can
rule out any effects of age, body weight, lean body mass,

Q Springer

-156

-104 -52 0 52 104

and lung dysfunction on the prognosis. Variability in the
response to treatment may reflect individual differences in
disease severity at treatment initiation and rate of disease
progression.

The benefits conferred by ERT may not be adequate
when considering ERT costs, as none of the patients
exhibited an improvement in Barthel index; however,
observation before ERT indicated gradual deterioration
before the therapeutic intervention was initiated (Table 2).
In one study, dramatic changes did not occur at the
advanced stage, although certain benefits were evident
(Orlikowski et al. 2011). However, we speculate that patient
conditions will deteriorate if ERT is terminated after the
first year, a period showing the greatest improvements.
Serial pulmonary function tests indicated that the respira-
tory function of our patients will sequentially deteriorate
(Fig. 2).

Based on our assumption that therapeutic effects of ERT
cannot be measured by MMT or morbidity function in 6-
min walk tests, we attempted to measure muscle power in
relatively spared functions. Occlusal force is known to
decrease in parallel with disease progression in Duchenne
muscular dystrophy (DMD) (Ueki et al. 2007). Occlusal,
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Dear Sirs,

Sporadic inclusion body myositis (sIBM) is the most
common form of myopathy with inflammation in those
over the age of 50 years in Western countries {1, 3, 5, 7].
The prevalence in Caucasians is 4.9—14.9 per million, but
1.07 in Turkey [6]. The prevalence of sIBM in Asian
people including Japanese has not been examined. Several
mechanisms of sIBM are proposed, for example, beta-
amyloid accumulation, immune system abnormalities, viral
infection, genetic background [1, 8]. However, none of
these are concluded to be the specific cause of sIBM.

We have now performed a retrospective survey of Jap-
anese patients of sIBM diagnosed at the National Center of
Neurology and Psychiatry (NCNP). The increasing num-
bers of sIBM patients may suggest the clue to elucidate the
pathomechanism of sIBM.
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Only patients with ‘definite’ or ‘probable’ sIBM by the
clinical and biopsy criteria [7] were included in the anal-
ysis. Biopsies were re-evaluated, and were confirmed the
pathological diagnosis of sIBM. We also used revised
Bohan and Peter criteria for diagnosis of polymyositis
(PM) [5]. In NCNP, the first patient of sSIBM was diagnosed
in 1989, and the number of patients diagnosed has been
increasing year by year, especially after 2002 (Fig. 1). A
total of 77 sIBM patients were identified between 1990 and
2007. The average age of onset in sIBM in Japan was
63.4 years old. The numbers of patients with sIBM and PM
between 1999 and 2007 were 69 and 165, respectively
(Table 1). Accordingly, the number of sIBM patients is
estimated to be half that of PM. Given the number of PM
patients in the national survey in 2003 (approximately
3,000 patients) in Japan, the number of sIBM is estimated
to be around 1,250. Therefore, we assess that the preva-
lence of sIBM in Japan is 9.83 per million in 2003. The
numbers of sIBM and PM between 1990 and 1998 were 8
and 151 patients, respectively. As the number of PM
patients in the national survey of 1991 was still around
3,000, the prevalence calculated by the same method was
1.28 per million in 1991, suggesting an increase in the
number of sIBM in Japan. We also examined the rela-
tionship between birth year and the number of sIBM
patients diagnosed in NCNP since 1978 (Fig. 1b). The
numbers of sIBM patients are increasing in a linear manner
among the individuals born after 1920s.

The etiology of sIBM is not yet known and still under
discussion in either a primary inflammatory myopathy or a
primary degenerative myopathy with a secondary inflam-
matory disease. The lack of significant clinical response
with various immunosuppressants is against sIBM being a
primary autoimmune disorder. Accumulation of beta-
amyloid in rimmed vacuoles is interpreted as a primary
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degenerative mechanism [2]; however, some researcher
pointed out that beta-amyloid is not specifically found with
immunohistochemistry [9]. It was previously reported that
two out of six female rabbits fed a cholesterol-enriched diet
presented pathological features resembling sIBM [4]. As
observed in our study, we found many patients diagnosed
after 2002. The age at onset of sSIBM is around 60 years old
[71. Interestingly. patients born after the 1940s were in their
sixties in the 2000s and were at the optimal age of disease

- .‘- .‘.I 1 J J J ‘ ‘I

- 99 00 03
The last two digit of the year 0203 04 05 g6 o7
Current Age (yrs)
80 20
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Bl siBM - PM

onset for sIBM. The increasing numbers of sIBM is fol-
lowed by the rapid change of dietary habit from traditional
style to a Westernized one after World War II in Japan.
These data suggest that the change of dietary habit may
have an influence on the increasing number of sIBM
patients in Japan.

It is needed to consider the influence of prolongation of
life span in Japan and also the presence of a referral filter

bias for diagnostically difficult patients. Diagnostic
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Table 1 The estimated number of sIBM patients in Japan

No of sIBM diagnosed at NCNP

1990-1998 1999-2007
PM 151 165
sIBM 8 69
PM/sIBM 18.88 2.40
No of sIBM in Japan (estimated)

1991 2003

PM (surveyed) ~3.000 ~ 3,000
sIBM (estimated) 159 1,255
Total population in Japan 124,043 127.623
SsIBM (estimated)/million 1.28 9.83

PM Polymyositis, sIBM sporadic inclusion body myositis, PM/sIBM
the ratio of number of PM per sIBM. NCNP National Center of
Neurology and Psychiatry

suspicion bias is also considered, but we have diagnosed
distal myopathy with rimmed vacuoles since the 1980s and
couldn’t miss the findings of patients with rimmed vacu-
oles. Motorized society and sedentary lifestyle may be
another possible factor after World War II in Japan. This is
the first report that the number of sIBM is increasing in an
Asian country. It is important to examine the other Asian
countries and Asian race in Western society for elucidating
the influence of food and genetic factors on the patho-
mechanism of sIBM.
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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-
traceltular 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 vive
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
Z-disk-associated proteins.’ Muitations in genes encod-
ing Z-disk--associated proteins are known to cause MFM.
Disease-associated muiations have been identified in six
genes, including myotilin, desmin. aB-crystaliin, ZASP,
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filamin C, and BAG3.2® Elucidation of their pathogenicity,
however, is sometimes difficult.

Myotilin (myofibriliar protein with titin-like immunoglob-
utin 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 lg-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,'%"" FATZ " ZASP,'? and MuRF ubiguitin li-
gase.’® Myotilin also interacts with actin monomers and
filaments through its Ig-ike domains, which also mediate
homodimerization.™ Previous studies have shown that
myotilin can bundle actin filamentis in vitro, acting alone or
in coliaboration with a-actinin and filamin C.*'#'® Thus,
myotilin is thought to play a role in anchoring and stabi-
lizing actin filaments al 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,'®=%® jimb  girdle muscular dystrophy type
1A,171920 gnd distal myopathy.2*22 We have previously
identified a mutation p.Arg405Lys (R405K) in exon 9 in
the second Ig-like domain of myotilin. The R405K mutant
myotilin exhibited defective homodimerization and de-
creased interaction with a-aclinin in a yeast 2-hybrid
(Y2H) system.®® All of the other previously reported
MYOT mutations are located in exon 2 7871824 with
p.Ser60Cys (S60C) being one of the most common mu-
tations. The pathogenic effecis of MYOT mutations and
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the disease mechanism involved remain poorly under-
siood.

Model animals. such as transgenic mice. have conirib-
uted to understanding of the critical pathogenic evenis in
MFM.2527 Some MFMs. including myotitinopathies, are
late-onset and slowly progressive diseases. To repro-
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duce clinical and pathological features in mode! animals
for such iate-onsel mild myopathy is both labor intensive
ime consuming. Among the 10 missense mutations
ied to date in patienis with myotilinopathy,*'®~
13.23.24 only the Thr571le (T571) muiation reproduces the
ological changes in fransgenic mice after 12 months
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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 slectropora-
tion and were able o easily reproduce pathological
changes similar to those observed in skeletal muscle
from patienis with MYOT mutations.

Materials and Methods

Clinical Materials

All ciinical 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 (mMYOT) by site-directed mutagen-
esis, as described previously.®® A C—G substitution at
nuciectide position 179 and a G—A substitution at nucle-
otide 1214 were introduced o 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 myotitin (wtMYOT) or mMYOT (S60C
or R405K} were subcloned into pCMV-Myc veclor (Ta-
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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 fransiently transfected
using FUGENE HD transfection reagent (Roche Diagnos-
tics, Indianapolis, IN), according to the manufacturer's
instructions. Forty-eight hours after transfection, the ceils
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.2®

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 pg of purified
Myc-tagged myotilin plasmid DNA. wiMYOT 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 puises 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 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), BAGS3 (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), polyubiguitinated 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 wtMYOT-,
mMYQOT 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 ImageJ software ver-
sion 1.43 (NiH, Bethesda, MD). The results are presented
as bar graphs (£SD) and histograms. Fifteen serial sec-
tions were immunoblotied to measure the amounts of
electroporated Myc-tagged myotilin protein.

Electron Microscopy

For electron microscopy, cryosections (25 wm 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-mMYQOT (S60C or R405K) plasmid (40 ug each).
As a control, pEGFP-C1 plasmid was electroporated
alone. TA muscles were isolated 7 and 14 days afler
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% tanthanum 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, Hilisboro, OR).



