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information was assessed based on records
provided by the physicians.

We identified 295 alleles ranging in length
from 180 to 258bp by PCR amplification
of the DM2 repeat. Heterozygosity was
identified in 142 individuals (0.93). In the
remaining 11 samples showing a single allele,
Southern blot or repeat-primed PCR
analysis showed no expanded CCTG repeats
(Figure 1), indicating that all of them are
homozygous for a single allele. Thus, in our
extensive survey, no DM2-related CCTG
expansion was detected.

Most DM patients in Japan have been
considered to have DMI1 (NIH Genetics
Home Reference, http://ghr.nlm.nih.gov/con-
dition/myotonic-dystrophy). Our study con-
firms that DM2 is an extremely rare cause of
myotonic and/or LGMD patients in Japan.
Although the spectrum of clinical presenta-
tion of DM2 is variable and only one Japanese
DM2 patient has been reported to date, our
data have important implications concerning
the indications for genetic testing and coun-
seling for DM2 in East-Asian populations.
The origin of most DM2 mutations is esti-
mated to be 200-540 generations ago in
Europe, and DM2 has since spread into
several European populations.®> The rarity of
DM2 in East-Asian populations may be
because of a lack of founder effects or extinc-
tion of DM2 by genetic drift or selective
causes.
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Acid phosphatase-positive globular inclusions is a good
diagnostic marker for two patients with adult-onset Pompe
disease lacking disease specific pathology
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Abstract

Diagnosis of adult-onset Pompe disease is sometimes challenging because of its clinical similarities to muscular dystrophy and the paucity
of disease-specific vacuolated fibers in the skeletal muscle pathology. We describe two patients with adult-onset Pompe disease whose muscle
pathology showed no typical vacuolated fibers but did show unique globular inclusions with acid phosphatase activity. The acid
phosphatase-positive globular inclusions may be a useful diagnostic marker for adult-onset Pompe disease even when typical vacuolated

fibers are absent.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Pompe disease (glycogen storage disease type 2; acid
maltase deficiency; OMIM #232300) is an autosomal
recessive disease caused by mutations in the gene encod-
ing acid a-glucosidase (GAA, OMIM #606800), a lyso-
somal enzyme involved in glycogen degradation [1].
Based on age of onset and clinical severity, which depends
on residual GAA activity, the disease can be classified
into infantile, childhood-onset, and adult-onset forms.
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National Center of Neurology and Psychiatry, 4-1-1 Ogawahigashi-cho,
Kodaira, Tokyo 187-8502, Japan. Tel.: +81 42 341 2711; fax: +81 42 346
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Most of the infantile and childhood-onset forms exhibit
disease-specific skeletal muscle pathology, which shows
fibers occupied by huge vacuoles that contain basophilic
amorphous materials. However, diagnosis of the adult-
onset form is sometimes challenging due to clinical similar-
ities to muscular dystrophy and the paucity of typical vacu-
olated myofibers. We diagnosed 37 patients with Pompe
disease including 11 infantile, 16 childhood-onset, and 10
adult-onset forms in the muscle repository of the National
Center of Neurology and Psychiatry (NCNP), Japan, based
on a deficiency of GAA enzyme activity assayed using biop-
sied muscles, as previously described [2]. Among these 37
patients, two unrelated Japanese patients did not have dis-
ease-specific vacuolated muscle fibers but did have unique
cytoplasmic inclusions. Here, we report the diagnostic util-
ity of acid phosphatase (ACP)-positive globular inclusions
for adult-onset Pompe disease.
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2. Case report
2.1. Clinical summary

Patient 1: A 44-year-old man had been well until the age
of 41 years when he started having difficulty in running.
He was admitted to the hospital because of progressive mus-
cle weakness. His parents were first cousins, but there was no
family history of neuromuscular disorders. He was clinically
suspected to suffer from muscular dystrophy because of
slowly progressive muscle weakness and elevated creatine
kinase levels of around 800 IU/L (normal, <171 IU/L). On
examination, he had grade 4-muscle weakness on medical
research council (MRC) scale and marked atrophy in his
thighs. He did not have apparent respiratory impairment.
Electromyography (EMG) showed myopathic changes with
fibrillation and increased polyphasic motor unit potentials
(MUPs).

Patient 2: A 62-year-old woman first noticed difficulty in
climbing stairs at the age of 35 years, and needed a stick to walk
at 45 years. Muscle weakness gradually worsened predomi-
nantly in her proximal limbs, and she became wheelchair-
bound at 55 years. A muscle biopsy was performed at the age
of 61 years. On examination, she had muscle weakness and
atrophy predominantly in the proximal upper and lower limbs
at the grade 3-4 on MRC scale. Serum CK level was 70 IU/L
(normal, <142 IU/L). An EMG showed myopathic changes
with increased polyphasic MUPs and myotonic-like repetitive
discharges. She had been on non-invasive positive-pressure
ventilation since the age of 62 years when the respiratory insuf-
ficiency appeared.

2.2. Skeletal muscle pathology

The skeletal muscle pathology from the vastus lateralis
of patient 1 and from the biceps brachi of patient 2 showed
nonspecific myopathic changes with moderate fiber size
variation, mild endomysial fibrosis, and some fiber splitting
(Fig. 1A). No necrotic or regenerating fibers were seen. No
vacuoles containing amorphous materials were observed.
Importantly, both muscles contained red-purple globular
inclusions on modified Gomori-trichrome (mGT) stain
(Fig. 1A and B). The average percentages of fibers with
globular inclusions in the whole mGT-stained section were
0.5% in patient 1 and 2% in patient 2. These inclusions were
invariably highlighted by ACP stain but not stained by
periodic acid Schiff (PAS) (Fig. 1C). Inclusions were
stained only faintly on menadione-linked a-glycerophos-
phate dehydrogenase (MAG) without substrate (Fig. 3A).
Fibers with ACP-positive globular inclusions were also
found in 15 of 16 childhood-onset and seven of eight
adult-onset patients with disease-specific pathology in
varying proportions (0.1-10%). The rate of fibers with
inclusions was not significantly different between the child-
hood-onset and adult-onset forms. Fibers carrying inclu-
sions did not have typical vacuoles with amorphous
materials inside. In the infantile cases, more than 90% of

the fibers were vacuolated, whereas non-vacuolated fibers
with inclusions were hardly recognizable.

Double immunostaining was performed using primary
antibodies against a lysosomal marker, lysosomal associ-
ated membrane protein-2 (LAMP-2; Developmental Stud-
ies Hybridoma Bank (DSHB), Iowa City, IA, USA) and an
autophagosomal marker, microtubule-associated protein 1
light chain 3 (LC3; Novus Biologicals, Littleton, CO,
USA). In fibers with ACP-positive inclusions, immunore-
activity for LAMP-2 and LC3 were accumulated focally
in inclusions and surrounding area (Fig. 1D). We also
examined another samples from adult-onset patients with
typical vacuoles. Fibers with typical vacuoles were entirely
positive for LAMP-2 and LC3 (data not shown).

On PAS staining, performed on epon-embedded sec-
tions (Epon-PAS) to detect glycogen more sensitively,
PAS was negative in globular inclusions but positive in
the surrounding area (Fig. 1E).

Electron micrography was performed as previously described
using a Tecnai spirit transmission electron microscope (FEI, Hills-
boro, OR, USA) [3] The inclusions consisted of homogeneous
electron-dense globules surrounded by increased glycogen parti-
cles and autophagic vacuoles (Fig. 1F). The globules contained
neither dotted glycogen particles nor a filamentous structure.

2.3. GAA enzymatic analysis and genetic analysis

Presence of globular inclusions led us to suspect Pompe
disease, and GAA enzymatic activity analyses revealed
7.5% of normal control activity in patient 1 and 12.3% in
patient 2.

Genomic DNA was extracted from peripheral lympho-
cytes or biopsied muscle using a standard protocol for
mutational analysis of GAA. All exons and their flanking
intronic regions of GAA were amplified by PCR and
directly sequenced with an ABI PRISM 3100 Automated
Sequencer (Applied Biosystems, Foster City, CA, USA).
Both patients carried the homozygous GA4 mutation at
the last codon of exon 2 (c. 546G > T). RT-PCR and direct
sequencing were performed using RNA extracted from
biopsied muscles. This novel mutation causes aberrant
splicing by skipping exon 2 (Fig. 2). This homozygous c.
546G > T mutation was also found in another patient with
the adult-onset form, whose muscle pathology showed typ-
ical skeletal muscle pathology with vacuolated fibers.

3. Discussion

ACP-positive globular inclusions were a good diagnostic
marker for the two patients with adult-onset Pompe disease
lacking typical vacuolated fibers. Among 12,103 muscle
biopsies in the NCNP repository from 1979 to 2010,
ACP-positive globular inclusions were not reported, except
for Pompe disease.

The globular inclusions are most likely the same as “reduc-
ing body-like globular inclusions in late-onset Pompe disease”
reported by Sharma et al., as the pathological features are
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Fig. 1. Acid phosphatase-positive globular inclusions in patient 2. (A and B) Biopsied skeletal muscle showed nonspecific myopathic changes with
scattered red-purple colored globular inclusions on modified Gomori-trichrome stain. (C) The inclusions have intense activity on acid phosphatase stain.
Bar = 20 um. (D) Double immunostaining for LAMP-2 (green) and LC3 (red) demonstrates colocalization of positive immunoreactions in the inclusions
and surrounding area (B-D; serial sections). (E) On epon-embedded section, periodic acid Schiff stain is negative in inclusions (arrows). Bar = 5 pm. (F)
On electron microscopy, globular inclusions (asterisks) lack Z-line structure, which differs from cytoplasmic bodies. Autophagic vacuoles (arrows) and
glycogen particles (arrow heads) are seen in the vicinity of globular inclusions (12000x).
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Fig. 2. Mutational analysis of G4 4. Both patient have a homozygous c. 546G > T mutation at the last codon of exon2 (A upper: control, lower: patient),

which creates mRNA with skipping exon 2 (B).

Fig. 3. Inclusions on menadione-linked a-glycerophosphate dehydrogenase (MAG) without substrate. Globular inclusions in Pompe disease (A) are only
faintly stained comparing reducing bodies in reducing body myopathy with FHLI mutation (B). Bar = 20 pm.

rather similar [4]. However, globular inclusions showed much
fainter staining on MAG without substrate than genuine
reducing bodies seen in reducing body myopathy with FHLI
mutations (Fig. 3). More importantly, ACP positivity has
not been clearly described previously.

These globular inclusions are reminiscent of cytoplasmic
bodies, which are nonspecific findings reflecting degenera-
tion of the Z-disk in various neuromuscular diseases, par-
ticularly myofibrillar myopathies. However, the nature of
the globular inclusions differs essentially from cytoplasmic
bodies because of positive ACP staining and the lack of
associated Z-disk components. Although it remains unclear
how the ACP-positive globular inclusions are formed, the
absence of glycogens in the globular inclusions suggest that
they differ from glycogen accumulations in lysosomes.
Fibers with typical vacuoles were diffusely positive for both
lysosomal and autophagosomal markers as shown previ-
ously [5,6]. On the other hand, immunoreactivities of these
markers accumulated more focally in fibers with inclusions.
Further study should be needed to clarify what causes these
pathological differences.

In conclusion, ACP-positive globular inclusions may be a
hallmark of Pompe disease and a useful diagnostic marker

for adult-onset Pompe disease lacking typical vacuolated
fibers. Since enzyme replacement therapy is effective, albeit
not fully, in adult-onset patients, early diagnosis is necessary
for a better prognosis.
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©bjective: To characterize the clinical course of my-
opathy associated with antibodies to signal recognition
particle (SRP), or anti-SRP myopathy.

Desigrm: Case series.
Seftime: Keio University Hospitals and National Insti-
tute of Neuroscience, National Center of Neurology and

Psychiatry, Tokyo, Japan.

Patienis: We reviewed clinical features of 27 patients
with anti-SRP myopathy and analyzed disease progres-

rum were detected by RNA immunoprecipitation assay
using extracts of K562 cells.

Reswlis: Of the 27 patients, 5 (19%) showed chronic pro-
gressive muscle weakness as well as atrophy of limbs and
trunk muscles from a younger age with more severe neu-
rological outcomes compared with the other 22 patients
{81%) with the subacute form.

Cenclusion: A subset of patients with anti-SRP myopa-
thy can show a chronic progressive form associated with
severe clinical deficits.
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UTOANTIBODIES AGAINST
signal recognition par-
ticle (SRP) were first found
in the serum of a patient
with polymyositis and
were listed as myositis-specific antibod-
ies.! Myopathy associated with antibodies
to SRP (anti-SRP myopathy) has recently
been regarded as an immune-mediated
necrotizing myopathy based on histo-
logical findings and has been clinically
characterized by severe muscle weak-
ness, marked elevation of serum creatine
kinase (CK) levels, and poor response to
corticosteroid therapy.”” These observa-
tions were gathered mainly from patients
with a clinical diagnosis of inflammatory
myopathies. However, the clinical spec-
trum of anti-SRP myopathy may be
broader.
The rapid progression of weakness is
a characteristic clinical feature of anti-
SRP myopathy.>” The mean interval from
its onset to diagnosis is 3 to 4 months, and
clinical symptoms are usually progres-
sive for 5 to 6 months.>* In contrast, Dimi-
tri et al® first described a 31-year-old man
in whom weakness progressed for more
than 3 years. Before the anti-SRP anti-

body was detected, he was diagnosed as
having limb-girdle muscular atrophy. We
also described a 32-year-old man with
childhood-onset myopathy whose diag-
nosis alternated between inflammatory
myopathy and muscular dystrophy for 21
years.” These results suggested that pa-
tients with anti-SRP myopathy can show
chronic progression indistinguishable from
muscular dystrophy. Herein, we ana-
lyzed the disease course and neurologi-
cal outcomes in patients with anti-SRP
myopathy.

_ METHODS

We chose 27 patients with myopathy with the
anti-SRP antibody, including 10 previously re-
ported cases.”'® The diagnosis of anti-SRP my-
opathy was based on clinical, electrophysi-
ological, histopathological, and serological
findings. Muscle weakness was assessed by
manual muscle strength (Medical Research
Council scale grade), and severe weakness was
defined as grade 3 or lower. Muscle biopsy was
performed in all 27 patients and showed fiber
size variation as well as fiber necrosis and re-
generation with or without lymphocyte infil-
tration. No patients had taken statins.
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Anti-SRP antibodies were detected by RNA immunoprecipi-
tation assay using extracts of K562 cells as previously de-
scribed."” Briefly, 10 pL of serum was mixed with 2 mg of Pro-
tein A Sepharose CL-4B (Pharmacia Biotech AB) in 500 uL of
immunoprecipitation buffer (10mM TRIS hydrochloride, pH 8.0,
500mM sodium chloride, 0.1% Nonidet P40) and incubated for
2 hours. After washing 3 times with immunoprecipitation buf-
fer, antigen-bound Sepharose beads were mixed with 100 uL of
K562 cell extract (6 X 10° cell equivalents per sample) for 2 hours,
and 30 pL of 3M sodium acetate, 30 pL of 10% sodium dodecyl
sulfate, and 300 pL of phenol:chloroform:isoamyl alcohol (50:
50:1, containing 0.1% 8-hydroxyquinoline) were added to ex-
tract bound RNA. After ethanol precipitation, the RNA was re-
solved by using a 7M urea-8% polyacrylamide gel, and the gel
was silver stained (Bio-Rad). Immunoprecipitated RNA located
in the 7SL-RNA lesion was regarded as anti-SRP antibody. Other
myositis-specific and myositis-associated autoantibodies were also
detected by the RNA immunoprecipitation assay.

Neurological outcomes were assessed using the modified
Rankin Scale (mRS)."* This scale was principally used for evalu-
ating function of patients with stroke; however, it was also ap-
plied to patients with myositis.”* Neurological outcomes were
divided into 3 groups: recovered, mild deficit, and severe defi-
cit. Patients who responded optimally to the treatment and re-
turned to their jobs (mRS score of 0-1) were defined as recov-
ered. Patients who responded partially to treatment and resumed
most activities of daily living (mRS score of 2-3) were defined
as having a mild deficit. Patients who showed reworsening muscle
weakness or re-elevation of serum CK levels after the treatment
were also included in this group. Patients who responded mini-
mally to the treatment and required support in daily activities
(mRS score of 4) were defined as having a severe deficit.

This study was approved by the institutional review boards
at Keio University and the National Center of Neurology and
Psychiatry. Statistical analyses were performed using Stat-
View version 5.0 statistical software (SAS Institute, Inc).

Figure 1 shows the distribution of periods between dis-
ease onset and the first examination. We divided 27 pa-
tients with anti-SRP myopathy into 2 subtypes (sub-
acute and chronic forms) based on the clinical course.
Of the 27 patients with anti-SRP myopathy in our study,
5 (19%) were considered to have the chronic form. The
patients’ demographic and clinical features are com-
pared between those with the subacute and chronic forms
(Table 7). Disease onset occurred at a younger age in
those with the chronic form than in those with the sub-
acute form (mean age, 15.4 vs 52.4 years, respectively;
P<.001). No patients with the chronic form had a clear
clinical history of antecedent infection, whereas 3 pa-
tients (14%) with the subacute form had antecedent in-
fection. Despite a previous report,” seasonal occurrence
was not clear in our series. Disease progression of the sub-
acute form was usually rapid, and the mean duration be-
tween disease onset and the first examination was 3.1
months. In particular, 3 patients showed rapid disease
progression in 2 to 3 weeks. In contrast, patients with
the chronic form showed significantly slower progres-
sion, and the mean duration between disease onset and
the first examination was 10.2 months (P=.001).

In our series, asymmetrical muscle involvement was
seen in 2 patients, whereas the other 25 patients showed
proximal-dominant symmetrical limb muscle weak-

Subacute Chronic

Patients, No.

12 3 4 5 6 7 8 9 10 11 12 13
Time Required for First Examination, mo

Figure 1. Period between disease onset and the first examination in 27
patients with anti-signal recognition particle myopathy. They were divided
into 22 patients with the subacute form and 5 patients with the chronic form
based on the clinical course.

ness. Lower limbs were more severely affected than up-
per limbs. All 5 patients with the chronic form and about
half of the patients with the subacute form showed se-
vere muscle weakness and atrophy at the first examina-
tion. Several reports emphasized that dysphagia, but not
dysarthria, was observed at a high frequency in 43% to
75% of patients with anti-SRP myopathy.>>’ In our se-
ries, 7 patients (26%) had dysphagia and 3 (11%) re-
ported it as the initial symptom. Previous reports also
showed a high frequency of cardiac involvement,** while
only 1 patient in our series had arrhythmias, which did
not require treatment. Respiratory muscle involvement
was detected in 3 patients. Myalgia was noted in 9 pa-
tients (36%) and tended to precede muscle weakness. Ex-
tramuscular manifestations were observed only in pa-
tients with the subacute form. Skin rash and interstitial
lung disease, which were clinically suggestive of derma-
tomyositis, were observed in 2 and 4 patients, respec-
tively. Serum CK levels were markedly elevated to more
than 1000 IU/L (to convert to microkatals per liter, mul-
tiply by 0.0167) in all 27 patients; however, there was
no difference between the subacute and chronic forms.
Other autoantibodies were found in 6 patients with the
subacute form, including Ro/SSA (3 patients), Th/To (1
patient), ribosome (1 patient), and UIRNP (1 patient).

All 27 patients were treated with oral prednisolone (1
mg/kg/d). Half of the patients were treated with addi-
tional immunosuppressive agents, including methotrex-
ate (n = 5), azathioprine (n = 4), tacrolimus (n = 2), cy-
clophosphamide (n = 1), and cyclosporine (n = 1), or with
intravenous immunoglobulin (n = 6). Although some pa-
tients required 2 to 3 months to respond to treatment,
the patients with anti-SRP myopathy did not always re-
spond poorly. The combination of oral prednisolone and
intravenous immunoglobulin appears to be most effec-
tive for patients with the subacute form as the initial treat-
ment. The neurological outcomes showed that 10 pa-
tients (45%) with the subacute form recovered. In contrast,
all 5 patients with the chronic form had more severe neu-
rological outcomes compared with the 22 patients with
the subacute form (P = .008) (Figure 2).
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Table 1. Comparison of Clinical Features Between Subacute and Chronic Forms of Anii-Signal Recognition Particle Myopathy
Patients, No. (%)
Subacute Chronic
Clinical Feature (n=22) {n=5) P Value
Age at onset, mean (range), y 52.4 (14-82) 15.4 (5-32) <.0012
Female 12 (55) 3 (60) 780
Antecedent infection 3(14) 0 930
Time required for first examination, mean (range), mo 3.1(1-6) 10.2 (8-13) 0012
Muscle weakness
Arms < legs 16 (73) 3 (60) ggb
Arms > legs 6 (27) 2 (40) 98P
Severe involvement 11 (50) 5 (100) 120
Laterality 1(5) 1(20) .80°
Facial muscle involvement 1(5) 1 (20) 800
Bulbar sign 6 (27) 1 (20) 81b
Cardiac involvement 1(5) 0 80P
Respiratory failure 3(14) 1(20) 730
Neck weakness 9 (41) 4 (80) 270
Muscle atrophy 10 (45) 5 (100) .08t
Myalgia 8 (36) 1 (20) .86
Extramuscuiar involvement
Fever 4(18) 0 730
Skin rash 2(9) 0 800
Arthritis 1(5) 0 800
Raynaud phenomenon 1(5) 0 800
Interstitial lung disease 4(18) 0 .73b
Associated disorder
Cancer 1(9) 0 800
Rheumatic disorder 1(9) 0 80P
Serum creatine kinase, mean (range), [U/L 6101 (1149-15585) 4190 (2465-5725) .08

Si conversion factor: To convert serum creatine kinase to microkatals per liter, multiply by 0.0167.

Statistical analysis by ftest.
b Statistical analysis by x? test.
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Figure 2. Neurological outcomes were assessed using the modified Rankin
Scale™ with some modifications and were compared between subacute and
chronic forms of anti~signal recognition particle myopathy. The neurological
outcomes were divided into recovered, mild deficit, and severe deficit.
Differences between the groups were analyzed with the Mann-Whitney test.
Five patients with the chronic form showed more severe cutcomes than 22
patients with the subacute form (P=.008).

Detailed clinical features of 5 patients with the chronic
form are summarized in Table 2. All patients had se-
vere muscle weakness and marked atrophy in all 4 limbs
and the trunk. Two patients (patients 2 and 5) noticed
arm muscle weakness as the initial symptom. Impor-
tantly, scapular winging was noted in 2 patients (pa-

tients 2 and 3) at the first examination and was sus-
pected to involve facioscapulohumeral muscular
dystrophy. The serum CK level was decreased after treat-
ment in patients with the chronic form, but muscle weak-
ness gradually progressed and recovery of muscle strength
was delayed. Three patients (patients 1, 2, and 3) be-
came unable to walk independently, and 1 (patient 3)
required mechanical ventilation. Because muscle biop-
sies were not suggestive of inflammatory myopathy, 1
patient (patient 3) was treated for only 3 months and 2
(patients 1 and 2) were treated after the detection of
anti-SRP antibody. Of these younger patients, 2 (patients
2 and 3) became severely disabled, whereas the other 2
(patients 4 and 5) were treated soon after the muscle
biopsy and responded partially to treatment.

There are 2 methods for detecting anti-SRP antibodies:
the RNA immunoprecipitation assay we used and an
immunoassay using the signal peptide-binding 54-kDa
subunit of SRP (SRP54) as the antigen. Because SRP54 is
regarded as the main antibody target, the immunoassay
using SRP54 is easily conducted and the antibody level
is also available."*'* However, epitopes of anti-SRP anti-
bodies may also be located in other subunits of SRP
proteins or 7SL-RNA.""* In contrast, RNA immunopre-
cipitation assay, the standard method for detection of
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Table 2. Clinical Features of 5 Patients With the Chronic Type of Anti-Signal Recognition Particle Myopathy
Patient No.
Feature 12 28 38 4 §
Sex F F M F M
Age at onset 5y9mo 9y8mo 10y2mo 20y 10 mo 32y9mo
Initial symptoms Frequent falls Difficulty raising arm Difficulty running fast  Difficulty climbing stairs Difficulty raising his
child
Weakness and atrophy ~ Proximal limbs (U < L); Proximal limbs (U > L); Proximal limbs (U < L); Proximal limbs (U < L); Proximal limbs (U > L);
frunk trunk; scapular trunk; scapular trunk trunk;
winging; left winging; facial, strenocleidomas-
dominant; myalgia bulbar; respiratory toideus
Serum creatine kinase, 4629 2467 4180 3951 5725
UL
Muscle images Atrophy in proximal Left-dominant atrophy ~ Atrophy and edematous  Atrophy and edematous  Atrophy and edematous
limbs and trunk and edematous change in proximal change in proximal change in proximal
change in proximal limbs and trunk limbs and trunk limbs and trunk
limbs and trunk
Age at muscle biopsy 6y5mo 10y 4 mo 11y3mo,16y6mo 21y8mo 33y9mo
Muscle biopsy
Variation in fiber size  Scattered Scattered Marked Marked Marked
Fiber necrosis and Moderate Marked Marked Scattered Marked
regeneration
Lymphocyte None None None None Perivascular
infiltration
Endomysial fibrosis ~ Minimal Mild Marked Minimal Mild
Age at anti-SRP 7y4mo 10y9mo 32y 6 mo 21y 10 mo 34y3mo
antibody detection
Age at treatment start 7y4mo 10y 9 mo 11y6mo 21y8mo 33y9mo
Treatment PSL, MTX, MPR PSL, MTX, IVCY, AZA,  PSL (3 mo) PSL, MPR PSL, MTX, IVig,
tacrolimus tacrolimus
Age at final follow-up 9y3mo 13y10mo 34y 8mo 23y 3 mo 35y6mo
Response and Partial response; Minimal response; No response; Partial response; Partial response;
neurological outcome  progression for 2 y; progression for 2 y; progression for 3 y; progression for 1y; progression for 1.5 y;
relapse; MMT grade MMT grade 2-3; recovered from MMT grade 4 weakness recovered;
4; Gowers sign walking 20 m; mechanical relapse
difficulty in holding ventilation; MMT
dishes grade 2-3; wheelchair
use

Abbreviations: AZA, azathioprine; IVCY, intravenous cyclophosphamide; Vg, intravenous immunoglobulin; L, lower; MMT, manual muscle strength; MPR, high-dose

methylprednisolone sodium succinate; MTX, methotrexate; PSL, prednisolone; SRP, signal recognition particle; U, upper.
Sl conversion factor: To convert serum creatine kinase to microkatals per liter, multiply by 0.0167.
2These patients were previously described.>®

anti-SRP antibodies, has advantages in sensitivity and
specificity.’**6%11 The RNA immunoprecipitation assay
can recognize the conformational epitopes of SRP, al-
though the titer of antibodies is not available. Many stud-
ies showed that anti-SRP antibodies were principally spe-
cific to myositis or necrotizing myopathy exceptin a few
patients with systemic sclerosis or rheumatoid arthri-
tis.' %91 I regard to myopathies, we demonstrated that
anti-SRP antibody was not detected in patients with vari-
ous types of muscular dystrophy, and it was useful for
the differential diagnosis of myopathies using RNA im-
munoprecipitation assay.’

Anti-SRP myopathy can show a wider variety of clini-
cal symptoms than was previously considered. When
weakness progresses rapidly, within 2 to 3 weeks, with
extremely high serum CK levels (>10000 IU/L), acute
rhabdomyolysis should be differentiated.® When pa-
tients experience progressive weakness within 2 to 6
months*” accompanied by interstitial lung disease, skin
rash, or associated rheumatic disorders, polymyositis or
dermatomyositis should be considered. Because skin rash
is observed in approximately 10% of cases of anti-SRP

8-10

tory myopathy,

girdle weakness.>'?
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myopathy in the present and previous studies,” anti-
SRP antibodies may be also detected in patients clini-
cally diagnosed as having dermatomyositis. In fact, Hama-
guchi et al'® reported that anti-SRP antibodies were
detected in 7 of 376 patients (2%) with dermatomyosi-
tis using a similar detection method.

In our series, 5 of 27 patients with anti-SRP myopa-
thy (19%) showed chronic progressive muscle involve-
ment. The mean age at onset in these 5 patients was sig-
nificantly younger than that of the patients with the
subacute form, and patients with the chronic form showed
severe weakness and atrophy in limbs and trunk muscles
as well as poorer outcomes. It was speculated that the
poor outcome may be partially ascribed to the delay of
the first examination or anti-SRP antibodies detection.
Importantly, these clinical features may indicate the pos-
sibility of muscular dystrophy rather than inflamma-
although the disease progression was
faster than occurs in muscular dystrophy. In fact, fa-
cioscapulohumeral muscular dystrophy was initially sus-
pected in 2 patients owing to prominent shoulder-




It is well known that anti-SRP myopathy is usually re-
sistant to treatment, resulting in severe disable-
ment.**7 However, our observation suggested that pa-
tients with the subacute form had relatively good
neurological outcomes. Early diagnosis by screening for
anti-SRP antibodies is important for choosing intensive
immunotherapy, which might contribute to better out-
comes. In this regard, Hengstman et al’ reported that the
response to treatment for patients with anti-SRP myopa-
thy did not differ significantly from that of myositis with-
out anti-SRP antibodies. They reported that 75% of pa-
tients with anti-SRP myopathy could walk without any
assistance after treatment. The severe outcomes of anti-
SRP myopathy described in the previous studies may be
attributable partly to results for patients with the chronic
form. Rituximab therapy is potentially effective for pa-
tients with the chronic form.” Based on these findings, it
may be useful to divide patients by disease progression
to predict the neurological outcome.

An apparent question about the relationship be-
tween anti-SRP antibodies and muscle involvement is
whether the anti-SRP antibodies themselves have any
pathogenic effect against muscle. This hypothesis may
be supported by several lines of data: (1) anti-SRP anti-
bodies purified from patients’ serum samples can in-
hibit the in vitro translocation of secretory proteins into
endoplasmic reticulum’”; (2) the levels of anti-SRP54 au-
toantibodies are closely associated with the levels of my-
olysis'*; and (3) the removal of anti-SRP antibodies by
plasma exchange improves muscle strength.'*'® Never-
theless, the causal relationship between anti-SRP anti-
bodies and muscle involvement is still not established,
and further experiments such as passive transfer to ani-
mals are necessary to elucidate the pathogenesis of anti-
SRP antibodies.

In conclusion, anti-SRP myopathy can show quite vari-
able disease progression and neurological outcomes.
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1. Introduction

ABSTRACT

Background: Glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine kinase (GNE) myopathy, also
called distal myopathy with rimmed vacuoles (DMRV) or hereditary inclusion body myopathy (HIBM), is a
rare, progressive autosomal recessive disorder caused by mutations in the GNE gene. Here, we examined the
relationship between genotype and clinical phenotype in participants with GNE myopathy.
Methods: Participants with GNE myopathy were asked to complete a questionnaire regarding medical history
and current symptoms.
Results: A total of 71 participants with genetically confirmed GNE myopathy (27 males and 44 females; mean
age, 43.1413.0 (mean =+ SD) years) completed the questionnaire. Initial symptoms (e.g., foot drop and lower
limb weakness) appeared at a mean age of 24.8 4 8.3 years. Among the 71 participants, 11 (15.5%) had the
ability to walk, with a median time to loss of ambulation of 17.04 2.1 years after disease onset. Participants
with a homozygous mutation (p.V572L) in the N-acetylmannosamine kinase domain (KD/KD participants)
had an earlier disease onset compared to compound heterozygous participants with mutations in the uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc) 2-epimerase and N-acetylmannosamine kinase domains
(ED/KD participants; 26.34+ 7.3 vs. 21.2 4 11.1 years, respectively). KD/KD participants were more frequently
non-ambulatory compared to ED/KD participants at the time of survey (80% vs. 50%). Data were verified
using medical records available from 17 outpatient participants.
Conclusions: Homozygous KD/KD participants exhibited a more severe phenotype compared to heterozygous
ED/KD participants.

© 2012 Elsevier B.V. All rights reserved.

inclusion body myopathy (HIBM; MIM: 600737), is an early adult-
onset, progressive myopathy that affects the tibialis anterior muscle,

Glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine but spares quadriceps femoris muscles [1,2]. The disease is caused by a
kinase (GNE) myopathy, also known as distal myopathy with rimmed mutation in the GNE gene, which encodes a bifunctional enzyme
vacuoles (DMRV), Nonaka myopathy (MIM: 605820) or hereditary [uridine diphosphate-N-acetylglucosamine (UDP-GIcNAc) 2-epimerase

* Corresponding author. Tel.: + 81 42 341 2711; fax: + 81 42 346 1852.
E-mail address: yoshimur@ncnp.go.jp (M. Mori-Yoshimura).

(GNE) and N-acetylmannosamine kinase (MNK)] known to catalyze
two rate-limiting reactions involved in cytosolic sialic acid synthesis
[3-7]. Mutations in the GNE gene result in decreased enzymatic activity
in vitro by 30-90% [7-10)]. Therefore, hyposialylation is thought to

0022-510X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.

doi:10.1016/jns.2612.03.016
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contribute to the pathogenesis of GNE myopathy. This is supported by
the myopathic phenotype associated with a mouse model expressing
the human D176V mutant GNE protein (GNE—/—hGNED176V-Tg)
[11]. Muscle atrophy and weakness are prevented by oral treatment
with sialic acid metabolites in this mouse model [12].

A phase I clinical trial using oral sialic acid therapy has recently
been performed in Japan for the treatment of GNE myopathy
(ClinicalTrials.gov; NCT01236898). A similar phase [ study is current-
ly underway in the United States (ClinicalTrials.gov; NCT01359319).
Natural history and genotype-phenotype correlations need to be
established for a successful phase II clinical trial for the treatment of
GNE myopathy. However, only a small number of studies have been
conducted that review the natural course of this disease. In addition,
the presence of genotype-phenotype correlations is controversial in
GNE myopathy, with most reports denying significant correlations
[7]. In fact, substantial heterogeneity is observed among participants
who have the same mutations. For example, few subjects with
p.D176V and p.M712T mutations exhibited a normal or very mild
phenotype, with disease onset after the age of 60 [3,13]. Furthermore,
only a limited number of studies that analyze compound heterozy-
gous patients are available. Nonetheless, such studies report a
variable degree of severity [14-17].

To clarify the potential relationship between genotype and clinical
phenotype (i.e., age at onset, disease course, and current symptoms)
of GNE myopathy, we performed a questionnaire-based survey of
participants with confirmed GNE myopathy.

2. Participants and methods
2.1. Study population

We obtained approval for this study from the Medical Ethics
Committee of the National Center of Neurology and Psychiatry
(NCNP). Seventy-eight participants with known GNE myopathy
were seen at 8 hospitals specializing in muscle disorders in Japan
and 83 participants (not all genetically diagnosed) from the
Participants Association for Distal Myopathies (PADM) were
recruited. Participants provided written informed consent prior to
completing the questionnaire.

A total of 75 participants completed and returned the question-
naire. Of the 75 participants analyzed, 4 were found to have only one
heterozygous mutation. Because single heterozygous mutations have
not been confirmed to cause GNE myopathy, these 4 participants
were excluded from this study.

2.2. Study design

The present study is a retrospective and cross-sectional analysis,
which includes 71 participants with genetically confirmed GNE
myopathy. Clinical information was collected from participants
using a questionnaire and genetic information was acquired from
available medical records.

2.3. Questionnaire

Participants completed a self-reporting questionnaire regarding
1) developmental and past symptoms, 2) past and present ambula-
tory status, and 3) information about diagnosis and medical services
(Supplementary material, original version in Japanese).

To determine developmental history, we collected the following
information: 1) trouble before and/or during delivery, 2) body weight
and height at birth, 3) age at first gait, 4) exercise performance during
nursery, kindergarten, or school, and 5) age at onset and signs of first
symptoms. Participants were also asked about the onset of 1) gait
disturbance, 2} walking with assistance (i.e., cane and/or orthotics and/
or handrails), 3) wheelchair use, 4) loss of ambulation, and 5) current

gait performance. With regard to medical history, participants were
asked about 1) age at the time of first hospital visit, 2) whether or not
they had symptoms at the time of visit, 3) age at the time of final
diagnosis, 4) how many hospitals/clinics were visited before final
diagnosis, and 5) whether a biopsy was performed.

2.4. Medical record examination

To verify the accuracy of the information provided by each
participant, available medical records from 17 participants (23.9%)
seen at outpatient clinics at NCNP were examined (9 males and
8 females).

2.5. Data handling and analysis

All variables were summarized using descriptive statistics, which
included mean, standard deviation (SD), median, range, frequency, and
percentage. Each variable was compared against age, sex, genotype,
and domain mutation (ie, within the UDP-GIcNAc 2-epimerase
domain: ED or N-acetylmannosamine kinase domain: KD). Student's
t test was used to compare the means for each participant group
(ED/ED, ED/KD and KD/KD participants). Data from the two participant
groups were calculated using chi-square contingency table analysis.
The time from disease onset to walking with assistance, time from
disease onset to wheelchair use, and time from disease onset to loss of
ambulation were evaluated using the Kaplan-Meier method with
log-rank analysis. Questionnaire reliability was tested using intraclass
correlation coefficients (ICCs), and two-sided 95% confidence intervals
(CIs) were calculated using a one-way random effects analysis of
variance model for inter-rater reliability. All analyses were performed
using SPSS for Macintosh (version 18, SPSS Inc,, Chicago, IL).

3. Results
3.1. General characteristics

A total of 71 Japanese individuals (27 males and 44 females)
participated in the study. The mean age at data collection was 43.1 4
10.7 years. None of the participants showed developmental abnor-
malities during infancy or early childhood.

3.2. GNE mutations

Forty-one percent of study participants (n=29/71) had homozy-
gous mutations, while 59% (n=42/71) had compound heterozygous
mutations (Table 1). Among homozygous participants, 86.2% (n =25/
29) harbored the p.V572L mutation, while the remaining participants
had other mutations. No homozygous participants for the p.D176V
mutation were identified. Among compound heterozygous partici-
pants, 28.5% (n=12/42) had p.D176V/p.V572L mutations, while the
remaining participants had other mutations. With respect to allelic
frequency, 50.0% (71/142) were p.V572L, 20.4% (29/142) p.D176V,
3.5% (5/142) p.C13S, 2.8% (4/142) p.M712T, and 2.1% (3/142)
p.A630T. All other mutations accounted for 2%. A total of 18.3%
(n=13/71) of participants were homozygous with a mutation in the
GNE domain (ED/ED), 39.4% (n=28/71) of participants were
compound heterozygous with a mutation in the GNE domain and
one in the MNK domain (ED/KD), and 42.3% (n=30/71) of
participants had a mutation in the MNK domain in both alleles
(KD/KD).

3.3. Past and present symptoms
Mean participant age at symptom onset was 25.2+9.2 years

(range, 12-58 years; median, 24.5 years). There was no significant
difference between males and females for current age, age at disease

—100—
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Table 1
Genotypes of the GNE myopathy patient population.

Questionnaire

ED/ED Total 13 4
Homozygote 1 0
p.C13S homozygote
Compound heterozygote 1
p.C135/p.M29T
p.C135/p.AB31
p.D176V/p.F2335
p.D176V/p.R306Q
p.R129Q/p.D176V
p.R129Q/p.R277C
p.D27L/p.D176V
p.B89S/p.D176V
p.D176V/p.R246W
p.D176V/p.R321C
p.D176V/p.V331A
ED/KD Total
Compound heterozygote 28
p.D176V/p.V572L
p.C135/p.V572L
p.D176V/p.l472T
p.D176V/p.L603F
p.R177C/p.V572L
383insT/p.V572L
p.D176V/p.G708S
p.D187G/p.V572L
p.R8X/p.V572L
p.D176V/p.G568S
p.D176V/p.HE26R
p.D176V/p.A630T
p.1276T/p.V572L
p.G295D/p.A631V
p.AGOOE/p.D176V
Total 30
Homozygote 28 5
p.V572L homozygote 25 4
p.M712T homozygote 2
p.A630T homozygote 1
Compound heterozygote 2 0
p.V572L/p.R420X 1
1756Gdel (stop)/p.V572L 1

Outpatients

—
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KD/KD

onset, age at walking with assistance, age at wheelchair use, and
current ambulatory status. Initial symptoms included gait disturbance
(66.2%, n=47/71), other lower limb symptoms (26.8%, n=19/71),
easily fatigued (23.9%, n=17/71), and weakness of hands and fingers
(8.5%, n=6/71). In addition, 21.1% (n=15/71) had onset of
symptoms before the age of 20. When specifically asked, 47.8%
(n=34/71) described themselves as slow runners during childhood,
and 42.5% reported having had difficulty with physical exercise
during school years.

3.4. Diagnosis

Mean participant age at diagnosis was 33.9 + 12.6 years (median,
29.5 years; range 17 to 67 years). Mean participant age at first
physician visit was 29.6+10.4 years (median, 27 years; range,
12-62 years), and mean time between first visit and diagnosis was
4.44-8.3 years.

3.5. Walking with assistance and wheelchair use

At the time of the survey, 52.0% (n=37/71) were ambulant (41.3 +
12.8 years); however, only 15.5% (n==11/71, 40.0413.6 years) could
walk without assistance, with the remaining 35.2% requiring assistance
(n=25/71, 41.8+127years). Only 7.0% of these participants
(n=5/71) could walk up stairs, while 49.3% (n=35/71) were non-
ambulant. Wheelchairs were used by 63.6% (23.9% partially bound and
43.7% totally bound) and an electric wheelchair was used by 41.9%
(n=31/71). Mean participant age of wheelchair users was 349+

11.7 years (range, 18-70 years). Wheelchairs were not used by 32.4%
(n=26/71) of participants. Current age of wheelichair-free partici-
pants was 39.4+12.3 years (range, 21-61 years; median, 34 years)
and that of wheelchair-bound participants was 42.8 +12.6 years
(range, 21-71; median, 42 years).

Kaplan-Meier analysis revealed a median proportional age at
walking with assistance of 30.0 + 1.4 years. Median proportional age
of wheelchair users was 36.042.7 years, and that for loss of
ambulation was 45.04+4.2 years. The time from disease onset to
walking with assistance was 7.0 4 0.4 years, time from disease onset
to wheelchair use was 11.5 4 1.2 years, and time from disease onset
to loss of ambulation was 17.0 £ 2.1 years.

3.6. Correlation between disease genotype and phenotype

To determine if a correlation between genotype and phenotype
existed, we compared domain mutations (ED/KD, or both) available
from medical reports to questionnaire answers (Table 2). Participants
with KD/KD mutations (both homozygous and heterozygous) were
younger and more severely affected compared to participants with
ED/KD or ED/ED mutations. No significant difference in current age or
age at disease onset between ED/ED and ED/KD participants was
identified. Kaplan-Meier analyses revealed that the proportional time
from disease onset to wheelchair use and from disease onset to loss of
ambulation was significantly shorter in KD/KD compared to ED/KD
participants. ED/ED participants exhibited a shorter time of disease
onset to wheelchair use compared to ED/KD participants (Table 3,
Fig. 1).

3.7. Comparison between p.V572L homozygous and p.D176V/p.V572L
compound heterozygous participants

To compare clinical features in patients with the same mutations,
we specifically analyzed data from those with p.V572L (n=25/71,
35.2%) and p.D176V/p.V572L (n=12/71, 16.9%) mutations, as these
two were the most frequent mutations in our study population
(Table 2). Age at disease onset of homozygous participants (p.V572L)
was 21.34+5.7 years (range, 12-32years) and time from disease
onset to wheelchair use was 11.3+5.4 years (range, 3-21 years).
Only 16.0% (n=4/25) of these homozygous participants reported
that they were not currently using a wheelchair. In contrast, the mean
age at disease onset of heterozygous participants (p.D176V/p.V572L)
was 35.54 14.1 years (range, 13.5-57 years) and time from disease
onset to wheelchair use was 17.94 7.0 years (range, 11-28 years). A
total of 66.7% of these compound heterozygous participants
(n=28/12) reported that they were not using a wheelchair.

3.8. Questionnaire response compared to medical records

Questionnaires from 17 participants (NCNP outpatient partici-
pants) were compared to available medical records (Table 2). Age at
disease onset, age at onset of gait disturbance, age at walking with
assistance, and age at loss of ambulation were assessed for inter-rater
reliability. Age at disease onset, age at onset of gait disturbance, age at
walking with assistance, and age at loss of ambulation were assessed
for inter-rater reliability. ICC values were 0.979 (95% (1 0.941-0.992)
for age at disease onset, 0.917 (95% C1 0.752-0.972) for age at onset of
gait disturbances, 0.985 (95% CI 0.949-0.995) for age at walking with
assistance, and 0.967 (95% Cl 0.855-0.993) for age at loss of
ambulation.

4. Discussion
The present study provides a detailed overview of disease severity

and progression in 71 Japanese participants with genetically confirmed
GNE myopathy. Questionnaire-based surveys have been used to study
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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) 43.1:+£10.7 4424112 4534134 40.6+13.0
Age at onset (years old) 255492 263473 208+11.0% 212455
Age at walking with assistance 31.8+£100 3404111 3564+109% 278+68%
Duration from onset to walking with assistance 84+6.5 75+73 92465 8.0+6.6
Wheelchair user (%) 48 (67.8) 10(76.9) 14 (50.0)* 24 (80.0)*
Wheelchair use since (age) 376486 3644120 430+87" 31.2+£93"
Number of patients with lost ambulation 35 (49.8) 6(46.2) 8 (28 6)* 21 (70.0)*
Age at lost ambulation 336492 31.2+6.0 39.7+95 321493
Duration from onset to loss of ambulation 122452 98435 13.8+6.4 124451
NCNP outpatients n 17 4 8 5
Age (years old) 4394141 53.5+89% 4434163 3564927
Age at onset (years old) 258+9.2 3344927 29.64+135 19.6+4.27
Duration from onset to walking with assistance 75+4.2 89451 8.14+47 52+15
Wheelchair user (%) 12 (70.6) 3(75.0) 4 (50.0) 4 (100)
Wheelchair use since (age) 3334126 4754177 3524124 258+6.3
Number of patients with lost ambulation 9 (52.9) 3(75.0) 3 (28.6)* 5 (100)*
Age at lost ambulation 338493 400400 39.0+16.5 310482
Duration from onset to loss of ambulation 107 +42 11.2+56 11.1+£7.38 62426

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
females 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
1CC (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 (¢) 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 (ie.,
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.

Iég ;:ij;lear myopathy Results: We identified 3 different heterozygous missense mutations (p.E368K, p.R269W, and p.R465W)
Dynamin 2 in 4 probands from 4 families. Clinically, calf muscle atrophy and pes cavus are features that are highly

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.

Congenital myopathy
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 (BIN1) [9]. Among them, DNM2 mutations have been

* Corresponding author. Tel.: +81 423461712; fax: +81 423461742.
E-mail address: nishino@ncnp.go.jp (1. 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 cleariy 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
DNM2 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:
¢.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. nEMG 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 involvemnent
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 pneumnonia. All the 3 patients who were above 50
years of age are still ambulant. With an exception of Patient 3-2,
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Table 1

Clinicopathological features of DNM2-CNM.

Demographic
data

Clinical
features

Findings on
muscle biopsy

Family
Patient number
Mutation

Agefsex

Ability to walk
Opthalmoplegia
Ptosis

MMT upper
extremities

MMT lower
extremities

Deep tendon
reflexes

Joint contractures

Muscle atrophy

Cardiovascular
Respiratory

Electromyography
Nerve conduction
studies

Serum CK

Muscle CT

% of centrally
nucleated fibers
Radial distribution
of myofibrils

Type 1
predominance (%)
Type 1 atrophy
Type 2B deficiency
Type 2C fibers (%)

Proximal
Distal
Proximal
Distal

Leg

Paraspinal

Plantar

Calf
Thigh

1

1-1
c.1102G>A
(p.E368K)
16/M

NR

NR
NR
NR
NR
NR

NR
NR

NR

NR
G5

2

2-1
c1393C>T
(p.RA65W)
42/M

Ambulatory

B+

Elbow, wrist,
ankle

NR

+

NR

*

+

2+
68

3-2
¢1105C>T
(p.R369W)
55/M

With cane

Zwmwmawy + o

Ankle

+

NR
+

N
Tracheotomy

+

55
NT
NT
NT

NT
NT

3-6
c.1105C>T
(p.R369W)
50/M

With cane

ZNo ANV

Finger, wrist,
elbow, spine,
ankle

+

+

+

NR

Normal vital
capacity

M

N

N

3-7
c1105C>T
(p.R369W)
47JF

Ambulatory

N W WA

Finger, wrist,
elbow, spine,
ankle

+

+

+

NR

Normal vital
capacity

M

N

N
NR
NR

3-10
¢.1105C>T
(p.R369W)
22|F

Ambulatory

NoWw NS

Finger, wrist,
elbow, spine,
ankle

+

+

+

N

Normal vital
capacity

M

N

NR
NR
NR

3-11
€1105C>T
(p.R369W)
19/F

Ambulatory

Z AN

R

Finger, wrist,
elbow, spine,
ankle

+

+

+

N

Normal vital
capacity

NT

N

N

4
4-1
€1105C>T
(p.R369W)
55/M

Ambulatory

- Wwahwas

Ankle

zZzZ + + +

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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