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FIGURE 37.1 Muscle pathology of Danon disease. With hematoxylin and eosin staining, tiny autophagic vacuoles often look like solid
basophilic granules rather than vacuoles, and can be overlooked easily (A). Interestingly, the vacuolar membrane has acetylcholinesterase ac-
tivity (B). Immunohistochemical analyses for dystrophin (C) and merosin (D) show that the vacuolar membrane has features of sarcolemma.
Immunostaining for LAMP-2 clearly demonstrates the complete absence of the LAMP-2 protein (E) in contrast to control (F).

expressed in the vacuolar membrane, including dystrophin, o, B-, -, and 8-sarcoglycans, o and B-dystroglycans, dystro-
brevin, utrophin, dysferlin, perlecan, caveolin-3, collagen IV, and fibronectin (Figure 37.1); hence, these vacuoles are called
autophagic vacuoles with sarcolemmal features (AVSF).*!

By electron microscopy, the intracytoplasmic vacuoles typically contain myelin figures, electron-dense bodies,
and various cytoplasmic debris, and, therefore, are considered to be autophagic vacuoles.** Interestingly, even basal
lamina is sometimes seen along the inner surface of autophagic vacuoles, further confirming their AVSF nature.

Occasionally, sarcolemma and vacuolar membranes appear to be connected, suggesting that the unusual vacuolar
membrane may arise from indentations of the sarcolemma.”® However, most vacuoles are not connected to the sar-
colemma and they instead form isolated closed spaces, raising the possibility that their peculiar limiting membrane
is formed inside the muscle fiber.” . J

Interestingly, the number of AVSF increases with age: whereas only a few AVSF can be observed in patients
younger than 2 years, numerous AVSF are seen in older patients.”* However, when autophagic vacuoles in muscle
fibers are counted regardless of sarcolemmal features, their total number does not change or even slightly decreases,
indicating that most autophagic vacuoles do not have sarcolemmal features early on and that the sarcolemmal struc-
tures most likely form later and surround autophagic vacuoles.?

Although AVSF is a pathological hallmark of Danon disease, it can be seen in other autophagic vacuolar myopa-
thies, including X-linked myopathy with excessive autophagy (XMEA),” infantile autophagic vacuolar myopathy,
X-linked congenital autophagic vacuolar myopathy,” and adult-onset autophagic vacuolar myopathy with multi-
organ involvement.? Although these disorders are genetically distinct from Danon disease, these pathological simi-
larities suggest a common pathomechanism. Therefore, autophagic vacuolar myopathies should be categorized as a
distinct group of disorders.

By immunohistochemical and western blot analyses, LAMP-2 protein is absent in skeletal muscle regardless of
the specific LAMP-2 gene mutation®*? (Figure 37.1). Western blot analysis of the cardiac muscle in one patient also
showed a complete absence of LAMP-2 protein.? In contrast, other lysosomal membrane proteins, such as lysosomal
integral membrane protein-I (LIMP-1), are associated with the autophagic vacuoles in Danon disease.>>?*
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LAMP-2

LAMP-2 is a type 1 membrane protein with a large luminal domain connected to a transmembrane region and a
short cytoplasmic tail. The luminal domain can be divided into two internally homologous domains separated by a
hinge region rich in proline, serine, or threonine. Each of the two homologous regions contains four cysteines that
are linked in pairs by disulfide bonding between neighboring residues, thus creating two loops in each domain.
The luminal domain is heavily glycosylated; most of the potential N-linked glycosylation sites are utilized, yielding
a molecular mass of 90-120kDa for the approximately 40kDa core protein. LAMP-2 is abundantly expressed and
is thought to coat the inner surface of the lysosomal membrane together with its autosomal paralog, LAMP-1. The
topographical distribution of LAMPs, together with the fact that LAMP-2 is one of the most heavily glycosylated
proteins, indicate that LAMPs probably protect lysosomal membrane, and thus also the cytoplasm, from the action
of proteolytic enzymes within the lysosomes.”

The cytoplasmic tail of LAMP-2 is short, consisting of only 11 amino acids, but has a well-conserved tyrosine
residue, which may provide a crucial signal for the transport of LAMP-2 molecules to lysosomes. Moreover, this
cytoplasmic tail is thought to function as a receptor for the uptake of certain proteins destined to be degraded into
lysosomes (chaperone-mediated autophagy), in association with the 73-kDa heat shock cognate protein.®

Whereas LAMP-1 seems constitutively expressed, the expression of LAMP-2 is increased in a variety of situa-
tions and, is likely to be specifically regulated.” Interestingly, a small fraction (2-3%) of LAMP-2 is present in the
plasma membrane,? where its expression increases in certain situations, including malignancy® and scleroderma.®
Although the functional significance of LAMP-2 expression at the cell surface is not completely understood, it may
be related to the development of the AVSE

LAMP-2 Gene Mutations

The LAMP-2 gene is located on Xq24, while the gene for LAMP-1 is on 13q34.* The LAMP-2 open reading frame
consists of 1233 nucleotides and encodes 410 amino acids. Exons 1 through 8 and part of exon 9 encode the luminal
domain, while the remainder of exon 9 encodes both a transmembrane domain and a cytoplasmic domain. Human
exon 9 exists in two forms, 9A and 9B, which are alternatively spliced and produce two isoforms, LAMP-2A and
LAMP-2B. LAMP-2A is expressed rather ubiquitously whereas LAMP-2B is expressed specifically in heart and skel-
etal muscle.®

To date, LAMP-2 gene mutations have been identified in at least 50 ethnically diverse pedigrees, suggesting that
this disorder can affect any ethnic group.>* Most reported mutations are stop-codon or out-of-frame, and are pre-
dicted to truncate the protein and to result in loss of the transmembrane and cytoplasmic domains. Therefore, the
mutated products cannot function as lysosomal membrane proteins. The total absence of the LAMP-2 protein in
Danon disease muscles suggests that the abnormal proteins are unstable and are rapidly degraded.

An exon-skipping mutation is predicted to cause an in-frame deletion of one of the four loop structures and of
several potential glycosylation sites in the luminal domain, resulting in severe structural changes.? The patient with
this particular mutation also had complete absence of the LAMP-2 protein in skeletal muscle, suggesting that this
mutation is as harmful as null mutations.

In one patient harboring a mutation in exon 9B, western blot analysis revealed a trace amount of the LAMP-2
protein.? This signal most likely represents LAMP-2A, because the mutation in exon 9B should affect only the LAMP-2B
isoform. This particular patient is alive at age 34, suggesting that this mutation causes an exceptionally mild phenotype?
Usually, Danon disease is clinically uniform in male patients, without apparent genotype-phenotype variants.> The mu-
tation in exon 9B not only supports the idea that LAMP-2B is the major isoform in cardiac and skeletal muscles, but also
suggests that a deficiency of LAMP-2B by itself is sufficient to cause the disease, albeit with a milder phenotype.

Although rare, one missense mutation has also been reported.® This patient apparently had a milder phenotype
with high CK level, exercise intolerance, and hypertrophic cardiomyopathy, but without muscle weakness or mental
impairment. However, the LAMP-2 protein was virtually absent in the skeletal muscle.®®

LAMP-2 Knockout Mouse

LAMP-2 deficient mice produced by a German group provide confirmatory evidence that LAMP-2 deficiency
causes Danon disease."” About 50% of LAMP-2 deficient mice die between postnatal day 20 and 40, irrespective of
sex and genetic background. Surviving mice are smaller and have cardiac hypertrophy, but their lifespan is normal.
LAMP-2 deficient mice have autophagic vacuoles in various tissues, including heart and skeletal muscle (analogous
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to human patients), liver, pancreas, spleen, and kidney. Mice that die early often have stenoses or segmental hemorrhagic
infarcts of the small intestine and pancreatic lesions. In addition, apoptotic cell loss is pathologically increased in
thymus and the demarcation of white and red pulp is absent. Together with the fact that the LAMP-2 gene mutations
segregate with Danon disease, the findings in LAMP-2 knockout mice clearly demonstrate that Danon disease is
primarily a LAMP-2 deficiency. Furthermore, the abnormalities in a wider variety of organs in LAMP-2 deficient
mice suggest that more organs could potentially be involved in humans with Danon disease and that patients might
develop other symptoms, in addition to the “classical” triad.

Curiously, in contrast to LAMP-2 knockout mice, LAMP-1 deficient mice show normal lysosomal morphology and
function and do not develop any symptoms.* This is probably due to the compensatory upregulation of LAMP-2 in
LAMP-1 knockout mice, contrasting with the fact that LAMP-1 is not upregulated in LAMP-2 knockout mice."” This
result indicates that the patterns of expression of these highly homologous proteins are regulated differently and
bolsters the concept that they may have different functional roles,

Other Autophagic Vacuolar Myopathies

In 1988, Kalimo et al. reported a new type of autophagic vacuolar myopathy, X-linked myopathy with excessive
autophagy (XMEA), in a Finnish family.”® The disease is transmitted in an X-linked recessive manner and is now
known to be caused by VMAZ21 mutations.®® VMAZ21 is an essential assembly chaperone of the V-ATPase, the prin-
cipal mammalian proton pump complex. Decreased VMAZ21 raises lysosomal pH, which reduces lysosomal degra-
dative ability and blocks autophagy. XMEA is characterized clinically by slowly progressive muscle weakness and
atrophy sparing cardiac and respiratory muscles. Muscle biopsy is characterized by AVSF as in Danon disease. The
presence of sarcolemmal proteins, such as dystrophin, in the membrane of autophagic vacuoles in both diseases
suggests common or similar molecular pathomechanisms. The distinguishing pathological findings in XMEA, which
are not seen in Danon disease, are depositions of complement C5b-9 over the surface of muscle fibers and multilay-
ered basal lamina along the sarcolemma.**'* Furthermore, the presence of LAMP-2 in XMEA muscle clearly demon-
strates that XMEA is distinct from Danon disease.”

The list of myopathies characterized by AVSF, aside from Danon disease, is rapidly expanding and includes:
1) infantile autophagic vacuolar myopathy,® 2) congenital form of X-linked autophagic vacuolar myopathy,® and
3) late-onset autophagic vacuolar myopathy with multiorgan involvement® Interestingly, all these diseases show
deposition of complement C5b-9 over the surface of muscle fibers and multiplication of basal lamina, making these
myopathies more similar to XMEA than to Danon disease.?**

Despite different clinical and pathologic features, Danon disease, XMEA, and other autophagic vacuolar myo-
pathies can probably be categorized together into a distinct group, because they all show AVSE? Actually, Danon
disease and XMEA, both genetically diagnosable autophagic vacuolar myopathies, are primarily due to lysosomal
dysfunctions. In contrast, other myopathies characterized by the presence of rimmed vacuoles, such as distal myop-
athy with rimmed vacuoles, and inclusion body myopathy or hereditary inclusion body myopathy, are secondarily
caused by extralysosomal defects. Most likely, there will still be other diseases with AVSF in this group of autophagic
vacuolar myopathy, and we expect that the list will continue to expand.”

MANAGEMENT

Myopathy is usually mild and can be clinically silent. Symptomatic patients typically had proximal limb weak-
ness, which was very slowly progressive or stable. Myopathic symptoms were noted in only a few female patients
and were even milder.?

Cardiac symptoms are the dominant clinical features and the most important prognostic factors, because all pa-
tients died of cardiac failure. Most male patients developed hypertrophic cardiomyopathy, whereas most female
patients showed hypertrophic or dilated cardiomyopathy.>'¢*® WPW syndrome is more common in male than female
patients. The cardiac manifestations occurred approximately 15 years later in female than male patients. Sudden car-
diac death is common in patients with Danon disease, especially in female patients.? Recently, it was reported that
cardiac MRI may be of clinical value for the diagnostic work-up of Danon disease.® ‘

Heart transplantation may be the most effective and the only reliable treatment, although implantable car-
dioverter defibrillators represent one preventive treatment.>*7*4! Actually, heart transplantation significantly
enhances the survival of patients, although only 17.6% patients undergo heart transplantation.®® Therefore,
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we should consider early intervention with heart transplantation once heart failure has been diagnosed and it
should be performed as early as possible due to its rapid progression.® As in males, cardiomyopathy can be fatal
in female patients. This suggests that not only male patients but also female patients with Danon disease should
be considered for heart transplantation. In addition, the authors suggest that asymptomatic female relatives of
male patients should be investigated for cardiomyopathy and followed closely to detect early signs of a poten-
tially life-threatening condition.?
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Abstract

Mutations in the glucosamine (UDP-N-acetyl}-2-epimerase/N-acetylmannosamine kinase gene cause GNE myopathy, a mildly
progressive autosomal recessive myopathy. We performed a prospective natural history study in 24 patients with GNE myopathy to
select evaluation tools for use in upcoming clinical trials. Patient clinical conditions were evaluated at study entry and one-year
follow-up. Of the 24 patients, eight (33.3%) completed a standard 6-min walk test without assistance. No cardiac events were
observed. Summed manual muscle testing of 17 muscles, grip power, and percent force vital capacity (YoFVC) were significantly
reduced (p < 0.05), and scores for 6-min walk test and gross motor function measure were decreased (p <0.1) after one year. The
decrement in %FVC was significant among non-ambulant patients, whereas the decrement in grip power tended to be greater among
ambulant patients. The 6-min walk test, gross motor function measure, manual muscle testing, grip power, and %FVC reflect annual
changes and are thus considered good evaluation tools for clinical trials.
© 2014 Elsevier B.V. All rights reserved.

Keywords: GNE myopathy; Distal myopathy with rimmed vacuoles (DMRYV); Natural history; Respiratory function

1. Introduction quadriceps femoris muscles [1,2]. The disease cause is a
mutation in the GNE gene encoding a bifunctional enzyme
GNE myopathy, also known as distal myopathy with [uridinediphosphate-N-acetylglucosamine (UDP-GlcNAc)
rimmed vacuoles (DMRY), is an early adult-onset  2-epimerase and N-acetylmannosamine kinase] that
myopathy with slow progression that preferentially affects  catalyzes two rate-limiting reactions in cytosolic sialic
the tibialis anterior muscle and commonly spares the  acid synthesis [3-7]. Oral sialic acid metabolite treatment
has been shown to prevent muscle atrophy and weakness

in a mouse GNE myopathy model [8].
* Corresponding author. Address: Department of Neurology, National A recent phase I clinical trial with oral sialic acid was
Center Hospital, National Center of Neurology and Psychiatry, 4-1-1 performed in Japan (ClinicalTrials.gov; identifier: NCT
Ogawahigashi, Kodaira, Tokyo 187-8551, Japan. Tel.: +81 341 2711; fax: 01236898): and a phase 11 Study is currently underway in

+81 342 1852. . . . o 2
Email address: yoshimur@nenp.go.jp (M. Mori-Yoshimura). the United States and Israel (ClinicalTrials.gov; identifier:

http://dx.doi.org/10.1016/j.nmd.2014.02.008
0960-8966/© 2014 Elsevier B.V. All rights reserved.
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NCTO01517880). A prospective natural history must be well
understood prior to phase III clinical trials. We have
identified genotype-phenotype correlations in our
previous retrospective study [9], and found that a
standard 6-min walk test (6MWT) might not be sufficient
for evaluating most of patients, because the majority of
Japanese patients were non-ambulant. On the other
hand, respiratory function is impaired in patients with
advanced GNE myopathy, and may serve as a useful
evaluation tool especially among non-ambulant patients
[10].

We performed a prospective study of confirmed GNE
myopathy patients to assess the prospective natural
history of GNE myopathy and obtain an appropriate
evaluation tool. We aimed to identify evaluation items
that can be used to detect disease progress within a year,
with respect to observation duration of clinical trials.

2. Patients and methods
2.1. Study population and design

The present study included prospective data from
genetically confirmed GNE myopathy patients who were
evaluated twice (baseline and one-year follow-up) at a
National Center of Neurology and Psychiatry (NCNP)
hospital. All candidate patients were invited to
participate in this study by mail and/or telephone.
Patients who could not attend the follow-up visit were
excluded from the study. The first patients were enrolled
in April 2009, and last data were examined on November
25, 2013. ,

Approval for this study was obtained from the Medical
Ethics Committee of the NCNP. Study objectives, design,
risks, and benefits of participation were explained to all
patients, and their written informed consent was obtained
prior to enrollment.

2.2. Patients and Methods

A total of 27 Japanese patients (9 men, 18 women)
participated in this study. Among them, 25 patients who
completed 1-year follow up were included and two non-
ambulant patients who could not visit annual evaluation
were excluded. Of 25, one ambulant patient who got
nephritic syndrome and resulted to 3 months bedrest and
steroid therapy (maximal 1mg/kg body weight) were
excluded as it might have influenced the motor
performance. A total of 24 Japanese patients (9 men, 15
women) participated in this study, of whom two women
were siblings and the rest were unrelated.

Mean age at the time of data collection was
43.0 & 12.9 years (mean + SD). Mean age at disease onset
was 25.9+ 103 years (range, 15-58 years; median,
24 years). Of the 24 patients, 9 (36.0 %) were ambulant, 8
completed the 6MWT test without assistance, 1 required
assistance (e.g., canes and ankle braces) and could not

complete the 6MWT, and 1[5 (64.0 %) had lost
ambulation. Among 9 ambulant patients, 4, 2, 1, and 1
patients used both cane and ankle brace, ankle brace
only, cane only, and both walker and cane, respectively.
Of 19 patients who used a wheelchair for transportation
(4, part-time; 15, full time), 7 used wheelchair headrests,
and 1 used a neck collar to prevent falling.

Medical complications and history were as follows: 3
patients had hypertension, 2 had obstructive sleep apnea
syndrome, with 1 receiving treatment by continuous
positive airway pressure, 2 had diabetes mellitus,
hyperlipidemia, and past history of idiopathic
thrombocytopenia, and 1 had atopic dermatitis, idiopathic
thrombocytopenia, hypermenorrhea resulting anemia, and
mastopathy. Occurrences of these diseases were similar to
those of the general population of Japan.

All patients rested for more than two hours before each
muscle strength test. Measurements using a hand held
dynamometer of knee extension in sitting position (HHD,
p-Tas F-1®, Anima, Japan), grip power (Dynamometer®,
TTM Japan), pinch power (PinchTrack™, JTECH,
Japan), and occlusal force meter GMI10® (NAGANO
KEIKI, Japan) were repeated three times on both the
right and left sides, and all six measurements were
averaged for data analysis.

Muscle strength tests, including manual muscle testing
(MMT) and gross motor function measure (GMFM,
Japanese version; range, 0-100 [%]), were performed [11].
The following 17 muscle groups were examined: neck
flexion, truncal flexion, shoulder abduction, shoulder
adduction, shoulder flexion, shoulder extension, elbow
flexion, elbow extension, wrist flexion, wrist extension,
hip flexion, thigh adduction, thigh abduction, knee
extension, knee flexion, ankle dorsiflexion, and planter
flexion. Right and left MMTs were averaged, except for
those corresponding to neck and truncal flexion. Summed
MMT (range, 0-85) was obtained from the sum of the 17
muscle groups examined. The 6MWT was performed
according to the American Thoracic Society guidelines
[12] for patients who were able to walk without any
assistance (canes or braces). Pinch and grip powers and
MMT were measured by MM.Y., and HHD
measurement, GMFM, and 6MWT were measured by
H.Y., assisted by other physiotherapists.

Patient condition was assessed by physical examination,
electrocardiography (ECG), echocardiography (UCG; EF,
ejection fraction; FS, fraction shortening), Holter ECG,
percent force vital capacity (%FVC), lean body mass
(whole body, arms, and legs by standard procedure) by
dual-energy X-ray absorptiometry (DEXA; Discovery
bone densitometer, Hologic, Bedford, MA), and skeletal
muscle mass index (SMI) [13] Blood tests included
creatine kinase (CK) measurement. For activities of daily
living (ADL) and quality of life (QOL), the Barthel index
(BI, range, 0-100), modified Rankin scale (mRS,
Japanese version; range, 1-5), and a 36-item short form
survey (SF-36; Japanese version) were used [14,15].

- 245 -



382 M. Mori-Yoshimura et al. | Neuromuscular Disorders 24 (2014} 380-386

Patients were asked simple question at l-year follow up
visit whether they felt any changes about their symptoms.

2.3. Data analysis

Data were summarized using descriptive statistics,
including mean, standard deviation (SD), median,
range, frequency, and percentage. Each variable for
ambulant (including patients requiring assistance) and
non-ambulant patients was compared using i-test. In
correlation analysis, Spearman correlations were used to
determine the association between each of the variables.
The paired r-test was used to compare differences between
baseline and one-year follow-up data. For this
comparison, items with no significant abnormalities in all
patients at baseline were excluded from annual
examinations. Data under measurement (=0) were also
excluded from the follow-up analysis. All analyses were
performed using SPSS for Macintosh (Version 18; SPSS
Inc., Chicago, IL).

3. Results
3.1. GNE mutations

A total of 37.5% (9/24) of the patients harbored a
p-V572L  homozygous mutation, and 25.0% (6/24)
harbored a compound heterozygous mutation. Of these,
12.5% (3/24) exhibited the p.D176V /p.V572L genotype;
the rest had a different mutation (Supplementary Table 1).

3.2. Baseline tests

Baseline data are shown in Table 1A. MMT revealed
significant weakness both in hip adduction and ankle

preserved (Fig. 1). MMT of the baseline visit showed that
knee extension was relatively spared, especially among
ambulant patients (Supplementary Fig. 1). With respect
to HHD, grip and pinch power, the number of patients
who were too weak to complete measurement was 8, 8,
and 6, respectively. Non-ambulant patients showed a
significantly low %FVC (74.7 £19.3 vs. 110.5£ 12.1,
p<0.01, Table 1B). Non-invasive positive pressure
ventilation (NPPV) toward respiratory failure of GNE
myopathy was used in two patients at night due to
respiratory  dysfunction and  hypoxemia  during
hospitalization for baseline evaluation.

3.3. Cardiac functions

All patients underwent ECG, but 2 and 4 of 24 patients
did not undergo UCG and Holter ECG, respectively, due
to their schedules. Twenty-one patients had normal sinus
rhythms on the ECG. Two right bundle branch blocks
(one complete and one incomplete), a lst degree
atrioventricular block with sinus bradycardia due to
beta-blocker use, and a non-specific ST-T change (but
normal UCG) were observed. Wall motions on UCG
were normal in all patients except in one who had a
history of myocardial infarction. In addition, EF and FS
were normal in all patients. Holter ECG showed normal
ranges in 15 of 20 patients, whereas non-specific ST-T
changes in 2, sinus tachycardia in 2, and bradycaldia in 1
were observed. Patients with ST-T changes had diabetes
mellitus and/or hypertension.

3.4. Annual changes

During the study period, no patients suffered from a

dorsoflexion, whereas knee extension was markedly  systemic disease or from trauma; moreover, none
Table |
Patient characteristics and annual changes.
n Baseline 1 Year P
Muscle testing Summed MMT 24 36.0 +21.0 33.2+21.0 <0.001
6MWT (m) 8 321 £ 141.3 273.0 + 130.6 0.061
GMFM (%) 24 41.1 £39.0 39.6+393 0.089
HHD (N) 16 165.5 4 98.1 165.5 = 150.0 0.999
Grip power (kg) 16 6.8+6.3 53456 0.034
Pinch power (N) 20 222+ 186 20.6 +21.0 0.261
Pulmonary function FVC (%) 24 88.14+24.3 84.8 +25.7 0.03
DEXA Whole-body lean body mass (kg) 24 31.0+£7.0 30674 0.226
Arm lean body mass (kg) 24 26+1.0 26+1.0 0.345
Leg lean body mass (kg) 24 8.5+2.5 84+26 0.97
SMI 24 4.1+ L1 4.1 1.1 0.148
Laboratory data CK (IU/L) 24 222.8 +220.5 191.3 £ 199.1 0.087
ADL Barthel index 24 49.0 £ 39.6 48.1 +39.3 0.213
mRS 24 36+1.0 36+1.0 -
SF-36 SF-36 PCS 24 109 +13.2 7.9+ 10.7 0.148
SF-36 MCS 24 56.7 + 11.1 57.9+9.3 0.53
SF-36 RCS 24 46.3£19.0 43.0+£21.6 0.241

The results of baseline and one-year follow-up evaluations for all patients are shown. A total of 33.3% (8/24) of the patients completed the 6-min walk test
without assistance. Paired t-tests revealed significant reductions in summed MMT of 19 muscles, grip power, and %FVC after one year (p < 0.05), and
reductions in 6-min walk test scores and gross motor function measure (p <0.1).
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MMT scores at baseline and 1-year follow-up
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Fig. 1. MMT scores at baseline (black column) and [-year follow-up (open column). Hip adduction and ankle dorsoflexion were markedly impaired,
whereas knee extension was preserved among all the muscles examined. Shoulder extension {(p = 0.017) and abduction (p = 0.029), and knee flexion

(p = 0.010) showed significant annual decrements ("p < 0.05).

required a major surgical intervention that could have

influenced the natural course of the disease.

Of the 24 patients, the number of patients who were
aware of worsening was 19 (79%). Among them, patients
who were aware of worsening hand weakness, neck
instability and weakness, gait disturbance, leg weakness,
and/or arm weakness were 9, 7, 7, 6, and 2, respectively.
Of the 8 ambulant patients not requiring assistance, 7 felt
that their gait had become slower compared to the year
before. In fact, one patient started using a wheelchair
part-time during the one-year follow-up period. All
patients who complained of neck instability and weakness
were non-ambulant.

A significant reduction in summed MMT (p <0.01),
grip power (p=0.034), and %FVC (p =0.030), and a
reduction in 6MWT (p=0.061) scores, GMFM
(p = 0.089), and CK (p = 0.087) were observed (Table 1).
Among all the muscles examined, shoulder extension
(p =0.017) and abduction (p =10.029), and knee flexion
(p = 0.010) showed significant annual decrements (Fig. 1).
Only one patient who succeeded in weight control and
increased walking opportunity showed an improvement
in 6MWT scores, while the results of other ambulant
patients deteriorated in one year (Fig. 2A). Grip power
decreased in ambulant patients (9.546.9 to 7.1 6.6,
p = 0.051), but not in non-ambulant patients (3.3 & 3.3 to
3.0+3.0) (Table 2, Figs. 2D and E). On the other
hands, changes in %FVC (p=0.034) were greater in
non-ambulant patients than in ambulant patients
(Table 2, Figs. 2F and 2@G). There were no significant
changes in lean body mass, SMI, SF-36, BI, or mRS.

4. Discussion

To our knowledge, this is the first study to assess the
prospective natural history of GNE myopathy. Patients
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with GNE myopathy were disseminated across Japan and
were not concentrated around the specialized muscle
center hospital, because most patients did not require
specialized cardiopulmonary treatment, such as those with
Duchenne muscular dystrophy. Accordingly, we selected
evaluation items that are commonly accepted among
physiotherapists (MMT, 6MWT, and GMFM), and
measurement instruments that are relatively inexpensive
(e.g., grip, pinch power, and HHD); therefore, the method
presented here can be readily implemented by clinical
trials and hospitals. For us, it was important that GMFM
were validated in the Japanese population [10].

We found that summed MMT, grip power and %FVC
were significantly changed in one year. Although
statistical significance was lower in the 6MWT, a larger
cohort may clearly detect deterioration, given that our
study included only a small number of ambulant patients.
Severity of Japanese patients is one reason for small
number of ambulant patients. It was difficult for us to
correct more patients, as ambulant patients were
relatively small numbers in Japan. Multicenter study
should be required to resolve if the 6MWT are effective
tools for annual evaluation.

The 6MWT and summed MMT are important
end-point item candidates for clinical trials because they
can be used to determine annual changes in disease
progression. Our study showed respiratory function
decrement especially among non-ambulant patients,
suggesting that %FVC can be a useful outcome measure
for non-ambulant patients. On the other hand, the
decrement in grip power was greater in ambulant
patients. These results indicate that evaluation tools
should be selected according to the ambulation status of
patients.

On the other hand, we could not find annual changes in
HHD, lean body mass, BI, mRS, and SF-36. As muscle
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Fig. 2. Annual changes in motor functions. Right colomun: ambulant patients, left column: non-ambulant patients. A: 6MWT; B, C: summed MMT; D,
E: grip power; F, G: %FVC. All patients but one (*) showed deterioration in 6MWT (A). Only one patient who showed an improved 6MWT had
succeeded in weight control and had more opportunities to walk relative to baseline. Both ambulant (B) and non-ambulant (C) patient showed
deterioration in summed MMT. The decrement in grip power was greater in ambulant patients (D, E), whereas the decrement in %FVC was greatern in

non-ambulant patients.

strengths for knee extension were well preserved among
patients with GNE myopathy, it may be difficult to detect
disease progression during the one-year period. Indeed,
MMTs of knee extension were preserved at follow-up
evaluation. Weaker muscles, such as shoulder muscles or
knee flexion muscles that showed deterioration over the
one-year period, may be the possible candidates for
evaluation. More detailed quantitative study must be
carried out before the clinical trials. Although BI, mRS
and SF-36 were unchanged, most of patients were aware
of their symptoms, and indeed some parameters of muscle

power were deteriorated. To detect disease progression,
disease-specific QOL or ADL scales may be required.

Two patients started NPPV due to findings obtained
during the study. They had been regularly followed by
neurologists but had not been evaluated for respiratory
function prior to the baseline visit. Both patients carried
a V572L homozygous mutation with a more severely
affected phenotype [9,16] and showed marked weakness,
ie., summed MMTs were under 5 and mRS was 5. It
should be emphasized that patients with GNE myopathy

are at risk of respiratory failure, and that physician
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Table 2
Annual changes in ambulant and non-ambulant patients.

Ambulant (n=09)

Non-ambulant (n=15)

pre 1 year ¥4 pre 1 year y4
Summed MMT 57.0£95 550488 0.022 234+ 148 20.1 4138 <0.001
GMFM (%) 87.6+ 8.1 87.6+79 0.933 13.2+155 10.7+11.9 0.078
HHD (N) 214.8 +83.2 221.6 + 164.8 0.864 102.1 £80.9 93.2+94.7 0.587
Grip power (kg) 9.5+6.9 7.1+6.6 0.051 3.3+3.1 3030 0.179
Pinch power (N) 319+185 304 +£23.7 0.610 142+ 152 126 £15.3 0.155
FVC (%) 110.5+12.1 109.6 £ 11.5 0.624 74.5+19.3 69.8 +19.2 0.034
CK (1U/L) 403.4 +273.8 3439 +252.3 0.217 126.0 + 117.0 1083 £112.3 0.246

Annual changes according to ambulation status. Summed MMT showed a significant decrement in both ambulant and non-ambulant patients. On the
other hands, %FVC tended to be preserved in ambulant patients, indicating that pulmonary functional impairment progressed only in non-ambulant
patients. The decrement in grip power was also remarkable in non-ambulant patients.

should evaluate respiratory function if patients become
non-ambulant and show advanced weakness.

Our study is the first to assess cardiac function in
relation to GNE myopathy. However, we were unable to
find any disease-related abnormalities in ECG, Holter
ECG, and UCG even though cardiac involvement had
been previously implicated in a mouse model [8]. Our
data suggest that GNE myopathy does not involve
cardiomyopathy.

There were limitations with our data analysis because of
the small number of participants and short study period.
Moreover, we are aware that recruitment of patients
from NCNP, a national hospital highly specialized in
muscle disease, is a potential source of selection bias, as
they may be more severely affected than the general
patient population. Japanese patients, especially those
who carry a V5721 homozygous mutation, show a more
severely affected phenotype than previously reported
[9,15; in fact, no studies have ever reported on
respiratory failure in GNE myopathy other than the one
from Japan [10]. However, our study suggests that
non-ambulant patients can be evaluated with %FVC, and
that physician should pay attention to the yearly
decrement in respiratory function. In rare diseases such
as GNE myopathy, large-scale studies tend to be difficult.
We have established a Japanese national GNE myopathy
patient registry (Registration of Muscular Dystrophy;
REMUDY, http://www.remudy.jp) to perform a broader
investigation of associated conditions and for long-term
observation of patients.

In conclusion, 6MWT, summed MMT, GMFM, grip
power tests, and Y%FVC may be good clinical evaluation
tools for trials and to correlate with disease progression,
although %FVC and grip power should be used according
to ambulation status. Our study revealed that both
ambulant and non-ambulant GNE myopathy are basically
progressive and do not involve cardiac abnormalities.
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Abstract

Background

GNE myopathy is a slowly progressive autosomal recessive myopathy caused by mutations in the GNE (glucosamine (UDP-N-acetyl)- 2-epimerase/N-acetylmannosamine
kinase) gene. This study aimed to (1) develop a nationwide patient registry for GNE myopathy in order to facilitate the ptanning of clinical trials and recruitment of
candidates, and (2) gain further insight into the disease for the purpose of improving therapy and care.

Methods

Medical records of genetically-confirmed patients with GNE myopathy at the National Center Hospital of the National Center of Neurology and Psychiatry (NCNP) were
retrospectively reviewed in order to obtain data reflecting the severity and progression of the disease. We also referred to items in the datasheet of the nationwide registry
of dystrophinopathy patients in the Registry of Muscular Dystrophies (Remudy). Items selected for the registration sheet included age, sex, age at onset, past history and
complications, family history, body weight and height, pathological findings of muscle biopsy, grip power, walking ability, respiratory function, cardiac function, willingness
to join upcoming clinical trials, and participation in patient associations. A copy of the original genetic analysis report was required of each patient.

Results

We successfully established the Remudy-GNE myopathy. Currently, 121 patients are registered nationwide, and 93 physicians from 73 hospitals collaborated to establish
the registry. The mean age at onset was 27.7 % 9.6 years, and 19.8% (24/121) of patients could walk without assistance. Mean presumed durations from onset to use of
assistive devices (cane and/or braces) and a wheelchair, and loss of ambulation were 12.4, 15.2, and 21.1 years, respectively. Three patients had a past history and/or
complication of idiopathic thrombocytopenia. To share the progress of this study with the community, newsletters were published on a regular basis, and included
information regarding new phase I dinical trials for GNE myopathy. The newsletters also served as a medium to bring attention to the importance of respiratory evaluation
and care for respiratory insufficiency.

Conclusion
The Japanese Remudy-GNE myopathy is useful for clarifying the natural history of the disease and recruiting patients with genetically-confirmed GNE myopathy for clinical
trials.

Keywords: GNE myopathy; Distal myopathy with immed vacuoles (DMRV); Natural history; Remudy; Patient registry

1 Background

GNE myopathy, also known as distal myopathy with rimmed vacuoles (DMRV), Nonaka myopathy, or hereditary inclusion body myopathy (hIBM), is an early adult-onset
myapathy with slow progression that preferentially affects the tibialis anterior muscles and commonly spares the quadriceps femoris muscles [1],[2]. GNE myopathy is
caused by mutations in the GNE gene encoding a bifunctional enzyme [uridine diphosphate-N-acetylglucasamine (UDP-GIcNAc) 2-epimerase and N-acetylmannosamine
kinase] that catalyzes two rate-limiting reactions in cytosolic sialic acid synthesis [3]-[Z]. Oral sialic acid metabolite supplementation prevents muscle atrophy and
weakness in a mouse model of GNE myopathy [8]. While the incidence of GNE myopathy is unknown, more than 200 patients currently exist in Japan [3].

Registries for rare diseases are broadly accepted for their usefuiness in obtaining epidemiological data and patient recruitment for clinical trials [10] Translational Research
in Europe-Assessment and Treatment of Neuromuscular Diseases (TREAT-MND ALLIANCE), a research network for neuromuscular disorders, developed a global database
for patients with Duchenne muscular dystrophy (DMD) [11], spinal muscular atrophy, alpha-dystroglycanopathy with mutations in FKRP, and dysferlinopathy [12]. National
registries for other muscular dystrophies and myopathies also exist. In 2009, we developed a national registry for neuromuscular diseases (Registry of MUscular DYstrophy;
Remudy. http://www.remudy.ip/ _webcite |} in Japan in collaboration with the TREAT-MND ALLIANCE in order to aid in the recruitment of eligible patients for clinical trials,
provide information regarding the natural history and epidemiology of diseases, and serve as a source of information on current clinical care [13]. Given that GNE
myopathy is quite rare and the fact that clinical trials have already begun on this disease, the establishment of a patient registry is urgently needed, as it would aliow for
the early recruitment of patients in future ciinical trials. Moreover, In addition to contributing to our knowledge on the natural history of GNE myopathy, accurate medical
records also serve as a medium to judge clinical trial results. Remudy tentatively registered only male patients with dystrophinopathy. We intend to expand the registry to
include patients with GNE myopathy.

http://www.ojrd.com/content/9/1/150 2015/02/10
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Here, we describe the development of a national patient registry for GNE myopathy based on genetic dlagnoses, analyze clinical and genetic characteristics of the disease,
and provide etiological data important for clinical trials,

2 Methods

2.1 Institution, organization, registration method, data collection, and ethical approval

Remudy is supported by Intramural Research Grants (23-4/26-7) for Neurological and Psychiatric Disorders from the National Center of Neurology and Psychiatry (NCNP).
Methodology used to establish the Remudy reqgistry system was described previously [11],013],[14]. Registry information was provided to interested individuals and their
informed consent was obtained. Individuals whose data were included were informed that inclusion in the database confers no obligation to the patient, and that they may
be remaoved from the registry immediately upon request, They were also told that refusal to participate would not affect the patient’s subsequent medical care. This study
was approved by the Medical Ethics Committee of the NCNP. Study objectives, design, risks, and benefits of participation were explained to all patients, and their written
informed consent was obtained prior to enroliment.

2.2 Patients

Patients can join the registry via three routes: the Remudy homepage, attending specialists of neurology and myology, and patient associations (the Patient Association of
Distal Myopathy, PADM; and the Japan Muscular Dystrophy Association, JMDA). This database includes mutation data confirmed by genetic analysis. Prior to launching the
registry, members of SOCIETAS NEUOLOGICA JAPONICA (Japanese society of Neurology) were informed about the purpose of the registry, asked to inform their patients
about the registry, and to cooperate when patients asked them to confirm medical information regarding the registry through leaflets,

2.3 Structure of the registry form

Based on our review of medical records and prospective natural history studies of GNE myopathy from the National Center Hospital of NCNP and questionnaires from
previous studies [ 35]-(;1], we concluded that walking ability and respiratory function might be important for evaluating disease status. Based on clinical information from
patients with GNE and the basic form used in the registry for patients with dystrophinopathy in Remudy [13], we chose items required for registration.

Items in the registry form include past history, complications, family history, disease onset, ambulation status, results of muscle biopsy, and results of genetic analysis.
Walking capability, grip power, cardiac and resplratory function, and serum creatinine kinase (CK) levels are also included in GNE myopathy natural history studles, given
their relevance to the prognosis as well as their utility as outcome measures. A copy of the original report of the genetic analysis for GNE is required for registration, i.e.,
only patients with a diagnosis confirmed by a genetic report were included in the registry, Participants with only single heterozygous mutations in GNE were registered only
when they had pathology resuits indicating the presence of rimmed vacuoles on muscle biopsy.

2.4 Data collection, curation, and accession

All patient data including clinical and genetic information were registered by patients. Each of the attending neuradlogists filled in information pertaining to past medical
history, family history, and data from medical records (biopsy findings, laboratory and physiological data, and information regarding whether the patient had the capacity to
understand the study objectives). The patients sent Case Report Forms, along with personal information (mailing address, phone number, and e-mall address), consent to
use their information in clinical trials, participation consent for themselves and their attending physicians, and genetic diagnosis, As data were extracted from medical
records, this study is a cross-sectional study for the purposes of the present data, and a prospective study for the purposes of the annual data we are currently collecting.
After the patient data were registered, medical and genetic curators cleaned up “tentative” data. Clinical curators are neurology specialists in myology at the NCNP, while
genetical curator. is a neurologist and myological researcher responsible for genetic diagnosis of GNE myopathy at the NCNP. During the curation process, curators were
able to ask the registrants and their attending neurologists to double-check the accuracy of information, with the agreement with both patients and their attending
neurologists. As the Remudy-GNE registry utilizes a yearly renewable system to enable prospective data analysis, we asked registrants to renew their data at least once a
year and with any change in physical status. All patient data provision is voluntary and data are not shared with any third party without the permission of the committee
responsible for information disclosure. The structure of the Case Report Form and required registry items are shown in Table 1.

Tabie 1. Structure of the Case Report Form and registry items

2.5 Medical record analysis
Medical records of all patients with genetically-confirmed GNE myopathy in the National Center Hospital of NCNP were retrospectively reviewed by M. MY,

2.6 Data analysis

Data were summarized using descriptive statistics, including mean, standard deviation (SD), median, range, frequency, and percentage. Each variable was compared using
a t-test. Spearman’s rank correlation coefficients were used to determine associations between variables. Time from disease onset to walking with assistance, time from
disease onset to wheeichair use, and time from disease onset to loss of ambulation were evaluated using the Kaplan-Meier method. All statistical analyses were performed
using SPSS for Macintosh (Version 18; SPSS Inc., Chicago, IL).

3 Resuits

3.1 General characteristics at study entry

Table 2. Participant characteristics

As of the end of October 2013, a total of 121 Japanese participants with GNE myopathy (55 men and 66 women) had registered (Table 2). Mean ages at data collection and
disease onset were 44.9 % 13.2 years (mean + SD) (median, 43 years; range, 21-85 years) and 27.9 % 9.6 years (median, 26 years; range, 12-61 years), respectively. The
registry included participants from throughout Japan (38/47 prefectures) who were recruited through a collaboration with 92 attending physicians from 73 institutes

(Figure 1). Among the 52 genetically-confirmed patients with GNE myopathy who had visited NCNP, 32 (62%) participated in the patient registry.

‘ Figure 1. Participant distribution. Participants were distributed throughout Japan (38/47 prefectures), and 92 physiclans in 73 institutes
3 agreed to contribute to the registry.

Py

3.2 GNE mutations

Thirty-nine of 121 participants (32.3%) harbored a homozygous mutation in GNE and 64.5% (78/121) had a compound heterozygous mutation. Only single heterozygous
mutations were found in four (3.3%) participants (Additional file 1: Table S1). Among participants with a homozygous mutation, 82% (32/39), 8% (3/39), and 5% (2/39)
harbored p. V5721, p. C13S, and p. M712T mutations, respectively. Homozygous mutations of p. D176V and A630T were identified in only one participant.

Of those carrying two hetérozygous mutations, 31% (24/78) had p. D176V/p. V5721 mutations, while the remaining participants carried other combinations of mutations.
The frequency of the p. V572L mutation was 46% (106/230), p. D176V was 25% (58/230), p. C13S was 4% (9/230), and each of p. M712T and p. A631V was 2% (4/230)
(Additional file 2: Table S2). One patient with a single heterozygous mutation visited the NCNP Hospital, so we reviewed his medical records and noted that he was showing
clinical symptoms of GNE myopathy as well as pathological features.

3.3 Family history
Thirty-nine of 121 participants (32.2%) had a family history of GNE myopathy. Eleven of 121 (9.1%) were from consanguineous parents. Among the 39 participants with

http://www.ojrd.com/content/9/1/150 2015/02/10
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homozygous mutations, 9 (23.1%) had consanguineous parents; 2 participants with a compound heterozygous mutation were from one family, as their mothers and
fathers were siblings (i.e., these participants were double cousins).

3.4 Complications and past medical history

A detailed review of medical histories revealed that three participants had hypertension, two had diabetes mellitus, and two had hyperfipidemia. Two participants were
diagnosed with abstructive sleep apnea syndrome, one of whorn required continuous positive airway pressure. Atopic dermatitis and mastopathy were seen in one
participant each. Of note, three participants had a past history of idiopathic thrombocytopenia (1TP). We obtained additional medical histories for three patients with
histories of ITP. All three had experienced bleeding symptoms and had undergone intravenous and/or oral steroid therapy. Two of them were hospitalized for this therapy.
Patients were unable to recall the platelet count or platelet-associated IgG (PAIgG). However, two patients presented with low platelet counts, one of whom was PAIgG-
positive at the time of registration.

To clarify whether patients with GNE myopathy had thrombocytopenia, we reviewed biood counts of those with genetically-confirmed GNE myopathy. Among 52 patients
with GNE myopathy in NCNP (including the three participants with a past history of ITP), mean platelet counts were 22.1 x 10%yl (normal range: 15-35 x 10%/ul).
Importantly, three patients, including two with a past history of ITP, had decreased platelet counts of 9.5, 10.3, and 7.1 x 10%/y, and carried GNE mutations of p. R420X/
p. V572L, 383insT/ p. V572L, and p. R8X/p. V572L.

3.5 Onset and ambulation status

Mean age at disease onset for the 121 registered participants was 27.7 £ 9.6 years (median, 27.5 years; interquartile range, 15-61). Initial symptoms were walking
slowness and/or difficulty (65/121, 54%), stumbling (50/121, 41%), difficulty lifting toes (28/121, 23%), difficulty climbing stairs (12/121, 12%), difficulty running (8/121,
7%), difficulty lifting heels with a weakness af hands and/or fingers (5/121, 4%), and difficuity in thigh adduction and lifting the neck (2/121, 2%) (Figure 2). As weakness
in the anterior parts is thought to be more prominent than that in the posterior calf in GNE myopathy, we reviewed medical records of the 62 patients who received
treatment at NCNP hospitals and identified two patients for whom the first symptom was “difficulty lifting heels,” Promineént calf weakness (MMT ankle dorsoflexion 5,
plantar flexion 2) was evident in these patients, along with marked fat replacement in the calf musdes (Additional file 3: Figure S1).

=~ Figure 2. Initial symptoms. The most common Initial symptom was walking slowness and/or difficuity (54%). Difficulty lifting toes (23%)
- due to foot drop was the third most common symptom, whereas certain populations had difficulty lifting heels (4%). Some participants had
weakness in the hands and/or fingers (4%} and difficulty lifting the neck (2%) from the time of disease onset. The number of participants with
the indicated symptoms are shown.

Table 2 summarizes the clinical characteristics of participants inciuded in the registry. A total of 20% (24/121) of participants were ambulant without assistance, 37%
(45/121) required assistance (e.g., canes and/or braces), and 43% (52/121) had lost ambulation. Mean age at loss of ambulation was 35.4 £ 11.3 years. Kaplan-Meier
analysis revealed a median time from disease onset to walking with assistance of 8.9 years {95%CI, 6.3-9.7), from disease onset to wheelchair use of 14.0 years (95%CI,
11.8-16.2), and from disease onset to loss of ambulation of 21.0 years (95%CI, 15.4-26.6) (Table 3).

Table 3. Analysis of time from disease onset to K with heelchair use, and toss

3.6 Body Mass Index (BMI)

BMI of 65/121 (54%) participants were within the normal range in Japan (18.5-25) [13], whereas 36/121 (30%) were under the normal range and 20/121 (16%) were
abese. Among the 20 obese participants, two were severely obese (>35%) by Japanese standards [18]. Mean BMI of non-ambulant participants was higher than that of
ambulant participants, although the difference was not significant (non-ambulant 22.0 % 4.3 vs. ambulant 20.6 + 4.6, p = 0.077). The number of participants who were
underweight was greater than that of the normal population. Proportions of men and women who were underweight were 18.2% (n = 11; 16.4 £1.9; median, 17.2; range,
12.1-18.5) and 34.8% (n = 23; 16.9 £1.3; median, 17.1; range, 13.6-18.4), respectively, and were 4,7% and 9.1% among healthy men and women, respectively. There
were fewer obese participants compared to the normal population (Figure 3) [18]. We identified no significant correlations between BMI and other items, with the exception
of age (r=0.291, p=0.001).

Figure 3. BMI of parti and the g { adult Jap p lation (aged >20 years). More registry participants were
underweight compared to the general population. Proportions of underweight participants were 18.2% and 34.8% for men and women,
respectively, and 4.7% and 9.1% for healthy men and women, respectively. There were fewer obese participants relative to the general
population. a. black column: participants, open column: general Japanese populaticn. b. gray column: participants, diagonal column: general Japanese population.

3.7 Cardiopulmonary function

Information on pulmonary and cardiac function was available for 65% (79/121) and 34% (41/121) of participants, respectively. Of those examined, 33% (26/79) had
respiratory dysfunction {% forced vital capacity (%FVC < 80)], and two were using noctumal non-invasive positive pressure ventilation (NPPV).%FVC was significantly
correlated with disease duration (p = 0.479, p<0.01) and serum CK levels (p = 0.573, p <0.01). None of the participants who underwent ultrasound cardicgraphic
examination had cardiac dysfunction (ejection fraction, 50-82%; fraction shortening (FS), 25-50%). Mean serum CK level was 459.1 % 355.0 IU/L (median, 202; range, 11—
3133).

3.8 Bulletin, newsletter, and facilitation of participant recruitment through GNE myopathy registry

We have been publishing bulletins every three months and sending them to participants and doctors who join Remudy. The bulletin includes useful information regarding
clinical care, transiational medicine, and clinical trials, as well as articles introducing specialists and specialized hospitals for muscle diseases. These contents are also
available on the Remudy homepage. Participant recruitment has also started for additional phase I clinical trials via the Remudy GNE myopathy registry homepage [19].

4 Discussion

To our knowledge, we describe the first patient registry for GNE myapathy in the world. This registry will contribute to the analysis of the natural history of GNE myapathy
and aid in the recruitment of participants for clinical trials.

Participants with GNE myopathy were widely distributed throughout Japan, with 1.7 patients per hospital and 1.3 patients per physician in this study. In contrast, there
were 5.8 patients with dystrophinopathy (60% of patients with DMD) per hospital and 3.6 per physician in the dystrophinopathy registry. Thus, while patients with GNE
myopathy appeared to be dispersed throughout Japan, patients with dystrophinopathy were concent}ated in specialized hospitals, given the need for cardiopulmonary care.
This indicates that Remudy may serve a very important role in disseminating clinical information to patients with GNE myopathy and their doctors who are dispersed
throughout Japan. The patient registry is aiso useful in that it allows for recruiting patients and resolving data deviation in comparison with analyses by isolated institutions.
For example, the age at disease onset in the Remudy-GNE cohort was later than that determined from an analysis of medical records at the NCNP Hospital (26.8 =

9.0 years). In our previous questionnaire-based study of core muscle disease center patients, we reported a median proportional duration from disease onset to walking
with assistance, wheelchair use, and loss of ambulation of 7.0 £0.4 years, 11.5+ 1.2 years, and 17.0 + 2.1 years, respectively [14], which were all shorter than the
durations determined in the present study. We speculate that this discrepancy may reflect the more advanced disease status of patients at neuromuscular disease~
specialized center hospitals. Future improvement of Remudy-GNE registry may conclude why these bias were found in this study.

Three (2.5%) of 121 participants had a past history of ITP in our cohort. As the total number of patients with ITP is estimated to be 20,000 in Japan, with an annual
occurrence of 3,000 [20], and the Japanese population was 1.27 x 108 in 2013, the prevalence of ITP is expected to be 15.7 per 100,000 (1.57 x 10~29%). This means that
the frequency of ITP among patients with GNE myopathy is 158 times higher than the general population, at least in our cohort.

UDP-GIcNAC 2-epimerase is a major determinant of cell surface sialylation in human hematopoietic cel! lines and a critical regulator of the function of specific cell surface
adhesion molecules [6]. Thus, alterations in platelets may occur in patients with GNE myopathy. For example, platelets from patients with ITP show increased
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