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Mutation profile of the GNE gene in Japanese
patients with distal myopathy with rimmed vacuoles

(GNE myopathy)

Anna Cho," Yukiko K Hayashi,'*? Kazunari Monma,' Yasushi Oya,*
Satoru Noguchi," Ikuya Nonaka,' Ichizo Nishino'-?

ABSTRACT

Background GNE myopathy (also called distal myopathy
with rimmed vacuoles or hereditary inclusion body
myopathy) is an autosomal recessive myopathy
characterised by skeletal muscle atrophy and weakness that
preferentially involve the distal muscles. It is caused by
mutations in the gene encoding a key enzyme in sialic acid
biosynthesis, UDP-N-acetylglucosamine 2-epimerase/N-
acetylmannosamine kinase (GNE).

Methods We analysed the GNE gene in 212 Japanese
GNE myopathy patients. A retrospective medical record
review was carried out to explore genotype-phenotype
correlation.

Results Sixty-three different mutations including 25 novel
mutations were identified: 50 missense mutations, 2
nonsense mutations, 1 insertion, 4 deletions, 5 intronic
mutations and 1 single exon deletion. The most frequent
mutation in the Japanese population is ¢.1714G>C (p.
Val572Leu), which accounts for 48.3% of total alleles.
Homozygosity for this mutation results in more severe
phenotypes with earlier onset and faster progression of the
disease. In contrast, the second most common mutation,
C.527A>T (p.Asp176Val), seems to be a mild mutation as
the onset of the disease is much later in the compound
heterozygotes with this mutation and ¢.1714G>C than the
patients homozygous for ¢.1714G>C. Although the allele
frequency is 22.4%, there are only three homozygotes for
€.527A>T, raising a possibility that a significant number of
¢.527A>T homozygotes may not develop an apparent
disease.

Conclusions Here, we report the mutation profile of the
GNE gene in 212 Japanese GNE myopathy patients, which
is the largest single-ethnic cohort for this ultra-orphan
disease. We confirmed the clinical difference between
mutation groups. However, we should note that the
statistical summary cannot predict clinical course of every
patient.

INTRODUCTION

GNE myopathy, which is also known as distal myop-
athy with rimmed vacuoles," quadriceps sparing
myopathy® or hereditary inclusion body myopathy
(hIBM),? is an autosomal recessive myopathy char-
acterised by skeletal muscle atrophy and weakness
that preferentially involve the distal muscles such as
the tibialis anterior. It is a progressive disease,
whereby the symptoms of muscle weakness start to
affect the patient from the second or third decade of
life, and most of the patients become wheelchair-
bound between twenties and sixties.* The

characteristic histopathological features in muscle
biopsy include muscle fibre atrophy with the pres-
ence of rimmed vacuoles and intracellular congophi-
lic deposits.* * GNE myopathy is caused by
mutations in the gene encoding a key enzyme in
sialic acid biosynthesis, UDP-N-acetylglucosamine 2-
epimerase/N-acetylmannosamine kinase (GNE).*™
Genetically confirmed GNE myopathy was initially
recognised in [ranian Jews and Japanese,” * but later
appeared to be widely distributed throughout the
world. More than 100 mutations in the GNE gene
have been described up to date.

During the last decade, there has been extensive
experimental work to elucidate the pathogenesis
and to develop therapeutic strategies of GNE
myopathy.® '%** Better knowledge on the basis of
those research achievements have currently enabled
us to enter the era of clinical trial for human
patients. At this moment, the identification of new
GNE myopathy patients with precise genetic diag-
nosis and the expansion of global spectrum of
GNE mutations are timely and important. Here,
we report the molecular profile of Japanese GNE
myopathy patients with a brief discussion of geno-
type—phenotype correlations.

METHODS

Patients

Two hundred and twelve patients from 201 unre-
lated Japanese families were included in this study.
There were 117 female and 95 male patients. All
cases were genetically confirmed as GNE myopathy.
A retrospective medical record review was carried
out to explore genotype~phenotype correlation.
Informed consent was obtained for the collection
of clinical data and extraction of DNA to perform
mutation analysis.

Genetic analysis

DNA was extracted from peripheral blood leukocytes
or skeletal muscle tissue. We used the previously
described sequencing method to describe mutations
at cDNA level.” All exons and splice regions of the
GNE gene were sequenced. NM_005476.5 was used
as a reference sequence. We screened 100 alleles
from normal Japanese individuals to determine the
significance of novel variations.

Pathological analysis
To evaluate histopathological phenotype according
to genotype, we analysed muscle biopsies from two
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most common genotype groups in Japanese population. Each of
the three age-matched and biopsy site-matched samples from
c.1714G>C homozygous group and ¢.1714G>C/c.527A>T
compound heterozygous group was compared. Muscle samples
were taken from biceps brachii and frozen with isopentane
cooled in liquid nitrogen. Serial frozen sections of 10 um were
stained wusing a set of histochemical methods including
haematoxylin-eosin and modified Gomori trichrome.

Statistical analysis

Statistics were calculated using GraphPad Prism § software
(GraphPad Software, La Jolla, California, USA). Between-group
comparison for clinical data was performed using one-way ana-
lysis of variance with Dunnett’s post-test. All values are
expressed as means+SD. We performed two-sided tests with a
p<0.05 level of significance.

RESULTS

Mutation profile

We identified homozygous or compound heterozygous GNE
mutations in all 212 patients (see online supplement 1). In total,
63 different mutations were found including 50 missense muta-
tions, 2 nonsense mutations, 1 insertion, 4 deletions, 5 intronic
mutations and 1 single exon deletion (figure 1). Twenty-five
novel mutations were identified including 17 missense muta-
tions, 4 small deletions, 3 intronic mutations and 1 single exon
deletion (figure 1, see online supplement).

Twenty-one mutations were found to be shared between
two or more unrelated families. The three mutations occurring
most frequently in the Japanese population were ¢.1714G>C
(p.-Val572Leu), ¢.527A>T (p.Aspl76Val) and ¢.38G>C
(p-Cys13Ser); these comprised 48.3%, 22.4% and 3.5%,
respectively, of the total number of alleles examined (table 1).

Genotype—phenotype correlations

The mean age of genetic analysis was 41.6+14.1 years (n=212),
and the mean age of symptom onset based on the data available
was 28.4+10.2 years (n=195). The earliest onset age was 10
and the latest was 61 years old in our cohort. Thirty-six among
154 patients (23.4%) were full-time wheelchair users at the
point of genetic diagnosis with the average age at loss of ambu-
lation being 36.8+11.3 years (n=36). The youngest wheelchair-
bound age was 19, and the oldest ambulant age was 78. To
investigate genotype—phenotype correlations in the major GNE
mutations of Japanese population, we compared the age at
symptom onset and loss of ambulation between the patients
groups carrying either of the two most frequent mutations,
c.1714G>C and ¢.527A>T (table 2). As with a previous

Table 1 AHele frequency for GNE mutatlons in’ 212 Japanese GNE '
myopathy patlents e !

o Allele ffequgﬁcy

'Mutatlon type £
_~Missense 402 (94 8%)

i ‘Nonsense 3 (0. 7%)7

- Insertion 102%)

© Small deletion [4 09%)
Slngle exon deletmn - : > 2(0.5%) - k
- Intron. -

- - 1208%)
Three most common mutat;ons - o

¢1765G>C (p.Val572Leu) 205 (48.3%)

C578A5T (p.Asp176Val) 95'(22.4%)
| ¢38G>C (p.Cys13Sen) L 1535%)
‘Total alleies L A4

symptom onset (23.9+7.1 years, p<0.01) and the majority of
full-time wheelchair users were in this group. On the other
hand, ¢.1714G>C/c.527A>T compound heterozygous patients
first developed symptoms at a later age (37.6%12.6 years,
p<0.01), and there were no wheelchair-bound patients at the
time of genetic analysis in this group. Only three homozygous
¢.527A>T mutation patients were identified, and their average
onset age (32.3+5.7 years) was also higher among total patients
(28.4x10.2 years). All three patients were ambulant until the
last follow-up visits (29, 40 and 44 years).

Among 212 cases, 80 patients underwent muscle biopsies.
Overall pathological findings in our series were compatible with
GNE myopathy. The characteristic rimmed vacuoles were
observed in the majority (76/80, 95.0%) of the cases. Through
the analysis of muscle biopsies from age-matched and biopsy
site-matched samples, we found that the histopathological phe-
notypes were in line with these genotype-phenotype correla-
tions (figure 2). Homozygous ¢.1714G>C mutations have led
to much more advanced pathological changes with severe myofi-
bre atrophy and increased numbers of rimmed vacuoles.
Marked adipose tissue replacement was appreciated in a case
with reflecting very advanced stage of muscle degeneration.

DISCUSSION

As shown in figure 1, mutations were located throughout the
whole open reading frame of the GNE gene. The majority
(94.8%, 402/424 alleles) of the mutations in our series were
missense mutations (table 1), and there were no homozygous
null mutations. These results are in accordance with previous

report,* homozygous ¢.1714G>C mutations resulted in earlier reports” ° signifying that total loss of GNE function might be
G559R
c1505-4G>A G568S A630fs
R8X Ex3 del G136R 1270N R420X* 14721 V572L* A630T*
C13s* G89S D176v* ¢.617-4A>G* [270T V421A" A524V V572del A631V
P27L* R101H* R177C* Q219K R277C V514fs IS87N N635K*
128M 11067 [178N F233S R277G C579Y
M29R 1128fs I178M R246Q* G295R* ¢.983-1delG AGOOE | G669R
M29T R129Q* D187G R246W 1298T V331A 9 L603F* | G7085*
E40K H132Q N194fs c.769+4A>G* R321C* L347P |c.1411+5G>A L603p | M712T*
1 2 3 45 6 7 8 9 10 11 12
[ Epimerase [ Kinase |

Figure 1

Mutation spectrum of GNE in the Japanese population. The mutations are located throughout the whole open reading frame. Twenty-five

novel mutations are underlined, and 21 shared mutations are indicated with asterisks.
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total patients) *p<0.05, **p<

multiple comparison test (cont
W8, wheelchai

her: a mutation other than ¢.1714G=C and ¢527/

lethal in human beings. The embryonic lethality of null muta-
tion in GNE had also been proved in the mouse model.** Only
three of total 212 patients carried a nonsense mutation; clinical
data were available for two of them. Interestingly, one patient
with compound heterozygous ¢.22C>T (p.Arg8X)/c.1714G>C
(p.Val572Leu) mutations developed his first symptoms at the
age of 15, while the other patient with ¢.1258C>T (p.
Argd420X)/c.527A>T (p.Asp176Val) mutations developed her
symptoms much later, at the age of 45. The similar difference
was also observed in the phenotypes of patients with frame-shift
mutations. A patient carrying ¢.383insT (p.I128fs) and
c.1714G>C (p.Val572Leu) mutations developed his first
symptom at the age of 13, whereas another two patients
with c.1541-4del4 (p.Val514fs)/c.527A>T (p.Asp176Val) and

c.1714G>Clc.1714G>C

c.581delA (p.N194£s)/c.527A>T (p.Asp176Val) mutations had
later symptom onset, at the age of 30 and 32 years, respectively.
This clinical variation can be explained as it reflects alternative
missense mutations, because the two patients with very early
onset shared the same missense mutation c.1714G>C, while
the patients with the milder phenotype shared c.527A>T.

Among five intronic mutations identified in our series, ¢.617
~4A>G and c.769 +4A>G were previously reported as
pathological mutations.” ** Three novel variants were located at
splice junction of exon 6 (c.983-1delG), exon 8 (c.1411
+5G>A) and exon 9 (¢.1505-4G>A), raising the high possibil-
ity of relevant exons skipping. These variants were not detected
in 200 alleles from normal Japanese individuals and also in the
single nucleotide polymorphism (SNP) database.

¢.1714G>C/c.527A>T

Figure 2 Comparison of muscle pathology between patients with homozygous ¢.1714G>C (p.Val572Leu) and with compound heterozygous
¢.1714G>C (p.Val572Leu)/c.527A>T (p.Asp176Val) mutations. Homozygous ¢.1714G>C (p.Val572Leu) mutations have led to much more advanced
histopathological changes compared with compound heterozygous ¢.1714G>C (p.Val572Leu)/c.527A>T (p.Asp176Val) mutations.
Haematoxylin-eosin (left) and modified Gomori trichrome (right) stains of muscle sections from age (c.1714G>C/c.1714G>C: 28, 31 and 39 years,
€.1714G>C/c.527A>T: 27, 33 and 42 years) and biopsy site (biceps brachii muscles) matched samples. Bar=100um; triangles: rimmed vacuoles;

arrows: atrophic fibres; asterisks: adipose tissue.
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As there are ethnic differences in GNE mutation frequen-
cies,” 1719 establishing the mutation spectrum and defining pre-
dominant mutations in a certain population may be helpful for
the diagnosis. Three most common mutations in the Japanese
population and their allele frequencies (table 1) were in agree-
ment with previous data.” ™ The allele frequencies of top two
mutations (c.1714G>C and ¢.527A>T) comprise more than
two-third of the total number of alleles suggesting that founder
effects are involved in the relatively higher incidence of GNE
myopathy in Japan.

Although most of patients showed characteristic pathological
features, the existence of exceptional cases with atypical biopsy
findings implies that GNE myopathy cannot be totally excluded
from the absence of rimmed vacuoles in muscle biopsies. On
the other hand, we found 94 patients who were pathologically
or clinically suspected but not had mutations in GNE. Several
cases of VCP myopathy mutations in (VCP), myofibrillar myop-
athy mutations in (DES) and reducing body myopathy (FHLI)
were later identified in this group, suggesting these diseases
should be included as differential diagnosis of GNE
myopathy.°

In terms of genotype—phenotype correlations, we confirmed
that homozygosity for ¢.1714G>C (p.Val572Leu) mutation
resulted in more severe phenotypes in clinical and histopatho-
logical aspects. In contrast, the second most common mutation,
c.527A>T (p.Aspl176Val), seems to be a mild mutation as the
onset of the disease is much later in the compound heterozy-
gotes with this mutation and ¢.1714G>C. Several evidences
further strengthened the link between the more severe pheno-
type and ¢.1714G>C, and between the milder phenotype and
c.527A>T. Compound heterozygosity for ¢.1714G>C and
non-c.527A>T mutations resulted in earlier symptom onset
(22.9+6.8 years, p<0.05) compared with the average onset age
of the total group, whereas c.527A>T, both presented as homo-
zygous and as compound heterozygous mutations, lead to
slower disease progression (table 2). In addition, only three
patients carrying this second most common mutation ¢.527A>T
in homozygous mode were identified, which is much fewer than
the number expected from high allele frequency (22.4%),
raising a possibility that considerable number of ¢.527A>T
homozygotes may not even develop a disease. In fact, we ever
identified an asymptomatic ¢.527A>T homozygote at age
60 years.” Now he is at age 71 years and still healthy. Overall,
these results indicate that different mutations lead to different
spectra of severity. However, this is a result of a statistical
summary that cannot predict clinical course of each individual
patient.

Here, we presented the molecular bases of 212 Japanese
GNE myopathy patients with 25 novel GNE mutations. Based
on the current status of knowledge, sialic acid supplementation
may lead to considerable changes in the natural course of GNE
myopathy within near future. The ongoing identification of
GNE mutations and further studies regarding the clinicopatho-
logical features of each mutation will provide better understand-
ing of GNE myopathy and lead to accelerated development of
treatment for this disease.
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Abstract

Background: Marinesco-Sjogren syndrome {MSS) is an autosomal recessive multisystem disorder characterized by
the tetralogy of cerebellar ataxia, congenital cataracts, intellectual disability, and progressive muscle weakness due
to myopathy. MSS is extremely rare, and its clinical, pathological, and genetic features are not yet fully understood.

Methods: We conducted a nationwide, questionnaire-based survey on MSS in Japan and carefully reviewed the
medical records of 36 patients suspected of having this disease. In addition, pathological examinations of muscles,
sequence and haplotype analysis in SILT were performed.

Results: The patients had been examined between the ages of 2 and 52 years. Delayed psychomotor development
and cataracts from early childhood were observed in all patients, whereas no life-threatening events were observed.
Mutations in SILT were identified in 24 of the 27 patients tested, and 43 of the 48 chromosomes possessed the SILT
€936dupG (p.Leu313fs) mutation. The haplotype analysis revealed that 31 of the 32 chromosomes (96.9%) with the
€.936dupG mutation had the same haplotype.

Conclusions: The results of haplotype analysis suggested the presence of a founder effect. The clinical features of

heterogeneity of MSS.

vacuolar myopathy

patients without SILT mutations were indistinguishable from those with SILT mutations, suggesting the genetic

Keywords: Marinesco-Sjégren syndrome (MSS), SIL1, Founder effect, Cataracts, Intellectual disability, Ataxia, Rimmed

Background

Marinesco-Sjogren syndrome (MSS; OMIM 248800) is
an autosomal recessive multisystem disorder clinically
characterized by the tetralogy of cerebellar ataxia, con-
genital cataracts, intellectual disability, and progressive
muscle weakness due to myopathy [1-3]. Additional clin-
ical features, including short stature, hypergonadotropic
hypogonadism [4], and strabismus [5], are also observed.
Mutations in SILI (Gene ID: 64374) were reported to
be causative for MSS [6,7]. This gene encodes SIL1, also
known as BiP-associated protein (BAP), which is an endo-
plasmic reticulum (ER)-resident protein. Bip is an HSP70
chaperone family member located in the ER, and plays a

* Correspondence: yhayashi@tokyo-med.acjp

3Department of Neuromuscular Research, National Institute of Neuroscience,
National Center of Neurology and Psychiatry, Tokyo, Japan

“Department of Clinical Development, Translational Medical Center, National
Center of Neurology and Psychiatry, Tokyo, Japan

Full list of author information is available at the end of the article

C ) BiolMed Central

key role in protein quality control. SIL1 regulates the
ATPase cycle of BiP for proper protein folding [8,9].
SIL1-deficient woozy mutant mice exhibit progressive
ataxia caused by the loss of Purkinje cells via ER stress [10].

MSS is an extremely rare disease, and very few cases
have been reported. In this study, we performed a na-
tionwide, questionnaire-based survey on MSS with the
aim of characterizing its prevalence, clinical features,
natural history, muscle pathological findings, and muta-
tion status.

Methods

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

© 2014 Goto et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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The nationwide, questionnaire-based survey

To elucidate the clinical characteristics of MSS, we
conducted a nationwide, questionnaire-based survey in
Japan. The first set of questionnaires, which focused on
the experience of treating patients suspected of having
MSS, was sent to a total of 5452 Japanese specialists for
neurology or pediatric neurology. The second set of ques-
tionnaires, which focused on the clinical information of
patients with suspected MSS, was sent to their attending
physicians. These patients’ medical records were carefully
reviewed by 2 of our specialists (M.G., H.IC).

Histochemistry

Biopsied muscle specimens were flash-frozen in isopentane
cooled in liquid nitrogen. Transverse serial frozen sections
of 10 pm in thickness were subjected to various types of
histochemical staining, including hematoxylin and eosin
(H&E), modified Gomori-trichrome (mGT), and ATPases.
We obtained biopsied skeletal muscles from a total of 17
unrelated patients clinically suspected of having MSS.

Sequence analysis of SIL7

Genomic DNA was extracted from either frozen muscle
or peripheral blood lymphocytes using standard pro-
tocols. The PCR primers were designed to amplify all the
exons of SILI together with their flanking intronic regions.
The primer sequences are available upon request. Direct
sequencing was performed using the BigDye Terminator
v3.1 Cycle Sequencing system and an ABI3100 automated
Genetic Analyzer (Applied Biosystems, Foster City, CA).
The sequence data obtained were analyzed using the
SeqScape (Applied Biosystems) program and compared
with the genomic sequence of SILI in the database
(NM_022464). Genetic analysis was performed on DNA
from 27 unrelated patients and the parents of 3 of them.
Two hundred control chromosomes from healthy indi-
viduals were examined for each novel mutation in SILI
by direct sequencing.

Haplotype analysis of SILT

For the haplotype analysis of the SILI genomic region, we
performed direct sequencing of the following 11 common
single nucleotide variants (SNVs) in the Japanese popu-
lation: rs11748097, rs929775, rs10045761, rs14:33008, rsl
1958050, rs7717375, rs7722413, rs3763016, rs6596456,
rs700629, and rs12653845 (http://www.ncbinlm.nih.gov/
SNP/). Samples from 21 patients homozygous for the
common ¢.936dupG mutation, the parents of 3 patients,
and 92 control Japanese individuals were analyzed.

Results
Patients
A total of 1,875 responses (34.4% response rate) were re-
ceived to the first set of questionnaires. The second set
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of questionnaires was sent to a total of 37 attending
physicians (2.0%) who had treated patients suspected of
having MSS. The detailed clinical records of a total of 36
patients were carefully reviewed. The shortfall in the
number of patients was due to an overlap of 1 case.

Sequence analysis of SIL1

Frozen muscle or peripheral blood lymphocytes were
obtained from 27 of the 36 patients suspected of having
MSS, for genetic analysis. Mutations in SILI were identi-
fied in 24 out of the 27 patients. Twenty-one patients
were homozygous for the previously reported ¢.936dupG
(pLeu313fs) mutation in exon 9. Patient 4 was homozygous
for the previously reported ¢.603_607del5 (p.Glu201fs)
mutation in exon 6 [11]. Patient 12 was homozygous for
the previously reported ¢.331C> T (p.Argl11X) mutation
in exon 4 [6,7]. Patient 17 was a compound heterozygote
for the novel c.617_618TC> AA (p.Leu206Glu) mutation
in exon 6 and the ¢.936dupG (p.Leu313fs) mutation in
exon 9 [12]. All mutations except for p.Leu206Glu are
predicted to induce premature termination. Mutation of
Leu206, which is highly conserved among species, was
predicted to exert a deleterious impact on protein function
by the Polymorphism Phenotyping v2 (PolyPhen-2; http://
genetics.bwh.harvard.edu/pph2/) and the Sorting Intoler-
ant From Tolerant software (SIFT: http://sift.bii.a-star.edu.
sg/). None of these nucleic acid changes were found in the
200 chromosomes from healthy Japanese controls or in
the Japanese Single Nucleotide Polymorphisms database
(http://snp.ims.u-tokyo.acjp/index_ja.html).

Haplotype analysis of SIL1

The SIL1 ¢936dupG mutation was identified in 43 of
the 48 chromosomes (89.6%) in our cohort. The patients
carrying this mutation were reported from different
areas in Japan. To determine whether this was a result
of a founder effect, we performed a haplotype analysis
using 11 SNVs within or close to SILI. The results
revealed that 31 of the 32 chromosomes (96.9%) with the
¢.936dupG mutation had the same haplotype (P1-P24,
Table 1). This haplotype was only found in 18 of the 184
chromosomes (9.8%) from the control group, suggesting a
founder effect, although 1 chromosome from Patient 1 had
a different haplotype.

Clinical features
Table 2 and Additional file 1: Table S1 show a clinical
summary of the patients in our series.

The age at which the examination was performed in
the 24 patients (10 men and 14 women) with SILI muta-
tions varied from 2 to 52 (mean=20.1+18.1) years.
Bilateral cataracts requiring prompt surgical intervention
had appeared and rapidly progressed in all 24 patients at
the mean age of 3.5+ 1.2 vyears. Strabismus was also
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Table 2 Clinical summary of patients

SILT mutations

Positive (n = 24)

Negative (n=3)

Not examined (n=9)

Ocular involvements

Motor functions

Development

Cataracts
Strabismus

Muscle weakness

Head control

Sit

Stand with support
Walk with support

24/24 (100%), 2y-6y
10/18 (56%)

21/22 (95%), 2y-52y
21/21 (100%), 4 m-18 m
20/20 (100%), 10 m-36 m

16720 (809%), Ty-4y

16/20 (8096, 2y-22y

3/3 (100%)
173 (33%)

3/3 (100%)
5m-8m
12m-18m
15m,24m
2/2 (1009 15 m, 24 m

979 {10096}
5/7 (71%)
9/9 (100%)
4m-7m
12 m-36 m
15 m-6y
3/3 (10090) 15 m-6y

Loss of ambulation 5/16, 13y-28y
Hypotonia 21/24 (88%) 3/3 (100%) 9/9 (100%)
Ataxia 16/24 (67%), 2y-52y 2/3 (100%) 6/8 (75%)

Cerebellar signs
Nystagrmus 11/24 (46%), 2y-45y 0/3 5/8 {63%)
Dysarthria 8/24 (33%), 2y-48y 2/3 (67%) 4/9 (44%)
Psychomotor delay 20/22 {91%), IQ(DQ):24-100 3/3 (100%) 9/9 (100%)
Hypogonadism 3/8 (38%) 0/1 273 (67%)
Short stature 12/18 (67%;, 1/3 (33%) 3/8 (38%)
Spinal deformities 8/22 (36%) 1/3 (33%) 3/7 (439)
Skeletal abnormalities
Flat foot 7/22 (32%j} 0/3 1/7 (149%)
Short fingers 5/22 (23%) 073 2/8 {25%)
Serum CK (IU/L) 28-2000 144-3010 95-600

Others Cerebellar atrophy 19/19 (100%) 3/3 (100%;) 9/9{100%)
Rimmed vacuoles in muscles 16/16 (100%) 071 2/6 (33%)

86/1/6/1U2IU03/WOD pifo"mmm//:dny

8616 ‘v L07 Sa5DISI 24DY JO [DUINOS J3UPYAIQ *|D 12 010D

£ 0 ¥ abed
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observed in 55.6% (10/18) of the patients. Cerebellar
signs included hypotonia (21/24; 88%), ataxia (16/24;
67%), nystagmus (11/24; 46%), and dysarthria (8/24;
33%) were seen. Brain MRI demonstrated marked atro-
phy of the cerebellum, particularly the vermis, in all the
patients examined (19/19). Mild to moderate intellectual
disability, diagnosed by intelligence quotient/develop-
mental quotient between 35 and 70, was seen in 91%
(20/22) of the patients. Acquisition of meaningful words
occurred at the age of 2.0+ 0.8 years, and most of the
patients had required special-needs education. Muscle
weakness was observed in 95% (21/22) of the patients,
with delays in motor milestones. Head control was first
seen in all the patients at a certain time point between 4
and 18 (mean = 7.8 + 3.7) months, and sitting at a certain
time point between 10 and 36 (mean = 20.0 + 8.7) months.
Eighty percent (16/20) of the patients could stand with
support at a certain point between the ages of 1 and
4 years, and walk with support at a certain point between
the ages of 2 and 22 (mean = 5.8 + 2.6) years; however,
none of the patients acquired the ability to walk inde-
pendently. Muscle weakness was slowly progressive
and predominantly in the proximal muscles, with the
patients becoming wheelchair-bound at a certain time
point between the ages of 13 and 28 (mean=17.4+6.3)
years. Serum creatine kinase levels were normal to
moderately elevated (28-2000, mean = 389 t 464; nor-
mal < 200 IU/L). Short stature (< -2 SD) was seen in
67% (12/18, mean = —3.6 SD) of the patients, and spinal
deformity (8/22; 36%), flat foot (7/22; 32%), and short
fingers (5/22; 23%) were also reported. Hypogonado-
tropic hypogonadism was seen in 3 of 8 (38%) patients
(1 with microtestis, 2 with amenorrhea). No marked
clinical differences were observed among patients with
different SIL1 mutations. No patient had cardiac and
respiratory problems.

The 3 patients with no SILI mutation (Patients 25, 26,
and 27) and the 9 genetically unexamined patients showed
clinical features indistinguishable from the patients with
SIL1 mutations, including cerebellar signs with cerebellar
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atrophy on brain images, intellectual disability, congenital
cataracts, and muscle weakness. Elevation of serum CK
levels was also seen in 2 patients (Table 2).

Pathological findings of skeletal muscles

Biopsied skeletal muscles were obtained from 16 patients
with SILI mutations and one patient without (Patient 27).
All muscle specimens showed myopathic changes of vari-
ation in fiber size and endomysial fibrosis. A few necrotic
and regenerating fibers were seen in some patients with
SIL1 mutations. No neurogenic changes, including fiber
type grouping and grouped atrophy, were observed in any
of the patients. Importantly, scattered rimmed vacuoles
(RVs) were seen in all 16 patients with SILI mutations, but
not in the patient without (Figure 1).

Discussion

We conducted a nationwide, questionnaire-based survey
to clarify the prevalence, clinical and pathological character-
istics, and long-term course of MSS in Japanese patients.
The total number of patients with MSS was only 36.

From a clinical point of view, it is important to carry
out careful ophthalmological examination of MSS pa-
tients at a young age if visual acuity is to be preserved,
as the cataracts characteristic of MSS usually appear
abruptly and develop rapidly from an early age [13,14].
Indeed, all of the patients in our present series required
early and prompt surgical intervention. Marked cerebellar
atrophy on brain MRI is another characteristic of this dis-
ease, however cerebellar ataxia can be difficult to identify,
especially in younger patients with muscle weakness. Skel-
etal muscle weakness is also a prominent characteristic.
Almost all the MSS patients with SILI mutations in this
series had muscle weakness initially noticed as a delayed
motor milestone, which was detected at an earlier age
than cataracts, as reported previously [3,15,16]. Regarding
muscle biopsy, myopathic changes, including RV forma-
tion are a characteristic of patients with SILI mutations.
RVs are not disease-specific, and are often seen in adult-
onset chronic myopathies such as inclusion body myositis,

Vs

Figure 1 Modified gomori trichrome stain of the biopsied skeletal muscles. A muscle from a MSS patient with SILT mutation shows rimmed
vacuoles (arrow, A), whereas no vacuole is seen in a patient without S/LT mutation (B). Bar = 20 um.
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distal myopathy with RVs, oculopharyngeal muscular dys-
trophy, and myofibrillar myopathies. They are rarely ob-
served, however, in childhood-onset myopathies. The
presence of RVs in muscle biopsy tissue can be helpful in
formulating an early diagnosis of MSS, allowing the oph-
thalmologist to perform surgery for cataracts to prevent
total visual loss. The life prognosis of MSS appears to be
comparatively good, as respiratory, cardiac, and swallow-
ing functions are well preserved, even in the patients who
are over 50 years of age.

Most of the reported SILI gene mutations have been
predicted to induce premature termination and loss of
function of SIL1. Based on a putative model of SIL1-BiP
interaction, the C-terminal 5 amino acids of SIL1 are
thought to play a key role in its association with BiP [17].
This concept is further strengthened by the fact that the
p-ArglllX, p.Glu201fs, and p.Leu313fs mutations cause
the generation of SIL1 proteins lacking the C-terminal
region. Complete loss of function due to nonsense-
mediated mRNA decay should also be considered. On
the other hand, Leu206 in exon 6 is well preserved
among species, and the novel nonsynonymous muta-
tion p.Leu206Glu is predicted to exert a deleterious im-
pact on protein function by both SIFT and PolyPhen2.
The ¢.936dupG (p.Leu313fs) mutation in SIL1, which
was first reported from Japan [12], is highly common in
Japanese MSS patients. Haplotype analysis revealed
that whereas 96.9% of chromosomes from MSS patients
possessing the ¢.936dupG mutation had the same
haplotype, less than 10% of the chromosomes of the
controls did so, suggesting a founder effect.

The results of this study also strongly suggest the genetic
heterogeneity of MSS. Three of the 27 patients (11.1%) had
no SILI mutation, but demonstrated the cardinal features
of MSS, including congenital cataracts, ataxia, intellectual
disability, and myopathy. We could not exclude the pos-
sibility of the mutation occurred in the promoter or
other non-coding region of SILI in these 3 patients.
Previous reports also showed that approximately one-
half of the MSS patients were genetically diagnosed as
MSS from mutations in SILI [7,16]. The absence of RVs
in the muscle biopsy tissue of one patient with no SILI
mutation suggests the existence of a different disease
mechanism(s) in such patients. Further analysis is
required to identify the other causative genes for MSS.

Conclusions

MSS is an extremely rare disease, but a possible founder
effect was present in Japan. The life prognosis of MSS is
comparatively good, and early diagnosis is important for
prevention of a total visual loss. Other causative genes
for MSS can cause indistinguishable clinical features via
different disease mechanisms.

Page 6 of 7

Additional file

Additional file 1: Table S1. Clinical findings of each patient with or
without SILT mutations.
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Abstract

Objectives Muscular dystrophies are a clinically and
genetically heterogeneous group of inherited myogenic
disorders. In clinical tests for these diseases, creatine
kinase (CK) is generally used as diagnostic blood-based
biomarker. However, because CK levels can be altered by
various other factors, such as vigorous exercise, etc., false
positive is observed. Therefore, three microRNAs (miR-
NAs), miR-1, miR-133a, and miR-206, were previously
reported as alternative biomarkers for duchenne muscular
dystrophy (DMD). However, no alternative biomarkers
have been established for the other muscular dystrophies.
Methods We, therefore, evaluated whether these miR-1,
miR-133a, and miR-206 can be used as powerful bio-
markers using the serum from muscular dystrophy patients
including DMD, myotonic dystrophy 1 (DM1), limb-girdle
muscular dystrophy (LGMD), facioscapulohumeral mus-
cular dystrophy (FSHD), becker muscular dystrophy
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(BMD), and distal myopathy with rimmed vacuoles
(DMRYV) by qualitative polymerase chain reaction (PCR)
amplification assay.

Results  Statistical analysis indicated that all these miR-
NA levels in serum represented no significant differences
between all muscle disorders examined in this study and
controls by Bonferroni correction. However, some of these
indicated significant differences without correction for
testing multiple diseases (P < 0.05). The median values of
miR-1 levels in the serum of patients with LGMD, FSHD,
and BMD were approximately 5.5, 3.3 and 1.7 compared to
that in controls, 0.68, respectively. Similarly, those of miR-
133a and miR-206 levels in the serum of BMD patients
were about 2.5 and 2.1 compared to those in controls, 1.03
and 1.32, respectively.

Conclusions Taken together, our data demonstrate that
levels of miR-1, miR-133a, and miR-206 in serum of BMD
and miR-1 in sera of LGMD and FSHD patients showed no
significant differences compared with those of controls by
Bonferroni correction. However, the results might need
increase in sample sizes to evaluate these three miRNAs as
variable biomarkers.
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Introduction

miRNAs are approximately 19-23 nucleotides’ long sin-
gle-stranded non-coding RNAs, and the function is post-
transcriptional regulation of target messenger RNAs
(mRNAs) [1] dysregulation of miRNAs expression in
skeletal muscle and myocardium is associated with muscle
disorders [2, 3]. Interestingly, despite the high RNase
activity within the circulating blood, a high concentration
of these remarkably stable miRNAs has been found in
various body fluids, including serum and plasma, as
microvesicle-encapsulated [4] or RNA-binding protein-
associated forms [5].

Muscular dystrophies are classified in accordance with
their clinical and pathological features [6, 7]. Among them,
DMD (OMIM310200) and BMD (OMIM 300376) are
caused by various mutations in the dystrophin gene on the
X chromosome, at Xp21.2 [8], and exhibit estimated
prevalences of approximately one per 3,500 in DMD and
3-6 per 100,000 in BMD [9]. DM1 (OMIM160900), also
known as Steinert’s disease, represents an estimated prev-
alence of 5.5 per 100,000 Japanese [10], and is caused by
expansion of a CTG repeat in the 3’ UTR of the DMPK
(dystrophia myotonica-protein kinase) gene [11]. LGMD is
caused by a total of twenty-two autosomal dominant or
recessive causative gene mutations [12], and has an inci-
dence of about one per 20,000 individuals. FSHD
(OMIM158900) is caused by a loss of the D4Z4 micro-
satellite Jocus on chromosome 4 [13] with a prevalence of
approximately one per 20,000 Japanese [6]. DMRV
(OMIM605820), also called Nonaka myopathy, hereditary
inclusion body myopathy (hiBM), and quadriceps sparing
myopathy, is an autosomal recessive vacuolar myopathy of
the distal muscles of the tibialis anterior, caused by
mutations in the UDP-N-acetylglucosamine 2-epimerase/
N-acetylmannosamine kinase (GNE) gene [14]. The prev-
alence of DMRYV is approximately 300—400 patients within
the Japanese population.

Serum CK values are commonly used as clinical blood-
based biomarkers for these muscular dystrophies. How-
ever, there are some problems in using serum CK values
for diagnostic evaluation of these disorders, i.e. CK levels
are increased by vigorous exercise [15], decreased renal
function due to aging, gender-dependent differences in
skeletal muscle mass, pregnancy, and alcohol intake, and
does not parallel motor ability in DMD [16, 17]. We,
therefore, previously reported that three miRNAs, miR-1,

miR-133a, and miR-206, in the serum were used as novel
biomarkers in the dystrophin-deficient muscular dystrophy
mouse models, as well as the canine X-linked muscular
dystrophy in Japan dog (CXMDj) [18]. Furthermore,
another group reported that an increase in miR-1, miR-
133a, and miR-206 levels in the serum of DMD children
patients was correlated with motor ability [17]. In other
muscle diseases, however, stable and valuable biomarkers
as an alternative to CK have not been established to date.

In this study, we measured and evaluated these three
miRNAs, miR-1, miR-133a, and miR-206, in serum as
possible stable and powerful biomarkers for DM1, LGMD,
LGMAD?2B, FSHD, BMD, and DMRYV.

Materials and methods
Patients

A total of forty-eight unrelated Japanese patients with
DMD, DM1, LGMD, LGMD2B, FSHD, BMD, and DMRV
and each of the five age-matched controls were enrolled in
this study (Table 1). DMD patients were divided into two
groups by age (average ages and age ranges were 10.2 and
28.7 years of age, 5-18 and 27-31 years of age, respec-
tively). LGMD patients were divided into two groups by
whether they contained LGMD2B or not. Informed consent
was obtained from the cases and controls by explaining the
details of this study prior to collection of peripheral blood.
The Research Ethics Committee for National Institute of
Neuroscience, National Center of Neurology and Psychia-
try approved the present study and all participants provided
written informed consent.

Animals

All animals used in this study were housed in the National
Center of Neurology and Psychiatry and treated in accor-
dance with the guidelines provided by the Ethics Com-
mittee for the Treatment of Laboratory Animals of
National Institute of Neuroscience, or the Ethics Commit-
tee for the Treatment of Laboratory Middle-sized Animals
of National Institute of Neuroscience, which has adopted
the three fundamental principles of replacement, reduction,
and refinement.

RNA extraction and quantification of miRNA
Total RNA was extracted from 50 pl of serum using the
mirVana miRNA isolation kit (Ambion, Austin, TX, USA)

according to the manufacturer’s protocol and 50 pl of RNA
eluate. Five ul of the RNA elute was reverse transcribed
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Table 1 Muscle dystrophy Disease Sample  Average of Sex (male/ Sporadic/  Average of Serum CK (U/

patients no. age = SD (v.a)  female) Familial onset = SD (y.a) ml)
DMD 5 104 £ 4.2 5/0 372 3.8 £ 1.1 9,101 4 6,282
DMD 7 287+ 1.5 7/0 7/0 3.8+ 07 220 & 126
DMI 8 594 4 174 5/3 4/4 184 £ 169 121 £ 66
LGMD 7 50.0 + 19.8 52 5/2 15.5 & 13.9 633 + 661
LGMAD2B 4 51.0 & 18.2 3/1 4/0 23.0 %57 2,713 £ 2,722
FSHD 8 523 £ 17.3 4/4 4/4 14.4 4 10.8 162 £ 155
BMD 4 52.0 £ 12.9 4/0 4/0 14 + 14.6 687 4+ 562
DMRV 5 392473 0/4 4/1 222462 206 + 177

y.a years of age

using the TagMan miRNA Reverse Transcription kit (ABI,
Foster City, CA, USA) and miRNA-specific stem-loop
primers (part of TagMan miRNA assay kit: Applied Bio-
systems) as previously reported [18]. For exosome and
exosome-depleted supernatant, 5-fold diluted solutions of
the RNA elute were used with distilled water. The
expression levels of miRNA were quantified by real-time
PCR using individual miRNA-specific primers (part of
TaqMan miRNA assay kit: Applied Biosystems) with
7900HT Fast Real-Time PCR System (Applied Biosys-
tems) according to the manufacture’s protocol. Each sam-
ples were performed real-time PCR as triplicade. Each
miRNA expression was represented relative to the
expression of miR-16 used as an internal control. Data
analysis was performed by SDS 2.1 real-time PCR data
analysis software (Applied Biosystems). Expression data
were given as median values obtained from three samples
in conjunction with standard deviation. Statistical com-
parisons were performed by Mann—Whitney U test. Bon-
ferroni correction was used to resolve a problem of
multiple testing.

Creatine kinase activity

Serum creatine kinase (CK) levels were measured with the
Fuji Dri-chem system (Fuji Film Medical Co. Ltd, Tokyo,
Japan) according to the manufacture’s protocol. Ten ml of
serum was deposited on a Fuji Dri-chem slide and incu-
bated at 37 °C. The increase in absorbance by the gener-
ated dye was measured for 5 min at 540 nm
spectrophotometrically, and the activity was calculated
according to the installed formula. Data were expressed as
units per liter (U/L).

Exosome purification
Serum was harvested from the peripheral blood of DMD
patients in tubes by centrifugation at 3,000x g for 15 min.

Isolation of exosome from serum was performed by Exo
Quick  Exosome  Precipitation  Solution  (System

@ Springer

Biosciences, CA) according to the protocol provided by the
manufacturer. Briefly, 63 pl of the Exo Quick Exosome
Precipitation Solution was added to 250 ul of serum. The
mixture was vortexed for 15 s and then incubated at 4 °C
for 30 min. After centrifugation at 1,500x g for 30 min at
room temperature, the supernatant was discarded. Again,
the centrifugation and aspiration were repeated. The pellet
including exosomes was resuspended in 1x phosphate-
buffered saline (PBS).

CTX-induced skeletal muscle regeneration of mice

C57B1/10SnSlc mice were obtained from Clea Japan Inc.,
and used at 7-8 weeks age. Hair from the bilateral hind
limbs of diethyl ether-anesthetized animals was removed
with a depilatory cream before the induction of injury. The
tibialis anterior (TA) muscle of mice was injured by
injection of 100 pl of PBS or cardiotoxin (CTX, 10 uM)
(Naja mossambica mossambica, Sigma-Aldrich), a snake
venom that selectively injures myofibers by disturbing
calcium homeostasis at the neuromuscular junctions, fol-
lowed by necrosis of muscle fibers [19]. The concentration
of cardiotoxin ensures minimal damage to satellite cells
and also to the nerves and blood vessels of the original
muscles [20]. After 1, 3, and 5 days, whole body blood was
collected from the abdominal aorta under anesthesia, and
allowed to stand for about 30 min at room temperature
before centrifugation at 1,200xg¢ for 10 min at room
temperature. The supernatant was used as serum to isolate
miRNAs.

Results

miRNA levels in the serum of patients of various
muscle diseases

To assess the validity of miRNAs as alternative serum
biomarkers to CK for various muscle diseases, we analyzed
the expression levels of three miRNAs, miR-1, miR-133a,
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Fig. 1 Evaluation of miRNA levels in various muscular dystrophies
indicated by box plot. a Expression levels of miR-1, miR-133a, and
miR-206 in the serum of DMD (5-18 years of age) versus control
children, evaluated by RT-pPCR. b CK activities in various muscular

and miR-206, in DMD (5-18 and 27-31 years of age),
DMI1, LGMD, LGMD2B, FESHD, BMD, and DMRV
patients and healthy controls. Although all these miRNA
levels in sera of all muscle diseases tested in this study
represented no significant differences with controls by
Bonferroni correction, associations of these miRNA levels
with some disorders of them were observed without mul-
tiple corrections. As previous reported, qRT-PCR showed
that the median values of levels of all three miRNAs, miR-
1, miR-133a, and miR-206, in the serum of DMD
(5-18 years of age) were approximately 39.8, 54.0, and
43.0 compared with those of controls, 0.68, 1.03, and 1.32,
respectively (P < 0.05, Fig. la). The median value of CK
activity in the serum of DMD (5-18 years of age) was
significantly increased compared with controls (cases ver-
ses controls; 34.6 verses 0.89, P < 0.01, Fig. 1b). Although
LGMD2B and BMD patients also indicated high median
value of CK activities compared with controls (LGMD2B,
BMD verses controls; 12.1, 3.1 verses 0.89, P < 0.05,

dystrophies. Expression levels of ¢ miR-1, d miR-133a, and e miR-
206 were examined using serum from patients with the indicated
muscular dystrophies. Each bar represents mean + SD. *P < 0.05
versus control by Mann—-Whitney U test

Fig. 1b). On the other hand, each median value of miR-1
levels in the serum of LGMD, FSHD and BMD patients
was significantly increased compared with controls
(LGMD, FSHD and BMD verses controls; 5.5, 3.3, and 1.7
verses 0.68, P < 0.05, Fig. 1c). As for miR-133a and miR-
206, BMD patients presented significant increases in the
median value of expression levels in the serum compared
to controls (cases verses controls for miR-133a and miR-
206; 2.49 verses 1.03, and 2.13 verses 1.32, P < 0.05,
Fig. 1d, e). DM1 and DMRV showed no significant dif-
ferences with controls for the three miRNAs. Next, we
evaluated the three miRNAs as available biomarkers by
receiver operating characteristics (ROC) analysis. These
results indicated that area under the curve (AUC) in miR-1
displayed 0.83, 0.88, and 0.90 for LGMD, FSHD, and
BMD, respectively, in spite of values below 0.8 for DMD
(5-18 years of age), DM1, LGMD2B, DMRV (Supple-
mrntary Fig. 1a). Similarly, the AUC in miR-133a and
miR-206 was 0.90 and 0.90 for BMD (Supplementary
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Fig. 2 Expression levels of miR-1, miR-133a, and miR-206 repre-
sented by box plot in (a) exosomes or (b) exosome-depleted
supernatants extracted from the serum of DMD patients and controls,
and analyzed by RT-qPCR. Relative expression of miR-1, miR-133a,
and miR-2006 is displayed as the difference in the threshold cycle

Fig. 1b, ¢). miR-1 in LGMD and FSHD, and miR-1, miR-
133a, and miR-206 in BMD may be useful novel
biomarkers.

miRNAs expressions in exosome from the serum
of DMD patients

To determine whether the up-regulation of miR-1, miR-
133a, and miR-206 levels in serum of DMD patients
resulted from inclusion of these miRNAs within exosome,
we separated serums from patients and controls into exo-
some and exosome-depleted supernatant by Exo Quick
Exosome Precipitation Solution. RNAs extracted from both
sources were compared for the levels of the three miRNAs
levels by RT-qPCR. The levels of the three miRNAs of
serum of DMD patients in both fractions of exosome and
exosome-depleted supernatant represented no statistically
significant differences with those of controls by Bonferroni
correction, but significant differences in these miRNA
levels in serum between DMD patients and controls
showed without multiple corrections. The median value of
levels of each miR-1, miR-133a, and miR-206 in the RNAs
within the exosome extracted from the DMD patients
showed higher levels, 9.1, 17.0, and 30.1, compared with
that of controls, 0.82, 0.77, and 0.99, respectively
(P < 0.05, Fig. 2a). Furthermore, the median value of
these miR-1, miR-133a, and miR-206 levels for RNAs
from the exosome-depleted supernatant of DMD patients,
101.9, 34.1, and 74.2, exhibited high levels compared with
that of controls, 1.0, 0.39, and 0.42, respectively (P < 0.05,
Fig. 2b). To evaluate whether the majority of these miR-
NAs in the serum of DMD patients are concentrated in
exosome or freely circulating in blood stream, the amount
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number between miRNA from exosomes or the exosome-depleted
supernatant extracted from the serum of DMD patients (¢) in five
times dilution. Each bar represents mean £ SD. *P < 0.05 versus
control by Mann-Whitney U test

of the three miRNAs extracted from exosome and exo-
some-depleted supernatants was measured by RT-qPCR.
All these miRNA levels exhibited no significant differ-
ences between exosome and exosome-depleted superna-
tants by Bonferroni correction. However, the levels of
miR-1, miR-133a, and miR-206 in both fractions of exo-
some and exosome-depleted supernatant from the serum of
DMD patients are remarkably increased compared with
those in controls. The content of miR-133a within exosome
is significantly higher than in the exosome-depleted
supernatant  without multiple corrections  (Fig. 2c,
P < 0.05).

miR-1, miR-133a, and miR-206 levels in mouse serum
are up-regulated upon skeletal muscle regeneration

Next, to assess whether the three miRNA levels are
affected in skeletal muscle regeneration in vivo, we
induced skeletal muscle injury by injecting CTX into the
TA of mice, and analyzed the expression of the three
miRNAs by RT-qPCR at 1, 3, and 5 days after injection.
The levels of miR-1, miR-133a, and miR-206 were
increased dramatically by about 15-, 55-, and 15-fold in the
serum of CTX-injured mice on day 1 compared with those
of PBS-treated mice (Fig. 3a). However, the levels of the
three miRNAs in the serum markedly decreased from day 3
to day 5 after CTX injury (Fig. 3a). On the other hand, CK
activity in serum of CTX-injured mice was about 2.0-fold
higher than controls between day 1 and day 3 (Fig. 3b).
Our data indicate that the levels of miR-1, miR-133a, and
miR-206 in serum are strikingly up-regulated by muscle

injury.
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Discussion and miR-206 with BMD showed significant differences

In this study, miR-133a and miR-206 levels in exosome
from the serum of DMD patients were increased compared
to the exosome-depleted supernatant. However, it was
reported that the miRNAs in mdx mice were more enriched
in the supernatant fraction rather than in the exosome, and
associated with Argonaute-2 (Ago-2) and Apolipoprotein
A-1 (ApoA-1) [21]. This discrepancy may be depended on
some differences for a degree of severe and progressive
degeneration of affected tissues between human and
mouse. It was recently reported that the miR-1, miR-133a,
and miR-206 are up-regulated in both exosomes and a
skeletal muscle cell line, C2C12 cells, and miRNA profiles
in exosome alter during differentiation [22]. Furthermore,
although the number of exosomes from C2C12 myotubes
released into extracellular compartment by Dexamethasone
was not changed, the abundance of the miR-1 in exosome
was increased [23]. These findings represent that the up-
regulations of miRNAs in serum of mice might be partly
explained by their selective exports into exosomes induced
by muscle degeneration and/or regeneration.

It was also reported that lack of miR-206 shows delay of
muscle regeneration induced by CTX injury and more
severe dystrophic phenotype in mdx mice due to impair
differentiation of SC [24]. In our study, these miR-1, miR-
133a, and miR-206 levels in the serum were up-regulated
in response to CTX-induced injury. These suggested that
excessive secretion of miRNAs might partly be a cause for
muscle diseases.

In summary, we evaluated three miRNAs, miR-1, miR-
133a, and miR-206, as novel biomarkers for muscle dis-
orders. Although all diseases examined in this study
exhibited no statistically significant associations with these
miRNA levels in serum by Bonferroni correction, associ-
ations of miR-1 levels with LGMD, FSHD, and miR-133a

without corrections of multiple test. However, additional
studies on increasing sample size are required to further
confirm its usefulness as novel biomarker for muscle
disorders.
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Aboy, who had shown muscle weakness and hypotonia from early childhood and fiber type disproportion (FTD)
with no dystrophic changes on muscle biopsy, was initially diagnosed as having congenital fiber type dispropor-
tion (CFTD). Subsequently, he developed cardiac conduction blocks. We reconsidered the diagnosis as possible
LMNA-myopathy and found a heterozygous mutation in the LMNA gene. This encouraged us to search for
LMNA mutations on 80 patients who met the diagnostic criteria of CFTD with unknown cause. Two patients in-
cluding the above index case had heterozygous in-frame deletion mutations of ¢.367_369delAAG and
€.99_101delGGA in LMNA, respectively. Four of 23 muscular dystrophy patients with LMNA mutation also showed
fiber type disproportion (FID). Importantly, all FTD associated with LMNA-myopathy were caused by hypertro-
phy of type 2 fibers as compared with age-matched controls, whereas CFTD with mutations in ACTAT or TPM3
showed selective type 1 fiber atrophy but no type 2 fiber hypertrophy. Although FTD is not a constant patholog-
ical feature of LMNA-myopathy, we should consider the possibility of LMNA-myopathy whenever a diagnosis of
CFTD is made and take steps to prevent cardiac insufficiency.

congenital myopathy

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mutations in the gene encoding nuclear envelope proteins of A-type
lamins (LMNA) cause several disorders referred to as laminopathies,
which include skeletal and cardiac muscle disorders, lipodystrophy, pe-
ripheral neuropathy, and premature aging syndromes. Laminopathies
predominantly affecting skeletal muscles (LMNA-myopathy) are clini-
cally classified into three different phenotypes; Emery-Dreifuss muscu-
lar dystrophy (AD-, AR-EDMD), limb girdle muscular dystrophy type 1B
(LGMD1B), and LMNA-related congenital muscular dystrophy (L-CMD).
EDMD has distinctive clinical features including early joint contractures,
humero-peroneal muscle weakness and dilated cardiomyopathy with
conduction defects. LGMD1B is characterized by proximal muscle in-
volvement and cardiomyopathy with conduction defects, but joint con-
tracture is not prominent, L-CMD is an early onset form showing severe
weakness of respiratory and neck muscles from infancy. Serum CK
levels in LMNA-myopathy are normal to moderately elevated (2-20
times the upper limit of the normal range). Cardiac involvement, such

* Corresponding author at: Department of Neurophysiology Tokyo Medical University,
6-1-1 Shinjuku, Shinjuku-ku, Tokyo 160-8402, Japan. Tel.: 481 3 3351 6141; fax: +81 3
3351 6544. :
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as conduction blocks, dilated cardiomyopathy and sudden death, usual-
ly appears after the second decade of life. To minimize the risk of sudden
cardiac death, early diagnosis and appropriate cardiac defibrillator im-
plantation is recommended [1-3].

Pathologically, LMNA-myopathy is usually characterized by nonspe-
cific dystrophic changes with variation in fiber size, mild necrotic and
regenerating processes, and an increased number of muscle fibers
with internalized nuclei. Both type 1 and type 2 fibers are affected. Nu-
clear abnormalities are common [4]. Interestingly, marked mononuclear
cellular infiltrations mimicking inflammatory myopathy can be seen in
some patients with the infantile onset form of LMNA-myopathy [5].

We recently experienced a patient with a LMNA mutation whose ini-
tial diagnosis was congenital fiber type disproportion (CFID). This pa-
tient had shown muscle weakness, hypotonia, and unstable gait from
early childhood with no dystrophic changes, but prominent fiber type
disproportion (FTD) on his muscle biopsy performed at 4years of age.
At his age of 16 years, he was pointed out to have atrial-ventricular con-
duction block and incomplete right bundle branch block. We thus
reconsidered a possible diagnosis of LMNA-myopathy and identified a
mutation in the LMNA gene.

CFTD is one of the congenital myopathies pathologically defined by
smaller type 1 fibers, by at least 12%, than type 2 fibers without structur-
al abnormalities such as nemaline bodies, cores, and central nuclei.
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