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Abstract We report a family of intravenous immuno-
globulin (IVIg)-responsive X-linked Charcot-Marie~Tooth
disease Type 1 (CMT1X) with a novel gap junction protein
1 mutation. Two of three siblings in the family complained
of subacute motor and sensory impairment, and their
symptoms improved after the administration of IVIg.
Additional IVIg treatment also resulted in similar
improvement. The other also showed a mild improvement
on IVIg. It has been suggested that an immune-mediated
process is involved in the progression of neuropathy in
CMT1X. The finding in our report provides evidence of
susceptibility to immune-mediated demyelinating neurop-
athy in some form of CMT1X. Superimposed demyelin-
ating neuropathy as well as a gradual deterioration of
neuropathy over decades can be a clinical manifestation of
CMTI1X.
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Introduction

Charcot—Marie-Tooth disease (CMT) encompasses a
genetically heterogeneous group of hereditary motor and
sensory neuropathies characterized by slowly progressive
weakness and atrophy, primarily in the distal leg muscles.
X-linked CMT type 1 (CMT1X) is the second most com-
mon type of CMT, which accounts for 7-10 % of all CMT.
The prevalence of CMT1X is estimated to be between 1 in
25,000 and 1 in 35,000 {1]. The gene for the gap junction
protein, beta 1, 32 kDa (http://www . genenames.org/data/
hgnc_data.php?hgnc_id=4283) (GJBI) is designated to be
causative for CMT1X [2]. A nerve conduction study (NCS)
in male patients with CMT1X usually shows a uniform
intermediate slowing of the motor nerve conduction
velocity (MCV; 2545 m/s) without a conduction block
[3]. There is also a wide variability of clinical presentations
and nerve involvement in CMT1X patients, even in those
with the same missense mutation of the GJBI gene [4-6].

Chronic inflammatory demyelinating polyneuropathy
(CIDP) is a clinically heterogeneous acquired polyneu-
ropathy. CIDP evolves as a monophasic, relapsing, and
progressive disorder that develops over a period of
8 weeks. The cause of CIDP is unknown and a single
triggering antigen has yet to be determined.

Patients with CMT1X usually show a gradual deterio-
ration in their symptoms. However, some patients with
CMTI1X experience a rapid progression of their motor or
sensory symptoms and respond to immunotherapy,
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including intravenous immunoglobulin (IVIg) [7-9]. These
patients were diagnosed with coincidental CIDP and CMT.

We describe the clinical, electrophysiological, and
genetic details of three affected offspring diagnosed with
CMT1X and their mother. Two of three affected patients
had a rapid aggravation of their symptoms, which were
significantly alleviated with IVIg. The other also showed a
mild improvement on IVIg. These findings indicate that
CMT1X pathophysiology can trigger acquired demyelin-
ating polyneuropathy, probably due to an immune-medi-
ated process.

Case reports
The eldest brother

A 32-year-old male had trouble with sprinting due to drop
foot in his early childhood. At the age of 28, he noticed
rapidly progressing finger weakness and difficulty with
fastening buttons. He also felt numbness of the bilateral
soles and paresthesia of the distal extremities. At presen-
tation, distal muscle weakness and atrophy were evident
with a CMT disease neuropathy score (CMTNS) of 18 and
a score of 20 for manual muscle testing (MMT) of ten
selected muscles. All of the deep tendon reflexes were also
absent. Cerebrospinal fluid (CSF) protein was slightly
elevated at 44 mg/ml. with a normal cell count. NCS
revealed sensorimotor demyelinating polyneuropathy of all
four limbs, with intermediate slowing of the MCV, tem-
poral dispersion in the left median nerve, and A waves

(Table 1). A sural nerve biopsy showed a significant
reduction of large myelinated fibers with clusters of
regenerating fibers. Onion bulbs and infiltration of
inflammatory cells were not observed (Fig. 1). On the basis
of his clinical presentation and intermediate low MCV,
CMT1X was suspected, and a GJ/BI mutation was con-
firmed by a genetic test. However, the coincidental
occurrence of acquired inflammatory neuropathy and CMT
was also suspected based on the rapid deterioration of
muscle weakness and sensory impairment, elevated CSF
protein, and the NCS findings.

IVIg (0.4 g/kg for 5 days) was administered for the
treatment of suspected acquired inflammatory neuropathy.
His muscle weakness improved from 18 to 17 for the
CMTNS, and the MMT score of ten selected muscles
increased from 20 to 36. His sensory impairment was also
alleviated. The effect of TVIg lasted only for 1 month.
Three additional IVIg treatments showed a similar
improvement each time. No significant improvement on
NCS was seen during the course of the IVIg treatments. He
has also improved on oral steroid therapy (30 mg/day) for
6 months.

The second-eldest brother

A 27-year-old male started to trip on stairs due to drop feet
in his early childhood. It was not until 26 years old that he
rapidly developed muscle weakness of the distal upper
extremities and paresthesia of the fingers. At the age of 27,
he visited a local orthopedic surgery because of his left
hand paresthesia. Surgery for his left carpal-tunnel

Table 1 Nerve conduction

studies of the patients Location Motor nerve Sensory nerve
Distal Amplitude Conduction  F wave Amplitude  Conduction
latency (ms) (mV) distal/ velocity (uV) distal/  velocity
proximal (m/s) proxymal (m/s)
The eldest brother
Lt. median 4.9 1.2/0.4 (with TD) 33 A waves  3.6/0.9 35.7
Lt. ulnar 33 3.8/33 41.5 NE 4.9/4.2 31.3
Lt. tibial 6.7 0.2/0.2 33 NE
Lt. sural 1.9 31
The second-eldest brother
Lt. median 5 1.1/0.6 33.1 NE 1.7/NE 327
Lt. ulnar 3.8 2.0/1.6 37.1 A waves 7.2/NE 38.7
Lt. tibial 57 1.8/0.7 222 NE
Lt. sural 2.9 329
The youngest sister
Lt. median 5.5 1.0/0.9 30 NE 7.9/NE 33
Lt. ulnar 4.5 2.6/2.4 39 NE 4.9/NE 32
Lt. tibial 7.1 1.6/0.5 35 93.7
TD temporal dispersion, NE not Lt. sural NE NE
evoked
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Fig. 1 The biopsied sural nerve of the eldest brother. A significant
reduction of large myelinated fibers was observed with clusters of
regenerating fibers. Formation of onion bulbs and infiltration of
inflammatory cells were not seen. Bar = 50 pm

syndrome failed to alleviate the paresthesia. At presenta-
tion, a neurological examination revealed distal muscle
weakness and atrophy of the limbs with an absence of all
deep tendon reflexes and decreased vibration perception of
the bilateral lower extremities. The patient had a CMTNS
of 12 and an MMT score of 34 for ten selected muscles. An
NCS showed sensorimotor demyelinating polyneuropathy
with a non-uniform slowing of the MCV. Furthermore,
variability of the MCV among nerves was also evident
(Table 1). The outcome of a genetic test showed the same
GJBI mutation as his elder brother.

Due to the acute emergence of his left hand paresthesia
and NCS findings, he was also suspect of having acquired
inflammatory neuropathy superimposed on CMT1X. The
patient was treated with IVIg, resulting in an improvement
of his muscle weakness, while his MMT score and CMTNS
changed from 34 to 42 and from 12 to 11, respectively. An
NCS showed no significant change after IVIg treatment.

The youngest sister

A 24-year-old female visited our outpatient clinic in order
to have a genetic examination. At the age of 7, she had
difficulty in uncorking a bottle. She never felt a stepwise
deterioration. At the first visit, she could not perform
dorsiflexion of her toes, but distal muscle weakness of her
limbs was mild and graded as MMT 4 or 4-+. Her CMTNS
and MMT score of ten selected muscles were 10 and 44,
respectively. An NCS demonstrated diffuse sensorimotor
demyelinating polyneuropathy (Table 1). We confirmed
that she had the same GJBI mutation as her brothers.

After the administration of IVIg, only extension of her
large toes was observed.

Mother of the three patients

She complained of no clinical symptoms and her NCS
findings were normal. We confirmed that she had the same
GJB1 mutation as her children.

Mutation screening

After written informed consent was given from all
family members, we screened for mutations in all GJBI
coding exons in comparison to the published sequence
(NM_000166) using the standard Sanger method. We also
screened for duplication of the peripheral myelin protein 22
(PMP22) gene using fluorescent in situ hybridization
(FISH).

Mutation analysis of GJBI in this family
and a control study

From the family history and clinical information, we
screened for mutations in the GJBI gene and detected a
novel ¢.227T > G (p.L76R) missense mutation. In con-
trast, analysis using an original gene chip was negative for
mutations involving the other 27 CMT genes or related
disease-causing genes [10]. The patients do not have a
PMP22 duplication as determined by FISH.

The eldest brother was hemizygous for the ¢.227T > G
mutation, which substitutes a leucine for arginine at amino
acid 76 (p.L76R) in exon 2 of GJBI according to con-
ceptual translation (Fig. 2). The younger brother had the
same hemizygous mutation, and his mother and sister were
heterozygous for this mutation (Fig. 2). We did not observe
p.L76R in 112 controls or in 446 patients with inherited
neuropathy. In addition, we did not find the p.L76R
mutation in the 1000 Genomes website (hitp://browser.
1000genomes.org), which catalogs human genetic varia-
tions using 1,197 samples, including 300 East Asian (100
Japanese) samples. Family segregation studies suggest that
it is reasonable to assume that the L76R mutation was the
cause of CMT in this family.

Discussion

Since Dyck’s first report of seven prednisone-responsive
CMT patients with stepwise deteriorating neuropathy, it
has long been recognized that rapid progression and non-
uniform demyelination with a conduction block or tem-
poral dispersion could also occur in some patients with
CMT. These patients responded to immunotherapy,
including corticosteroids or IVIg {7, 11]. In fact, some
patients with CMT1X are erroneously diagnosed as CIDP
when an NCS shows non-uniform nerve conduction [12].
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Fig. 2 GJBI alterations
identified in the family.
Chromatograms of the
alterations in the GJBI gene. A
hemizygous mutation was
identified in the eldest brother
(4135) and second-eldest
brother (4182). A heterozygous
mutation was identified in the
youngest sister (4332) and
mother (4436). The transition

¢.227T > G resulted in p.L76R (4182)

The youngest sister (4332) <

The mother (4436)

Wild (male)

There have been three reports in which all of the CMT1X
patients experienced a stepwise deterioration in neuropathy
and responded to IVIg [4, 5, 9]. Thus, the superimposition
of neuropathy and CMT was thought to be linked by some
common mechanism. The condition is, however, reported
as the coincidental occurrence of CIDP and CMT because
the number of previous reports is limited, and there is only
one report describing the occurrence of acquired inflam-
matory polyneuropathy along with the gradual deteriora-
tion of CMT1X in a single family [9].

The two brothers in our report showed stepwise deteri-
oration after periods of clinical stability. Their symptoms
showed a significant improvement with IVIg therapy.
Repetitive IVIg relieved the stepwise deterioration in the
eldest brother; furthermore, a mild motor improvement was
also seen in the sister without any sign of neuropathy
mimicking CIDP. Of particular note is that all of the
affected siblings diagnosed with CMT1X responded to
IVIg. It seems stochastically unlikely that two out of three
family members with CMT1X, with a prevalence of 1 in
35,000, experienced CIDP, with a prevalence of 1 in
100,000 [13]. These findings provide strong evidence that
patients with CMTIX might be susceptible to IVIg-
responsive demyelination during the course of CMT1X.
NCS did not show any conduction blocks and improvement
of the temporal dispersion in the eldest brother after IVIg
treatment in examined nerves of the affected siblings.
We speculate that conduction blocks might have existed
and been improved in more distal nerves after IVIg
administration.
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How immunoregulation by steroids and IVIg alleviates
the stepwise deterioration in patients with CMT1X remains
to be elucidated. Evidence from animal models of CMT1X,
however, suggests that an immune-mediated process is
involved in the progression of neuropathy in CMT1X. In
the gap junction component connexin32 deficient mice,
numerous macrophages are found in the peripheral nerves
before a migration of T cells. Once the macrophages
become activated, they attract T cells. CD8-positive T cells
presented with antigens, possibly of myelin origin, cause
further activation of macrophages [14]. Kobsar et al. [15]
showed that cross-bred connexin32-deficient mice with
recombination activating gene-1-deficient mice, which lack
mature T- and B-lymphocytes, showed a significant
reduction of demyelinated peripheral nerves. Recently, a
null mice mutant for colony-stimulating factor, a pivotal
macrophage activator, demonstrated significant ameliora-
tion of demyelination [16]. Although no infiltration of
inflammatory cells was seen in the left sural nerve biopsy
of the eldest brother in the present study, the G/BI muta-
tion might have resulted in a predisposition to develop
immune-mediated demyelinating polyneuropathy in addi-
tion to the underlining CMT1X pathology, potentially as
the result of the activation of macrophages. IVIg might
have beneficial immunomodulating effects on stepwise
deterioration of neuropathy in our patients.

In this study, we clearly demonstrated a family of IVIg-
responsive patients with CMTI1X. Immune-mediated
demyelination can be partially responsible for the patho-
genesis of CMT1X, not merely the coincidental occurrence
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of CIDP with CMT. Some patients with CMT1X can
experience rapid deterioration due to immune-mediated
demyelination along with a steady decline in their symp-
toms. Both stepwise and gradual deterioration can be
clinical manifestations of CMT1X.
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Objective: Dysferlinopathies belong to heterogeneous group of autosomal recessive muscular disorders
caused by mutations in the gene encoding dysferlin. The classifications of the dysferlinopathies mainly
include limb-girdle muscular dystrophy 2B (LGMD2B) with predominantly proximal weakness, Miyoshi
myopathy (MM) with calf muscle weakness and atrophy, and distal myopathy with anterior tibial onset
(DMAT) with tibialis muscle atrophy. We describe the genetic character of dysferlinopathies in a group
of Chinese patients.

Methods: DYSF mutations screening were done after muscle blopsy and immunohistochemical staining.
Results: Eight patients showed an absence or drastic decrease of dysferlin expression in biopsied mus-
cle. We identified 6 different mutations, including one nonsense mutation, two insertion mutation, two
deletion mutations and one splice site mutation. Five of them were novel mutations.

Conclusion: We described 8 Chinese patients with dysferlinopathy (four had a distal phenotype of MM; one
had a phenotype of DMAT and three presented with LGMD2B). It is the first report of genetic confirmed

DMAT in China. Mutations ¢.3112C>T and c.1045dup, may be recurrent mutations in China.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Dysferlin is @ 230kDa transmembrane protein and has been
shown to be involved in the process of membrane repair [1],
myoblast differentiation [2], T tubulogenesis [3] and muscle
regeneration [4] through mechanisms of membrane organisation.
Dysferlinopathies refer to a group of autosomal recessive muscular
dystrophies caused by mutations in DYSF. Mutations in DYSF lead
to different clinical phenotypes of muscular dystrophy according
the distribution of affected muscles. It encompasses limb-girdle
muscular dystrophy (LGMD2B), Miyoshi myopathy (MM), distal
myopathy with anterior tibial onset (DMAT), isolated hyperCK and
rigid spine syndrome. LGMD2B is characterized by predominant
weakness and atrophy of muscles of the pelvic and shoulder gir-
dle, onset in the late teens or later. LGMD2B is the second more
frequent form of LGMD in Western countries [5] and Japan [6]. In
China, LGMD has not been adequately studied, and its epidemiol-
ogy remains unclear. MM is an early-adult onset, distal muscular
dystrophy, characterized by predominant involvement in the calf
muscles [7]. DMAT is a distal muscular dystrophy, characterized by

* Corresponding author at: Department of Neuromuscular Disease, Third Hospital
of Hebei Medical University, 139# Zigiang Road, Shijiazhuang City, Hebei Province
050051, PR China. Tel.: +86 311 8860 22 39; fax: +86 311 8702 36 26.
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predominant involvement in the anterior compartment group [8].
There are very few reports regarding dysferlinopathy in the Chi-
nese population. In this study, we performed mutation analysis of
DYSF in 8 Chinese patients with a dysferlin protein deficiency; the
clinical and pathological features were collected and analyzed.

2. Materials and methods

We analyzed 8 Chinese patients from 8 unrelated families. Inclu-
sion criteria for patients were: (i) clinical phenotype consistent
with LGMD or distal myopathy, and (ii) metabolic myopathies or
congenital myopathies were excluded, and (iii) loss or strong reduc-
tion of dysferlin expression evidenced by immunohistochemistry
on muscle biopsy.

2.1. Histological analysis

After informed consent, muscle biopsy specimens were
obtained from the biceps brachii, gastrocnemius or anterior tibial
muscle of the patients. Biopsied skeletal muscles were flash frozen
in isopentane chilled by liquid nitrogen. Hematoxylin and eosin
(H&E), modified Gomori trichrome, myosin ATPase, acid phos-
phatase, NADH-TR and oil red O (ORO), periodic acid-Schiff (PAS),
were performed for histopathological analysis.

(2012) http J1dx. dcn org/10.101 6/} clmeuro 2012 11 010 i

Please cite thxs artlcle in press as: Zhao Z et al DYSqutanon analys:s m agroup of Chmese pat:ents w1th dysferhnopathy Clm Neurol Neurosurg

- 105 -



‘2k Z hdo e’ta.//’C inica

2.2. Protein analysis

Immunohistochemistry on muscle biopsies was carried out,
using monoclonal antibodies to dysferlin (Novocastra, Newcastle,
United Kingdom; dilution 1:50). Al immunohistochemical proce-
dures were performed as reported previously [9].

2.3. Genomic mutation screening and mutational data analysis

After informed consent, genomic DNA was extracted from
peripheral blood obtained from all patients. Control genomic DNA
samples were obtained from 50 healthy Chinese unrelated individ-
uals. Using the Primer v3 program, we designed primers to amplify
exons and intronic splice junctions. By PCR we amplified the cod-
ing exons from 50 ng of patient genomic DNA using these primers
and hot start PCR method as defined for amplification of poly-
morphic markers. Using the pre-sequencing kit (USB), we purified
patient PCR products and sequenced them with dye terminator
chemistry using an ABI377 automated sequencer (Applied Bio-
systems). Sequencher 3.1.1 software was used for analysis of the
sequences. The reference sequence used was derived from GenBank
ID NM_003494.2. Nucleotide numbering reflects cDNA numbering
with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequence. The initiation codon is codon 1.

All novel nucleotide changes were sequenced in 50 control indi-
viduals (100 chromosomes) using the GS Junior pyrosequencing
system (Roche 454 Life Sciences, Branford, CT, USA) by standard
methods. Analysis of the pyrosequencing data was performed using
454 Sequencing System Software V 2.5 (Roche 454 Life Sciences).

3. Result
3.1. Mutational analysis of the DYSF gene

We performed a genomic analysis of the DYSF coding sequence
in 8 unrelated Chinese patients based on a marked or total loss
of dysferlin expression in muscle, demonstrated by immunohisto-
chemistry on muscle sections. We identified 6 different mutations
that included one nonsense mutations; two deletions, two inser-
tions and one splice site mutations. Five of them were novel
mutations. Three patients carried a single homozygous mutation;
one patient had two compound heterozygous mutations; three
patients, only one heterozygous mutation could be identified. One
homozygous mutation and one heterozygous mutation were iden-
tified in more than one patient. The patients who had the same
mutations came from different provinces (Fig. 1).

3.2. Clinical analysis

Among the 8 patients analyzed in this study, 6 are male and 2
female. Age of disease onset ranged from 15 to 43 years, average
age of onset was 24.1 years. One patient has an affected brother
with similar phenotype; other patients have no family history. Con-
sanguinity was not reported. Four patients had a distal phenotype
of MM; one patient had a phenotype of DMAT (Fig. 2) and three
patients presented with LGMD2B (Table 1).

3.3. Histological and immunohistochemical analysis

Muscle biopsies from all patients showed active necrotic and
regenerating processes. Perimysial lymphocytic infiltration was
noted in one patient (Fig. 3A). Immunohistochemical analysis of
all patients showed complete absence of dysferlin expression in 6
patients and strong reduction of dysferlin expression in 2 patients
(Fig. 3B and C).

Fig. 1. Patients with same DYSF mutations came from different province of China.

4. Discussion

Mutations in DYSF cause different clinical phenotypes of mus-
cular dystrophy and the distribution of affected muscles is different
between patients. Some patients show onset in proximal muscles,
while others show initial selective atrophy and weakness of calf
muscles or anterior tibial muscles. DYSF gene mutation analysis
was carried out in 8 Chinese patients, who had drastic or com-
plete protein deficiency on muscle sections. We have identified 6
variations in the DYSF gene, 5 of them being novel (Table 2), accord-
ing Leiden Muscular Dystrophy pages database (www.dmd.nl

" updated June 16, 2012) and UMD-DYSF database (Universal Muta-

tion Database for Dysferlin www.umd.be/DYSF/) [10]. Mutations
being distributed over the entire coding-sequence, no hot spot was
observed. Previous reports on mutations in DYSF in China revealed
two novel compound heterozygous mutations (C.1310+1G>A,
¢.1651.1652delinsTC; c.447delC, c.6576_6578delinsCTG) and one
novel homozygous mutation(c.6429delG) [11,12].

Three non-consanguineous patients carry homozygous muta-
tions, and we think these mutations are pathogenic variations
since they are truncating mutations (one nonsense mutation, one
splice site mutations). Two unrelated patients carry the same
¢.3112C>T (p.Arg1038X) homozygous nonsense mutation, which
was reported compounded with another nonsense mutation in a
France patient with MM phenotype [13]. In theory, this change
caused a stop codon. The codon 1038(arginine) was replaced
by a stop codon. Since a nonsense mutation causes premature
translation termination codons, they degrade immediately by the
process of nonsense-mediated decay (NMD). A novel homozy-
gous mutation ¢.1638+1G>T was identified in a patient with
LGMD2B phenotype. This mutation affects acceptor splicing site,
likely to produce aberrantly spliced transcripts. Further research

Fig. 2. Muscle MRIT1 transverse images at calf level in patient 8. The anterior tibial
muscle is mainly involved.
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Table 1
Description of clinical, pathological information of 8 Chinese patients with dysforlinopathy.

Patient no. Sex Family Age of onset CK level (IU/L) Initial affected Phenotype Muscle biopsy
history (years) muscle A: degeneration
B: inflammation
C: dysferlin

1 F - 26 2163 Calf muscle MM A: active

B: no

C: deficiency
2 M - 19 13,864 Calf muscle MM A: active

B: no

C: deficiency
3 M - 27 7121 Proximal muscle LGMD A: active

B: no

C: deficiency
4 M - 21 4490 Calf muscle MM A: active

B: no

C: deficiency
5 M - 19 2559 Proximal muscle LGMD A: active

B: yes

C: strong reduction
6 M - 15 3029 Proximal muscle LGMD A: active

B: no

C: strong reduction
7 M + 23 5425 Calf muscle MM A: active

B: no

C: deficiency
8 F - 43 9640 Anterior tibial DMAT A: active

muscle B: no
C: deficiency

M, male; F, ferale; —, negative; +, positive; MM, Miyoshi myopathy; LGMD, limb-girdle muscular dystrophy; DMAT, distal myopathy with anterior tibial onset; CK, creatine
kinase.

- « E 4 -

Fig. 3. (A) Hematoxylin and eosin staining. Lymphocytic infiltration was noted around small vessel in one patient 5 (200x). (B-D) Anti-dysferlin immunohistochemical
staining. (B) Complete absence of dysferlin expression (400x); (C) strong reduction of dysferlin expression (400x); (D) normal control (200x).
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Table 2

The DYSF mutations information of the 8 patients.
Patient no. Phenotype Nucleotide change Protein change State
1 MM ¢.3112C0>T Arg1038X Homozygous
2 MM 311207 Arg1038X Homozygous
3 LGMD c.1638+1G>C Splice change Homozygous
4 MM c.1045dup Glu349fsX11 Heterozygous

€.5563.5564delGA Asp1855fsX9 Heterozygous

5 LGMD ¢.1045dup Glu349fsX11 Heterozygous
6 LGMD ¢.1045dup Glu349fsX11 Heterozygous
7 MM ¢.3954.3955insAT Tyr13191lefsX28 Heterozygous
8 DMAT ¢.5670.5671delTG Ala350SerfsX10 Heterozygous

Bold text, novel mutation.

by RT-PCR from muscle tissues should do in order to confirm its
pathogenic consequence on the transcript. A novel heterozygous
frameshift mutation, c¢.1045dup (Glu349fsX11) was identified in
three unrelated patients including LGMD2B and MM phenotypes.
This suggests the absence of relationship between the type of muta-
tion and the phenotype, as previously reported [14,15]. Among
these mutations, two (¢.3112C>T, ¢.1045dup) were identified each
in two or three unrelated patients from different provinces. This
suggests these mutations may be recurrent mutations in China.

Patient 8 presented the distal anterior dysferlinopathy phe-
notype (DMAT). The clinical examination revealed severe distal
weakness, predominantly in the anterior compartment, with a
steppage gait. DMAT is a relatively uncommon and recently rec-
ognized form of dysferlinopathy [8]. Previous report suggested
patients had symptom in their early adulthood [8,16-19]. But
patient 8 experienced weakness of anterior tibial muscle in
43 years. This suggests a wide range of disease onset. Only
one novel heterozygous frameshift mutation, ¢.5670.5671delTG
(Ala350SerfsX10) was identified, although all 55 exons were
sequenced directly. This is the first report of genetic confirmed
DMAT in China. Other three patients (patients 5, 6, 7) also iden-
tified only one allelic mutation. Further research by RT-PCR from
muscle tissues should do in order to detect truncated transcript,
and there is possibility that these patients may have mutations in
the promoter region or a regulatory region of an intron of DYSF.

In this study no pathogenic missense mutation was detected,
while previous reported 22-26% [13,20]. This difference may par-
tially be caused by the exclusion of patients with mild or moderate
reduction of dysferlin expression evidenced by immunohistochem-
istry on muscle biopsy. Interestingly, we found higher proportion of
nonsense mutation, out-of-frame insertion, out-of-frame deletion,
may generate premature translation termination.

In conclusion, we found 6 DYSF mutations in 8 Chinese patients.
Among them, 5 were novel mutations. We first reported genetic
confirmed DMAT in China. Mutations ¢.3112C>T and ¢.1045dup
were identified twice or three times, may be recurrent mutations
in China.
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Abstract Neurotoxicity is a common side effect of vincris-
tine (VCR) treatment. Severe exacerbations of neuropathy
have been reported in patients with Charcot-Marie—Tooth
disease (CMT) 1A with duplication of the peripheral myelin
protein 22 (PMP22) gene. However, whether or not VCR
exacerbates neuropathies through mutations in other CMT-
associated genes besides PMP22 duplication has not been
well studied. The purpose of this study was to identify
mutations in any CMT-associated genes in a patient with
hypersensitivity to VCR. We performed clinical, electro-
physiological, and genetic examinations of a 23-year-old
woman, who was hypersensitive to low-dose VCR, and
her healthy mother. DNA analysis was performed using
our specially designed resequencing array that simulta-
neously screens for 28 CMT-associated genes. Electrophys-
iological studies revealed that the patient and her healthy
mother had demyelinating polyneuropathy. Furthermore,
they showed the same novel mutation in the early growth
response 2 (EGR2) gene. Recognizing pre-existing asymp-
tomatic CMT by electrophysiological studies and genetic
analysis before VCR treatment allowed us to prevent severe
VCR-induced neuropathy.
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Introduction

Vincristine (VCR) is a vinca alkaloid drug that is an essen-
tial part of the chemotherapeutic regimens used to treat
Hodgkin’s and non-Hodgkin’s lymphoma, acute lymphocyt-
ic leukemia, and several types of solid tumors. Neurotoxic-
ity, the most frequently predominant distal axonal
sensorimotor neuropathy, is a well-known dose-limiting side
effect of VCR [1]. VCR disrupts microtubule functions in
axons and inhibits axonal transport by binding and inacti-
vating tubulin, thereby leading to axonal degeneration.
VCR-induced neuropathy is usually observed after cumula-
tive doses of 68 mg of VCR, and significant toxicity occurs
at doses greater than 15-20 mg in neurologically normal
individuals [2]. The symptoms of toxicity usually include
paresthesia and muscle weakness in the distal extremities.
Deep tendon reflexes often diminish or disappear. In most
cases, neuropathy gradually improves as VCR is discontin-
ued, but neuropathy can persist in some cases of severe
sensorimotor dysfunction. Patients with pre-existing neu-
ropathy are generally at increased risk of developing severe
neuropathy after chemotherapy [2, 3]. Charcot-Marie—
Tooth disease (CMT), a hereditary motor and sensory neu-
ropathy, is one of the most common types of inherited
neuropathies, with a prevalence rate of 1 in 2,500 [4], and
it is clinically and genetically heterogeneous [5]. Until date,
at least 30 genes are known to be associated with CMT and
related inherited neuropathies (http://www.molgen.ua.ac.be/
CMTMutations/Mutations). The most common type is
CMTI1A, which is an autosomal dominant demyelinating
neuropathy associated with duplication of the peripheral
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myelin protein 22 (PMP22) gene. Some anticancer drugs
such as vinca alkaloids, platinum agents, taxanes, and thalid-
omide are potentially toxic to patients with CMT [3, 6]. There
are many reports of cases of CMT1A that deteriorated or
were revealed after VCR treatment [7-12]. However, whether
or not VCR exacerbates neuropathies in other types of CMT
besides CMT1A is unclear. There is insufficient data to
comment on the neurotoxicity of VCR in less common sub-
types of CMT that affect other genes [13-15]. In order to
identify the genetic risk of severe VCR-induced neuropathy,
we screened for mutations in 28 CMT disease-causing genes
using a custom resequencing DNA chip. Our DNA chip can
screen 28 genes in 2 days and is relatively cost-effective.
Using this chip, we identified a mutation in the early growth
response 2 (EGRZ) gene in a 23-year-old woman with hyper-
sensitivity to low-dose VCR. EGR2 encodes a transcription
factor that regulates the expression of peripheral myelin pro-
tein genes [16]. Although the risk of VCR-induced neuropa-
thy in patients with an EGR2 mutation is unknown, our high-
throughput mutation screening method revealed a novel risk
of developing drug-induced neuropathy.

Materials and methods
Patient

A 23-year-old woman was referred to our hospital with
primary mediastinal large B-cell lymphoma. She presented
no subjective clinical symptoms except mediastinal lymph-
adenopathies and was diagnosed with clinical stage IA (Ann
Arbor Classification). At that time, she had not developed any
neurological abnormalities. Her family seemed healthy and
had no history of inherited or acquired neuropathies. She was
treated with chemotherapy following the administration of
rituximab, cyclophosphamide, doxorubicin, VCR, and pred-
nisolone (day 1, 750 mg/m” cyclophosphamide, 50 mg/m*
adriamycin, 1.4 mg/m® VCR; days 1-5, 100 mg predniso-
lone; and day 5, 375 mg/m’ rituximab). After two courses
(total VCR administered, 3.9 mg), she developed muscular
weakness and paresthesia with pain in the distal extremities
and was hardly able to walk. On day 49, she demonstrated
distal predominant muscular weakness and paresthesia on
neurological examination. No obvious muscular atrophy or
pes cavus was evident. In addition, she had developed are-
flexia. Her Babinski reflex was negative, and there were no
signs of cerebellar or cranial nerve disturbances.

Electrophysiological studies
On day 54, nerve conduction studies were performed using

the standard procedure. Skin temperature was maintained
above 32°C.

2} Springer

DNA analysis

Genomic DNA was extracted from the peripheral blood
leukocytes of the patient using the Gentra Puregene Blood
Kit (Qiagen, Tokyo, Japan). The purpose-built GeneChip®
CustomSeq® Resequencing Array (Affymetrix, Santa Clara,
CA) was designed to screen for CMT and related diseases
such as ataxia with oculomotor apraxia type 1, ataxia with
oculomotor apraxia type 2, spinocerebellar ataxia with axo-
nal neuropathy type 1, and hereditary motor neuropathies.
The resequencing array was designed to screen for the
following 28 genes: EGR2, PMP22, myelin protein zero
(MPZ), gap junction protein beta 1 (GJBI), periaxin (PRX),
lipopolysaccharide-induced TNF factor (LITAF), neurofila-
ment light polypeptide (NEFL), ganglioside-induced differen-
tiation associated protein 1 (GDAPI), myotubularin-related
protein 2 (MTMR?2), SH3 domain and tetratricopeptide
repeats 2 (SH3TC2), SET-binding factor 2 (SBF2), N-myc
downstream regulated 1 (NDRGI), mitofusin 2 (MFN2),
rab-protein 7 (RAB7), glycyl-tRNA synthetase (GARS), heat
shock 27 kDa protein 1 (HSPBI), heat shock 22 kDa protein
8 (HSPBS), lamin A/C (LMNA), dynamin 2 (DNM2), tyrosyl-
tRNA synthetase (YARS), alanyl-tRNA synthetase (AARS),
lysyl-tRNA synthetase (KARS), aprataxin (APTX), senataxin
(SETX), tyrosyl-DNA phosphodiesterase 1 (TDPI), desert
hedgehog (DHH), gigaxonin 1 (GANI), and K-CI cotrans-
porter family 3 (KCC3). We designed 363 primer sets to cover
all the coding exons and splice sites. The 363 polymerase
chain reactions (PCRs) were amplified in 32 multiplex reac-
tions using the Qiagen Multiplex PCR system (Qiagen). Each
reaction used 120 ng of genomic DNA, 10 pmol of the primer
set, INTP, and the Qiagen Multiplex PCR reaction mix
(Qiagen). We generated each multiplex PCR product using
the following conditions: 15 min at 95°C; 42 cycles of ampli-
fication (94°C for 30 s, 60°C for 3 min, and 72°C for 1 min
30 s); and 15 min at 68°C. Pooling, DNA fragmentation,
labeling, and chip hybridization were performed using the
Affymetrix CustomSeq Resequencing protocol instructions.
The chips were washed using the Affymetrix fluidics station
using the Customseq Resequencing wash protocols. Analysis
of microarray data was performed using the GeneChip se-
quence Analysis Software version 4.0 (Affymetrix).

The mutations detected by our DNA chip method were
confirmed by conventional DNA Sanger sequencing. Brief-
ly, we amplified 50 ng of the patient’s genomic DNA using
primers and the hot start PCR method. Using a presequenc-
ing kit (USB, Cleveland, OH), we purified the patient’s PCR
products detected using our resequencing array method and
sequenced them by dye—primer chemistry using an ABI
Prism 377 Sequencer (Applied Biosystems, Foster City,
CA). We then aligned the resulting sequences and evaluated
the mutations using the Sequencher sequence alignment
program (Gene Codes, Ann Arbor, MI),
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Results
Electrophysiological studies

The motor nerve conduction studies revealed moderately
slow motor nerve conduction velocities (MCV) with re-
duced compound muscle action potential (CMAP) ampli-
tude in all examined nerves. The sensory nerve conduction
studies showed moderately slow sensory nerve conduction
velocities (SCV) with slightly reduced sensory nerve action
potential (SNAP) amplitude (Table 1). No temporal disper-
sions or conduction blocks were observed. These results
suggest demyelinating polyneuropathy complicated by axo-
nal sensorimotor polyneuropathy. Because the patient
showed hypersensitivity to low-dose VCR (total VCR ad-
ministered, 3.9 mg), we suspected a pre-existing, inherited
neuropathy. Furthermore, electrophysiological studies were
performed on her healthy, 51-year-old mother. MCV of the
mother was slower in the lower extremities than the upper
extremities. CMAP amplitudes were within normal limits.
Median nerve distal latency was slightly prolonged. SCV
was moderately slow, but this finding was uniform in all
examined nerves. SNAP amplitudes were moderately re-
duced in the upper extremities; SNAP amplitude of the sural
nerve was at the lower limit of our normal control data.
Temporal dispersions, conduction blocks, and entrapment
neuropathies were not observed. These results indicate an
electrophysiologically mild demyelinating polyneuropathy
(Table 1). These findings suggest that this family may have
an inherited demyelinating polyneuropathy.

Resequencing analysis of this family and a control study
The DNA chip resequencing analysis detected a novel

¢.1057 C>G (p.R353G) missense mutation in the EGR2
gene. In contrast, the analysis was negative for mutations

involving the other 27 CMT or related disease-causing
genes. The patient was heterozygous for the ¢.1057 C>G
mutation that substitutes an arginine for glycine at amino
acid 353 (p.R353G) in exon 2 of EGR2 by conceptual
translation (Fig. 1a). The mother had the same mutation as
the patient (Fig. la). We did not observe R353G in 200
control chromosomes or in the 850 chromosomes from 425
patients with inherited neuropathy. In addition, we did not
find the R353G mutation in the 1000 Genomes website
(http://browser.1000genomes.org), which catalogs human
genetic variations using 1,197 samples including 300 East
Asian (100 Japanese) samples.

Clinical course of the patient

We changed the chemotherapy regimen after we suspected
that the patient had CMT. We chose radiotherapy and ritux-
imab for the treatment of B-cell lymphoma. After 2 months,
her symptoms had almost recovered, and she walked nor-
mally with only mild numbness in her distal lower limbs.
However, it was difficult to trace the causal agent because
she was treated with a combination of chemotherapy agents.
According to a previous report [3], there is uncertainty about
the neurotoxicity of cyclophosphamide, prednisolone, and
rituximab in patients with CMT, while VCR is classified as
high risk for such patients. Furthermore, she and her moth-
er’s electrophysiological findings were consistent with
inherited demyelinating polyneuropathy without the pres-
ence of conduction block or temporal dispersion. There
were no findings indicated other inherited demyelinating
polyneuropathy such as disturbance of lipid metabolism,
peroxisomal disorders, hepatic porphyria and amyloidosis
besides CMT. The results of her laboratory studies, includ-
ing liver function tests, renal function tests, serum electro-
lyte and fasting blood glucose were normal. Her mother was
healthy in the past periodic medical checkup, but laboratory

Table 1 Results of the nerve

conduction studies Nerve DL (ms) CMAP MCV (m/s) SNAP SCV (my/s)
amplitude (mV) amplitude (uV)
Patient Median 43 1.5 26.9 6.7 451
Ulnar 39 2.7 31.8 7.3 45.8
Tibial 8.2 39 23.0 - -
Sural - - - 42 333
Patient’s mother  Median 5.0 11.2 44.6 39 39.7
Ulnar 33 9.1 50.1 31 38.7
Tibial 4.7 23.6 379 - -
DL distal latency, CMAP com- Sura]. B - R 32 376
pound muscle action potential, Control Median <4.5 >3.1 >49.6 >7.0 >47.2
MCV motor conduction velocity Ulnar <3.6 >6.0 >50.1 >6.9 >46.9
SNAP sensory nerve action po- Tibial <5.7 >4.4 >41.7 - -
tential, SCV sensory conduction Sural _ - _ >5.0 >40.8
velocity
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Fig. 1 a Chromatograms of the
alterations in the early growth
response 2 (EGR2) gene that
was identified in the patient and
her mother, both of whom had
the heterozygous transition
¢.1057 C>G that resulted in
R353G. b Schematic diagram
of the EGR2 showing
previously reported mutations
and the R353G alteration. CHNV
congenital hypomyelination
neuropathy, DSS Dejerine—
Sottas disease, Zn zinc-finger
domains. ¢ Comparison of
EGR2 mutations in different
species
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screening tests were not examined in this report. We strong-
ly suspected VCR-induced neuropathy in CMT with the
EGR2 mutation.

Discussion

This is the first report to describe an EGR2 mutation that
induced VCR hypersensitivity, similar to PAMP22 duplication.
The EGR2 gene located on human chromosome 10g21.1 has
two exons that encode a 476 amino acid protein with three
zinc finger domains, which is believed to be a transcription
factor that regulates myelinogenesis [17, 18]. EGR2 knockout
mice exhibit severe hypomyelination of peripheral nerves due

to the blocking of Schwann cell differentiation [19, 20].
Heterozygous mutations in £GR2 cause myelinopathies, in-
cluding congenital hypomyelinating neuropathy, Dejerine—
Sottas disease, and mild to severe CMT1 [21-26]. Until date,
17 types of EGR2 mutation have been found (hitp:/www.
molgen.ua.ac.be/CMTMutations/Mutations). EGR2 induces
high expression levels of myelin protein components such
as PMP22, MPZ, DHH, and PRX in Schwann cells [27-30].
Vincristine inhibits axonal transport; thus, an insufficient
supply of the myelin protein component necessary for the
increased demand created by vincristine may induce a large
degree of neurotoxicity. In the present study, we showed a
novel R353G mutation in the first zinc finger domain of
EGR2 in a patient with late onset CMT1 who presented with

Table 2 Computational predictions of the pathogenicity on EGR2 mutation within the zinc finger domain

Mutation MUPro (SVM score®) PolyPhen® PolyPhen2® SIFT¢
Our patients R353G —0.43° 2.57° 0.90° 0.00°
Reported mutations D355V 1.00 2.75¢ 0.97° 0.00°
R359W ~0.64° 2.79° 1.00° 0.00°
R359Q -1.00° 1.89¢ 0.92° 0.00°
R381C -0.11° 2.79¢ 0.99° 0.00°
R381H ~0.24° 2.12¢ 0.99° 0.00°
S382R 0.35 2.06° 0.81°¢ 0.00°
D383Y 0.09 2.75¢ 0.99°¢ 0.00°
R409W -0.98° 2.69° 1.00° 0.00°
E412K -1.00° 1.69° 0.77° 0.00°

? Support Vector Machine (SVM) scores <0 indicate a decrease in protein stability

® PolyPhen scores >1.5 indicates a prediction of pathogenic
¢ PolyPhen2 scores of ~1 indicate a prediction of pathogenic
4SIFT scores <0.05 indicate a prediction of pathogenic

¢ Denotes a pathogenic prediction
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a very mild phenotypic expression. Most EGR2 mutations
within the first zinc finger domain cause Dejerine—Sottas
disease or severe CMT! phenotypes (Fig. 1b) [22, 24]. A
sequence homology search was performed, which aligned
protein sequences from multiple species, using a Constraint-
based, Multiple-Alignment tool (COBALT) (http://www.
ncbinkm.nih.gov/tools/cobalt’). Arginine 353 was conserved
among all of the species analyzed (Fig. 1¢). It was found that
the R353G mutation identified in our patients was located in a
remarkably well-conserved sequence of amino acids, suggest-
ing that it may have a potential impact on EGR2 function.
Furthermore, we computationally predicted the effect of the
R353G mutation on protein function using the MUpro (http://
www.ics.uci.edw/~baldig/mutation.html), PolyPhen (http://
genetics.bwh.harvard.edu/pply), PolyPhen-2 (http://genctics.
bwh.harvard.edu/pph2/), and SIFT (http://sift.jevi.orgiwww/
SIFT seq_submit2 html) algorithms. The algorithms in these
programs use evolutionarily conserved species as well as
reference sequence alignments, physiochemical differences,
and the proximity of various substitutions to predict function-
al domains and/or structural features. All these programs
predicted that the R353G mutation is most likely pathogen-
based on the degree of conservation of the affected residues
(Table 2). Therefore, the R353G mutation could possibly
disrupt various functions. Furthermore, different mutations
in the same codon result in divergent CMT phenotypes
[26]. The electrophysiological findings were the only abnor-
mal results for the patient’s asymptomatic mother with the
same EGR2 mutation. Her neurological findings were nor-
mal, including a normal handgrip, the absence of foot defor-
mities, normal and prompt deep tendon reflexes, and normal
sensations. It is difficult to diagnose late onset mild CMT
based on clinical findings and family history because the
disease is heterogeneous. Although we did not perform in
vitro functional analysis of the R353G mutation in this study,
such further functional studies would illuminate the details of
the pathomechanism of the EGR2 mutation and its relation-
ship with vincristine toxicity in this patient. In order to clarify
the pathogenic nature of the EGR2 mutation and vincristine
neurotoxicity, we need to continue the genetic analysis of
vincristine-induced neuropathy patients who do not show the
CMT phenotype.

VCR-induced neuropathy is a dose-limiting side effect
observed in neurologically normal individuals, but it some-
times results in severe neuropathy in patients with CMT.
Early recognition of CMT before VCR treatment can pre-
vent severe neurotoxicity. It is very important to use elec-
trophysiological studies to recognize pre-existing CMT
before VCR treatment, even if there is no family history or
neurological abnormalities. Moreover, the labor and reagent
costs of molecular genetic testing have significantly in-
creased along with the increase in the number of genes
associated with CMT and related neuropathies that must be

screened for mutations. Realistically, it is difficult to per-
form nerve conduction studies or genetic testing in all
patients who receive chemotherapy because of the costs
and effort. Because of recent progress in the development
of a new generation of genomic sequencing technologies, it
will be possible to screen the entire genome/exome se-
quence for potential risks in all patients before they undergo
chemotherapy.
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ABSTRACT: Introduction: The distribution of documented
cases of Charcot-Marie-Tooth disease type 4C (CMT4C) is
mainly limited to the Mediterranean region. We report the first
documented case of CMT4C in East Asia. Furthermore, we
estimate the proportion of CMT4C in Japan and compare the
same with that in European countries. Case Report: A 72-
year-old Japanese woman presented with early-onset motor
and sensory neuropathy associated with scoliosis, deformities
of the hands and feet, and carpal tunnel syndrome. A genetic
screen detected a homozygous p.R529Q mutation in SH3TC2,
the causative gene of CMT4C. The SH3TC2 mutation identified
here is unique among 426 unrelated Japanese CMT patients,
excluding those with CMT1A. Conclusions: Although CMT4C
also occurs in Japan, it is less common than in European
countries.

Muscle Nerve 47: 283-286, 2012

Charcot-Marie-Tooth (CMT) disease is the most
common inherited motor and sensory neuropa-
thy.! CMT is usually inherited as an autosomal
dominant trait and is subdivided into a demyelinat-
ing form (CMT type 1) and an axonal form (CMT
type 2).2 At present, gene analysis can identify
mutations in approximately 50% of CMT cases.>*
The most common type of CMT, CMT type 1A
(CMT1A), is an autosomal dominant demyelinat-
ing neuropathy with duplication of peripheral mye-
lin protein 22 (PMP22).*® The proportion of
CMT1A cases relative to the total CMT or CMT1
population reported in East Asia is estimated to be
lower than that reported in Europe and the
United States.”®

CMT type 4 (CMT4) is an autosomal recessive
demyelinating form of CMT. One genetic subtype
of CMT4, CMT type 4C (CMT4C), is linked to a
locus on chromosome 5q23—337”9 and is character-
ized clinically by demyelinating peripheral neurop-
athy ﬁe%uently associated  with spinal
deformities.'”

Abbreviations: ABR, auditory brainstem response; CMT, Charcot-Marie-
Tooth disease; CMT1A, Charcot-Marie-Tooth disease type 1A; CMT4,
Charcot-Marie-Tocth disease type 4; CMT4C, Charcot-Marie-Tooth dis-
sase type 4C; MUP, motor unit potential; NCS, nerve conduction study;
NEE, needie electromyographic examinaticn; PMP22, peripheral myelin
protein 22; SNP, single nucleotide polymorphism

Key words: autosomal recessive inheritance; elderly; hereditary
neuropathy; Charcot-Marie-Tooth disease type 4C; SH3TC2 gene
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com). DOI 10.1002/mus.23540

CMT4C in Japan

The gene implicated as the cause of CMT4C,
SH3TC2 (KIAA1985), was identified in 2003."' The
gene product, SH3TC2, is a small protein with 2
Src homology 3 domains and 10 tetratricopeptide
repeat motifs and is expressed specifically in
Schwann cells. SH3TC2 knockout mice develop
progressive peripheral neuropathy with reduced
nerve conduction velocity and hypomyelination.'?

Of interest, the distribution of documented cases
of CMT4C is limited mainly to Europe®'!1>%0
French Canada,21 North Africa,7’9'10 and West
Asia 11141822 Although  variable prevalence of
CMTH4C in different ethnic groups may explain this
distribution, the evidence for this proposal is
inconclusive.

Here, we report an elderly Japanese patient
with CMT4C. We also estimate the proportion of
CMT4C in Japanese CMT, in comparison with
other regions mentioned above.

CASE REPORT

A 72-year-old Japanese woman of consanguineous
parentage complained of nocturnal numbness in
her hands for several years and was examined in
our hospital. Her parents were first cousins. Her
history included hepatitis C, hypertension, and
ovarian cystoma. She consumed neither alcohol
nor any drug that could have potentially caused
the neurological symptoms. Furthermore, she
had no family history associated with peripheral
neuropathy. She had been living in a small vil-
lage in the Chiba prefecture (near Tokyo) where
she could trace her ancestry for over 13
generations.

Careful historical analysis revealed several
unique events. She was a slower runner than her
peers in childhood, and she developed scoliosis in
high school. She observed a deformity in her
hands at the age of 20 years. Because of gait insta-
bility, she developed bone fractures in her ankles
at the ages of 56 (on the right) and 67 years (on
the left). It became challenging to walk up a flight
of stairs without a banister by her middle sixties,
and she has required a cane for walking since her
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Table 1. Nerve conduction studies.

Nerve stimulated Recording Amplitude* Latency Conduction F-Wave
(left side) Stimulation site site (NL} (ms) (NL) velocity (m/s) (NL)  latency (ms) (NL)
Median (m) Wrist APB 2.1 (> 6.0) 17.0 (£ 4.0) n.e.
Elbow APB 2.0 (> 6.0 244 27 (> 50)
Ulnar (m) Wrist ADM 8.3 (> 8.0) 74 (< 3.4 n.e.
Below elbow ADM 7.6 (> 8.0) 13.0 32 (> 50)
Above elbow ADM 7.3 (> 8.0) 15.0 25 (> 36)
Tibial {(m) Ankie AH 0.68 (> 10.0) 9.6 (< 5.0) 84.2 (< 51.0)
Popliteal space AH 0.71 (> 8.0 22.0 28 (> 45)
Median (s) Index finger Wrist 0.70 (> 10.0)  8.74 (< 2.40) 14 (> 50)
Ulnar (s) Small finger Wrist 1.30 (> 8.0 3.52 (£ 2.30) 30 (> 48)
Sural (s) Calf Posterior ankle  2.10 (> 8.0} 4.32 (< 3.30) 35 (> 45)
Facial {m) Stylomastoid foramen Nasalis 1.0 (> 1.0) 4.6 (£ 3.0

The F-wave latency represents the minimum F-wave latency.
“Amplitude: motor (in millivolts); sensory (in microvolts).

m, motor study; s, sensory study; NL, normal; APB, abductor poliicis brevis; ADM, abductor digiti minimi; AH, abductor hallucis; n.e., not elicited.

late sixties. She observed foot deformities at the
age of 69 years. She had observed nocturnal numb-
ness of the hands.

Neurological examination revealed the follow-
ing: hypoacusia; mild, symmetrical distal muscle
weakness and atrophy of limbs; positive bilateral
Tinel and Phalen signs at the wrists; areflexia; dis-
tal dominant hyperalgesia; diminished vibratory
sensation (especially prominent in the legs); Rom-
berg sign; and gait instability. Scoliosis and
deformities of the hands (claw hand) and feet (pes
planus) were also observed.

Electrophysiological studies yielded several sig-
nificant findings. In a nerve conduction study
(NGCS), relatively diffuse and homogeneous slowing
of conduction velocity without conduction block,
so called “uniform conduction slowing,” was
observed (Table 1). In median NCS, distal laten-
cies of motor and sensory nerves were more pro-
longed than the distal latencies of other nerves.
This focal conduction delay was presumably caused
by concomitant carpal tunnel syndrome. Needle
electromyographic examination (NEE) was per-
formed in the biceps brachii, extensor carpi ulna-
ris, vastus medialis, and tibialis anterior muscles.
All muscles showed marked high-amplitude and
long-duration motor unit potentials (MUPs) with
reduced MUP recruitment. Fibrillation potentials
were observed in the tibialis anterior muscle.
These NEE findings reflected chronic denervation
and reinnervation. The blink reflex showed pro-
longed R1 and R2 responses, and auditory brain-
stem response (ABR) analysis revealed diminished
wave I with delayed wave III (latencies were 5.2 ms
on the left and 5.3 ms on the right; normal < 4.3
ms) and wave V (latencies were 7.0 ms on the left
and 7.6 ms on the right; normal < 6.4 ms) bilater-
ally, suggesting cranial nerve involvement.

284 CMT4C in Japan

Because uniform slowing of conduction veloc-
ities in NCS suggested the existence of an inher-
ited peripheral neuropathy,%'% we analyzed muta-
tions associated with CMT after obtaining
informed consent. First, we confirmed that the
subject was negative for PMP22 duplication or de-
letion by fluorescence in situ hybridization, elimi-
nating CMTIA or hereditary neuropathy with
liability to pressure palsies as the relevant condi-
tion. Subsequently, a re-sequencing method was
performed, using GeneChip® CustomSeq® Rese-
quencing Array (Affymetrix, Santa Clara, CA)
equipped with 28 genes, including SH3TC2, as we
previously rc:ported.26

Variants ¢.1586G>A and c.1587T>G were
observed in the SH3TC2 gene (Fig. 1). The former
variant is a rare mutation reported previously in
Turkish children!! and a middle-aged woman in
Fremce,20 and the latter variant is a single nucleo-
tide polymorphism (SNP). These variants caused a
homozygous p.R529Q mutation, therefore, the
patient was diagnosed with CMT4C. Pathological
investigation was not performed, because the sub-
ject refused nerve biopsy.

Intriguingly, the SH3TC2 mutation identified
here is unique among 427 unrelated Japanese
CMT cases previously investigated. The details of
the 427 cases are as follows: (1) duplication of
PMP22 causing CMTI1A was previously excluded;
(2) the number of subjects with autosomal inher-
ited demyelinating CMT (motor nerve conduction
velocity < 38 m/s), autosomal inherited axonal
CMT, X-hnked CMT, and unclassiied CMT was
125, 182, 26, and 94, respectively; (3) 100 subjects
with CMT1 and 25 subjects with CMT4 were
included in the autosomal inherited demyelinating
CMT category; (4) 1 subject was CMTIA due to
missense mutation of PMP22.
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FIGURE 1. Sequence analysis showing ¢.1586G>A and ¢.1587T>G (p.R529Q, exon 11, arrow). Note that control data also show a
single nucleotide polymorphism (SNP) at c.1587T>G. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

DISCUSSION

This report describes the first documented case of
CMT4C in East Asia in a patient with an inherited
peripheral neuropathy concurrent with scoliosis,
hand and foot deformities, and carpal tunnel syn-
drome. DNA chip screening for the CMT causative
gene detected a rare p.R5629Q homozygous variant,
resulting from mutations in the SH3TCZ gene.

Mutations in SH3TC2 tend to differ among eth-
nic groups, suggesting a founder effect. The muta-
tion p.R954X appears most frequently in the Czech
population'® and in a French-Canadian cluster.”!
In contrast, the p.R1109X variant predominates in
Gypsies.'”>!® Before the case of our Japanese
patient, the p.R529Q mutation had been identified
only in Turkish children'! and a patient in France
(the national origin was not described in the
report).”’ Because the p.R529Q mutations arose
from these entirely distinct ethnic and racial popu-
lations, the mutations may have distinct ancestral
origins. On the other hand, we cannot deny the
possibility that CMT4C in Turkish children and
our Japanese patient share the same ancestry by
means of the Silk Road.

The clinical aspects of CMT4C are early-onset
demyelinating neuropathy with spinal defor-
mity.!*?” While only 8-29% of CMT1A patients de-
velop spinal deformity,?**” most patients with
CMT4C show spinal deformity.'®®® As with other
types of CMT,'"?% foot deformity is often
observed in patients with CMT4C. Usually, the
deformities progress faster than the motor defi-
cits.”® Our patient showed early-onset spinal and
hand deformities with slowly progressive motor
deficits. Because her motor deficit was mild, the
existence of CMT4C was less noticeable in our
patient. Cranial nerves are broadly involved in
CMT4C cases, with hearing loss being the most
common manifestation, 0111311817192 Aqdition-
ally, asymmetrical pupil size,'® abnormality of

CMT4C in Japan

pupillary reflexes,!*16

nystagmus,®'! facial pare-
sis, 1016172021 onaye fasciculations,'* atrophy'®?°
and weakness,'® dysphagia,® vocal cord involve-
mellt,20’22 and accessory nerve palsy16 have been
reported. In our patient, hypoacousia with dimin-
ished wave I in ABR indicated acoustic nerve
involvement. Finally, combined with prolonged la-
tency of the facial nerve in NCS, delayed R1 and
R2 responses in the blink reflex suggest subclinical
facial nerve involvement.

Carpal tunnel syndrome in CMT4C, which was
also observed in our patient, is reported infre-
quently; 2 reports have been published regarding
the p.R954X mutation of SH3TC2 and carpal tun-
nel syndrome.”™* Gosselin et al.*! reported that 2
of 17 CMT4C cases possessing the p.R954X muta-
tion of SH3TC2 had carpal tunnel syndrome.
Recently, Lupski et al.?° revealed by whole-genome
sequencing in CMT patients that the p.R954X non-
sense mutation—itself or accompanied by the mis-
sense variant (p.Y169H)—is associated with carpal
tunnel syndrome and suggested that presumed
loss-of-function nonsense variants of SH3TCZ2 are
associated with carpal tunnel syndrome. However,
it is uncertain whether mutation of SH3TC2 is
related to carpal tunnel syndrome.

Our mutation analysis also revealed that
SH3TC2 mutation was detected in 1 of 426 Japa-
nese CMT patients excluding those with CMTIA.
As the proportion of CMTIA in Japanese CMT is
approximately 18%,” the estimated proportion of
CMT4C in total CMT is approximately 0.2% in Ja-
pan. Furthermore, we found that, in Japan,
CMT4C accounts for approximately 4% of CMT4,
an autosomal recessive demyelinating CMT.

Finally, we compared the proportion of CMT4C
among different regions. LasSuthovd et al.’?
detected SH3TC2 mutation in 13 of 60 autosomal
recessive demyelinating CMT patients and at least
8 of 412 CMT patients who were negative for
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PMP22 duplication/deletion in Czechoslovakia. In
addition, Baets et al.'’ examined 77 unrelated
patients who developed motor and sensory neurop-
athy within the first year of life in various Euro-
pean countries, the Middle East, and United
States. The SH3TC2 mutation accounted for 12%
of the identified mutations. Recently, Yger et al.*°
detected SH3TC2 mutation in 16 of 102 unrelated
autosomal recessive demyelinating or intermediate
CMT cases in France. Although direct comparison
is impossible because of varying experimental
designs, these studies indicate that CMT4C in Ja-
pan is actually less common than in European
countries.
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