Table 1 | Clinical characteristics of patients

{(MN—/DPN-) (MN+/DPN-) (MN+/DPN-+) (MN—/DPN+)
n 71 25 55 36
Sex (% male) 577 320 618 556
Age (years) 524 & 134+ 584 * 89 61.5 + 105 598 £ 123+
Body mass index (kg/m?) 238+ 43 242 £ 64 235+ 44 229+ 51
Type 1/type 2 16/55% 3/22 2/53* 2/34
Duration (years) 54 + 649t 57 + 56188 134 + 84%% 133 £ 85115§
HbATC (%) 101 £ 21 92 %22 97+ 24 100+ 23
Urinary CPR (ng/day) 572379 760 % 813%§ 403 + 398% 445 + 393§
Diet/oral/insulin/none 3/31/6/31% 1/14/1/9 0/21/19/15% 1/21/7/7
Retinopathy (96) 1974+t 36048 81.8"*+ 750118
PPDR or PDR (%) 145 120488 709%% 61.1115§
Nephropathy (%) 1975+t 40048 80.0%% 750118

CPR, C-peptide immunoreactivity; PDR, proliferative diabetic retinopathy; PPDR, preproliferative diabetic retinopathy. Data are expressed as

mean * standard deviation. *Patients without median neuropathy at the wrist (MN) or diabetic polyneuropathy (DPN; MN—/DPN-) and patients
with MN and DPN (MN+/DPN+), P < 0.05; **(MN—/DPN-) and (MN+/DPN+), P < 0.01; HMN—/DPN~) and patients with DPN without MN (MN~/
DPN4), P < 005; THMN—/DPN-) and (MN—/DPN+), P < 0.01; patients with MN without DPN (MN+/DPN—) and (MN+/DPN+), P < 0.01; §(MN+/
DPN-) and (MN—/DPN+), P < 0.05; §8(MN+/DPN-) and (MN—/DPN+), P < 0.01.

(%)
80 7
ns

704 I

60 1

501

404

307

20 1

MN -/ DPN - MN +/ DPN -

MN +/ DPN + MN -/ DPN +

Figure 1| Percentage of diabetes duration of 5 years or less in the four groups. Data were analyzed by y’test @l significant differences remained
after Bonferroni adjustment). *P < 0.01. DPN, diabetic polyneuropathy; MN, median neuropathy at the wrist; NS, not significant.

patients with DPN, the MN+/DPN+ group was found to have
significantly lower sensory nerve conduction velocities, as well as
prolonged median motor latency, sensory palm latency and F-
wave latencies than the MN—/DPN+ group. Motor nerve con-
duction velocities, amplitude of CMAP and SNAPs were not dif-
ferent between the two groups.

DISCUSSION

CTS is reported to occur in 2.6-20% of all patients with diabe-
tes’. In the Rochester Diabetic Neuropathy cohort, clinical evi-
dence for MN was found in 9% of patients with type 1 diabetes

mellitus and in 4% of patients with type 2 diabetes mellitus. Elec-
trophysiological evidence of asymptomatic MN was found in
22% of patients with type 1 diabetes and 29% of patients with
type 2 diabetes'®. In the current study of patients with poorly
managed diabetes, asymptomatic MN was found in 22% of
patients with type 1 diabetes and 46% of patients with type 2 dia-
betes. The prevalence of asymptomatic MN without DPN was
13%, whereas the prevalence of asymptomatic MN with DPN
was 29%. This finding is in agreement with previously published
data on the prevalence of CTS for this population (14% for CTS
without DPN, and 30% for CTS with DPN)”.
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Table 2 | Comparison of median nerve conduction studies of patients

(MN—/DPN-) (MN+/DPN-) (MN+/DPN+) (MN—/DPN+)
Distal latency (ms) 39 + 04 5.1 £ 06 54+ 0619 43+ 0449
CMAP (mV) 66 £ 169 52 £ 15 43 = 144 49 £ 17+
MCV (m/s) 537 £ 27+ 51.8 £ 3.0%85|| 47.1 £ 31188 487 £ 344
F-latency (ms) 260 + 20%+ 275+ 1.8%8§ 30.7 £ 301589 291 + 2849
SNAP (V) 183 + 55%+% 104 £ 39**§§|| 4.1 £ 34188 58 £ 264
SV (m/s) 547 & 4474 422 £ 297 393 + 48189 493 £ 4749
Palm-latency (ms) 15 £ 0.1+ 2.0 £ 029 23 £ 0319 17 £ 0249

CMAP, compound muscle action potential; MCV, motor nerve conduction velocity; SCV, sensory nerve conduction velocity; SNAP, sensory nerve
action potential. Data are expressed as mean + standard deviation. *Patients without median neuropathy at the wrist (MN) or diabetic polyneuropa-
thy (DPN; MN—/DPN-) and patients with MN without DPN (MN+/DPN=), P < 0.05; *(MN—/DPN-) and (MN+/DPN-), P < 0.01; +(MN—/DPN-) and
patients with MN and DPN (MN-+/DPN+), P < 0.01; :(MN—/DPN—) and patients with DPN without MN (MN—/DPN+), P < 001; §(MN+/DPN-) and
(MN+/DPNH), P < 005; §8(MN+/DPN=) and (MN+/DPN+), P < 0.01; ||(MN+/DPN=) and (MN~/DPN+), P < 001; (MN+/DPN+) and (MN—/DPN+),

P < 001.

Interestingly, the frequency of CTS increases after the diag-
nosis of diabetes in comparison with the rate of CTS before
clinical diagnosis. This is because before diagnosis, exposure to
hyperglycemia is generally shorter and less severe'’. On the
basis of these reports, we postulate that asymptomatic MN in
patients who do not have DPN might be an early manifestation
of diabetes. In the current study, compared with the MN and
DPN group, the MN without DPN group comprised more
patients in the early phase of diabetes (diagnosed within the
past 5 years), and fewer patients with diabetic microangiopathy.
The present results suggest that MN is found in the early phase
of diabetes when DPN has not developed yet.

Although it is not conclusive that diabetes mellitus is a pre-
disposing factor to CTS, the fact known as the “double crush”
hypothesis™, that the median nerve might become more sus-
ceptible to pressure effects in the carpal tunnel when underlying
diabetic neuropathy is present’, suggests it. However, CTS with-
out DPN is found in 14% of patients with diabetes worldwide.
Additionally, the severity of DPN does not associate with the
prevalence of CTS among patients with diabetes™. Therefore,
the double crush hypothesis might not completely account for
the mechanisms underlying CTS in patients with diabetes.

Metabolic factors should also be considered when investigat-
ing entrapment syndromes in patients with diabetes”. Interest-
ingly, glycemic control® and aldose reductase inhibitor (ARI)
treatment'® result in the improvement of nerve conduction
velocities across the carpal tunnel. This suggests that the mech-
anisms of CTS in patients with diabetes result from the meta-
bolic factors related to hyperglycemia: The major metabolic
factors involved in- diabetic neuropathy include activation of the
polyol pathway and a decrease in Na*"-K" adenosine triphos-
phate (ATP)ase activity'®. Both impaired Na*-K* pump func-
tion by inactivation of Na'-K" ATPase activity, and increased
intra-axonal sorbitol - concentration would cause intra-axonal
Na* accumulation, leading to axonal edema'®. Accumulation of
intra-axonal Na® would decrease the Na™ gradient across the
axolemma, resulting in reduced Na currents when generating

an action potential'’. ARI treatment increases nodal Na* cur-
rents and improves the slowing of nerve conduction across the
carpal tunnel'®, ARI treatment could then decrease the pressure
of the carpal tunnel; this would be consistent with a lessening
of axonal edema'®, Thus, axonal edema could have a significant
impact at common sites of entrapment in patients with diabe-
tes.

DPN results from a complex interaction between functional
nerve impairment mediated by metabolic factors directly related
to hyperglycemia and structural changes, such as axonal degen-
eration and demyelination, caused by microangiopathy™>'*%,
In NCS, diabetic neuropathy is characterized by the coexistence
of nerve conduction abnormalities at common sites of entrap-
ment and dying-back degeneration®’. In the present study,
median SNAP was relatively normal, and the degree of axonal
dysfunction was milder in patients with MN without DPN than
in those with MN and DPN. ‘A slowing of nerve conduction
across the carpal tunnel in patients with diabetes without DPN
could principally be as a result of an impairment in axonal
function. When comparing patients with MN without DPN
with those with MN and DPN, the latter are considered dying-
back axonal polyneuropathy, whereas the former might partly
constitute the pathophysiology of diabetic neuropathy at com-
mon sites of entrapment. We speculate that metabolic factors
related to hyperglycemia lead to axonal edema, and could con-
tribute to median nerve compression at common sites of
entrapment in the early phase of diabetic neuropathy.

Assessment of nerve conduction. abnormalities across the car-
pal tunnel is difficult in patients with DPN, because MN and
DPN might affect median nerve conduction in a similar man-
ner. ‘Electrodiagnostic criteria for the diagnosis of MN in
patients with an underlying DPN have not been established.
Several electrodiagnostic techniques have been proposed to
determine MN in patients with DPN’. Comparative median-
radial sensory nerve studies appear to be the most sensitive
electrodiagnostic tests in the detection of MN in diabetic
patients®’. As routine nerve conduction tests were carried out

712

J Diabetes Invest Vol. 5 No. 6 November 2014

© 2014 The Authors, Joumnal of Diabetes Investigation published by AASD and Wiley Publishing Asia Pty Ltd

—140—



in the current study, prolongation of the difference in sensory
onset latency between the palm to wrist and digit 2 to palm
was used in the evaluation of MN. Therefore, many patients
were excluded from the analysis to avoid complications caused
by the inclusion of other neuropathies. Furthermore, we
assessed polyneuropathy as a reduction of SNAPs in the med-
ian, ulnar and sural nerves. Patients with more severe symp-
toms were considered to have polyneuropathy.

At the point of diagnosis, DPN is generally identified by
structural changes that are irreversible. Therefore, early detec-
tion of neuropathy is important to prevent the progression of
DPN. Further investigations using a large sample size and sen-
sitive electrodiagnostic tests will be required to elucidate the
mechanisms of functional nerve impairment in patients with
diabetes.

In conclusion, abnormalities in nerve conduction across the
carpal tunnel are found in the early phase of diabetes at a time
when DPN has not developed yet. Asymptomatic MN in
patients with diabetes without DPN might be caused by an
impairment in axonal function mediated by metabolic factors
at common entrapment sites. These findings could be used as
guidelines to assist in the identification of early manifestations
of diabetic neuropathy.
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Charcot-Marie-Tooth#% (CMT) (X#E =M E
BB = 2 — 1 2% F — (hereditary motor
sensory neuropathy : HMSN) & 3 EH X 1,
RS 2 —uNF—DHRTH - & BRERI R
FERBT Bo MR I3 PN G 55 BT 0 AT
PR R T Ry v v R VR b VEET IR 2
i MR (pes cavus) s HBIREBE (hammer toe)
L ERREBET B MRS 2 — 18— 2,
CMT PAMC & BB HE D APEE SN S ER
B = 2 — v /¥ F — (hereditary motor
neuropathy : HMN) R &5 B #EM & HE &
N5 EEEREEEEMEE = 2 - XF—
(hereditary sensory and autonomic neuropathy -
HSAN)., 7304 FOEREASN L RKEME:
73IgA4 F=z—us%F — (familial amyloid
neuropathy : FAP), EHI#IcL DFERINS

BEEERTEE = 2 — 178 F — (hereditary
neuropathy with liability to pressure palsies -
HNPP). #IEMZ neuralgic amyotrophy % & 72
IR B AE AR A FEHEE (hereditary neu-
ralgic amyotrophy : HNA) 7% &, Z O4hic b
Bex e WBNED B, ZhE TICCMT &, 4%
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xR (hereditary spastic paraparesis : HSP)
R B EAEE  (spinal muscular atrophy :
SMA)., #EM/NMIRFREE. FO5 55 254 1)
FRIALAE (familial amyotrophic lateral sclerosis :
FALS)., #f# 3 /%5 — (distal myopathy)
T, BEERE LT a—uanF—% 2
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THEHMAEEN TV D, ZOMICH, B

* Comprehensive mutation analysis of 304 patients with clinically suspected Charcot-Marie-Tooth disease using exome se-

quencing.
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PRI E NSz R Y O EEEKRE 476 O H D
B, RESNABERIEB®HREZ D LIS, BIKRMIC

£1 42707 V4DNASF v FIZ X BHHRL-BEAE
ZFI AT

AARS CMT2N

46XY partial gonadal
DHH dysgenesis, with mini-
fascicular neuropathy

EGR2 CMT1D

Giant axonal
neuropathy

GARS CMT2D

CMT2ZK, CMTRIA,
CMT4A

GJB1 | CMTX1
HSPB1 | CMT2F
HSPB8 | CMT2L
KARS  CMTRIB
CMT LITAF | CMTIC
LMNA | CMT2B1
MEN2 | CMT2A2
MPZ CMTIB
MTMR2 | CMT4B1
NDRG1 | CMT4D
NEEL | CMTIF, CMT2E
PMP22 | CMT1A, HNPP
PRX | CMT4F
RAB7A | CMT2B
SBF2 CMT4B2
SH3TC2 | CMT4C
YARS | CMTDIC
DNM2 | CMT2M, CMTDIB

Agenesis of the corpus
SLC12A6 | callosum with
peripheral neuropathy

GAN

GDAP1

Ataxia, early-onset,

Other hereditary with oculomotor
neuropathies APTX apraxia and
hypoalbuminemia
TDP1 SCAN1

SETX AOA2, ALS4
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T B —HaHS T (single nucleotide poly-
morphisms : SNP), dbSNP (http://www.ncbi.
nlm.nih.gov/projects/SNP/index.html/) % 1000
Genome Project .(http://browser.1000genomes,
org/) HREDAKFT—F X—RTHE L., B
STV B EREHER L, B0 VIHZ
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42—l 7,
(1)%%%&@M@:%ﬁ@%%%ﬁk
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LMNA, LRSAM1, MARS, MED25, MEN2, MPZ, MTMR2, NDRG1, NEFL, PDK3, PMP22,
PRPS1, PRX, RAB7A, SBF1, SBF2, SH3TC2, TRIMZ, TRPV4, YARS
HMN 6 - HSPB3, DCTN1, FBLNS5, IGHMBPZ, BSCL2, SLG5A7
' ATL1, CCT5, DNMTI, DST, FAM134B, FLVCR1, IKBKAP, NGF, NTRK1, SCNOA, SPTLC1
HSN/HSAN 13 SPTLC2, WNK1
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SMA 7 ASAH1, ATP7A, DNAJBZ, NAIP, PLEKHG5, SMN1, UBA1
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Comprehensive mutation analysis of 304 patients with clinically suspected
Charcot-Marie-Tooth disease using exome sequencing.

Yujiro HIGUCHIY, Akihiro HASHIGUCHIY, Junhui YUANY, Akiko YOSHIMURAY,
Tomonori NAKAMURAY, Yuji OKAMOTOY, Jun MITSUI?, Shoji TSUJI?
and Hiroshi TAKASHIMA"

Upepartment of Neurology and Geriatrics, Kagoshima University Graduate School of Medical and
Dental Sciences, Kagoshima '
Ypepartment of Neurology, Graduate School of Medicine, University of Tokyo, Tokyo

Charcot-Marie-Tooth (CMT) disease comprises a group of clinically and genetically heterogeneous
inherited peripheral neuropathies. Genetic studies have revealed at least 50 disease-causing genes
in patients with CMT. Concomitant with the increase in the number of genes, the labor and reagent
costs for molecular genetic testing have significantly increased. We performed whole exome se-
quencing in 304 patients with suspected CMT that was refractory to molecular diagnosis, using a
custom microarray containing DNA of 28 known CMT disease-related genes. We found apparent
causative mutations in 83/304 (27.3%) patients. These pathogenic mutations affected not only
CMT-related genes but also the causative genes of neuromuscular diseases mimicking CMT includ-
ing those in 54 patients with CMT-related genes, 6 patients with hereditary motor neuropathy
related genes, 2 patients with spinal muscular atrophy-related genes, 6 patients with amyotrophic
lateral sclerosis-related genes, 2 patients with distal myopathy-related genes, 4 patients with
hereditary spastic paraparesis-related genes, and 8 patients with other hel‘editary neuropathy-
related genes. Therefore, this study demonstrates that exome sequencing is an accurate and ef-
ficient molecular diagnostic tool for patients with inherited peripheral neuropathy.

Key Words: Charcot-Marie-Tooth disease, exome analysis, next-generation sequencing
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Neurofilament light mutation causes hereditary motor
and sensory neuropathy with pyramidal signs

Akihiro Hashiguchi, Yujiro Higuchi, Miwa Nomura, Tomonori Nakamura, Hitoshi Arata,
Junhui Yuan, Akiko Yoshimura, Yuji Okamoto, Eiji M‘atsuura, and Hiroshi Takashima

Department of Neuro'/ogy and Geriatrics, Kagoshima University, Graduate School of Medical and Dental Sciences,

Kagoshima City, Japan

Abstract To identify novel mutations causing hereditary motor and sensory neuropathy
(HMSN) with pyramidal signs, a variant of Charcot-Marie-Tooth disease (CMT), we screened
28 CMT and related genes in four members of an affected Japanese family. Clinical
features included weakness of distal lower limb muscles, foot deformity, and mild .
sensory loss, then late onset of progressive spasticity. Electrophysiological studies revealed
widespread neuropathy. Electron microscopic analysis showed abnormal mitochondria and
mitochondrial accumulation in the neurons and Schwann cells. Brain magnetic resonance
imaging (MRI) revealed an abnormally thin corpus callosum. In all four, microarrays detected
a novel heterozygous missense mutation ¢.1166A>G (p.Y383C) in the gene encoding the
light-chain neurofilament protein (NEFL), indicating that NEFL mutations can result in a
HMSN with pyramidal signs phenotype.

Key words: Charcot-Marie-Tooth disease, gene chip array, hereditary motor and sensory
neuropathy with pyramidal signs, light-chain neurofilament protein (NEFL), mitochondrial

accumulation

Introduction

Hereditary motor and sensory neuropathy (HMSN)

with pyramidal signs includes a genetically and clin-
ically heterogeneous group of neuropathies affecting
motor and sensory nerves and the spinal cord. The
following three subtypes are identified according to
the hereditary pattern: autosomal dominant, autosomal
recessive, and X-linked (Borhoumi et al., 2001; Goto
etal., 2003).

Despite clinical heterogeneity, mutations in only
one gene, mitofusin 2 (MFNZ2), have been linked to
HMSN with pyramidal signs (Zhu etal., 2005). In
contrast, more than 30 types of hereditary spastic
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of Medical and Dental Sciences, 8-35-1 Sakuragaoka, Kagoshima
City, Kagoshima 890-8520, Japan. Tel: +81-99-275-5330; Fax:
+81-99-265-7164; E-mail: thiroshi@m3.kufm.kagoshima-u.ac.jp
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paraplegia (HSP) are caused by mutations in separate
genes (Patel et al., 2002, Irobi et al., 2004, Klebe et al.,
2006; Rainier et al., 2008). Moreover, these etiologi-
cally distinct HMSNs have many overlapping features.
Some patients with distal hereditary motor neuropathy
5 (HMNB), resulting from a BSCL2 mutation, were
expressed as a different phenotype with pyramidal
signs and slight sensory loss (Windpassinger et al.,
2004; Luigetti et al., 2010).

Light-chain neurofilament protein (NEFL) gene
encodes the light chain neurofilament protein.
Mutations in NEFL are associated with demyeli-
nating Charcot-Marie-Tooth disease (CMT) (CMT
type 1F), axonal CMT (CMT type 2E), and unspec-
ified CMT (Mersiyanova etal, 2000; De Jonghe
etal., 2001, Georgiou etal., 2002, Yoshihara et al.,
2002; Jordanova etal., 2003; Choi etal, 2004;
Leung etal, 2006, Miltenberger-Miltenyi et al.,
2007; Yum et al., 2009). Here we report five genera-
tions of a Japanese family with autosomal dominant
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HMSN with pyramidal signs caused by a novel NEFL
mutation.

Materials and Methods

We investigated five generations of a Japanese
family including 10 individuals with suspected HMSN
with pyramidal signs.  To confirm the diagnosis and
elucidate the underlying genetic cause, four affected
members of this family were examined (Fig. 1). The
study protocol was reviewed and approved by the
Institutional Review Board of Kagoshima University. All
family members provided written informed consent.

Standard nerve conduction studies were per
formed in patient 1 at the age of 57years and in
patient 2 at the age of 65 years. Skin temperature was
maintained above 30°C.

A left sural nerve biopsy obtained from patient 2
at the age of 65 years was analyzed for morphometric
changes using light and electron microscopes.

Genomic DNA was extracted from the periph-
eral blood. The custom MyGeneChip® CustomSeq®
Resequencing Array (Affymetrix, Inc., Santa Clara,
CA, USA) was designed to screen: CMT and related
diseases such as' ataxia with oculomotor apraxia
types 1 and 2, spinocerebellar ataxia with axonal
neuropathy, and distal hereditary motor neuropathy.
We designed 363 primer sets to include the entire
coding regions and flanking sequences of the following
28 disease-causing genes: early growth response 2
(EGR2), peripheral myelin protein 22 (PMP22), myelin
protein zero (MPZ), gap junction protein beta 1 (GJB1),
periaxin  (PRX), lipopolysaccharide-induced TNF-a
factor (LITAF), neurofilament light chain polypeptide
(NEFL). ganglioside-induced differentiation-associated
protein 1 (GDAP1), myotubularin-related protein 2
(MTMRZ2), SH3 domain and tetratricopeptide repeats
2 (SH3TC2), SET-binding factor 2 (SBF2), N-myc down-
stream regulated 1 (NDRGT), mitofusin 2 (MFNZ2),
Ras-related GTPase 7 (RAB7), glycyl-tRNA synthetase
(GARS), heat shock protein 1 (HSPB1), HSPB8, lamin
A/C (LMNA), dynamin 2 (DNM2), tyrosyl-ARS (YARS),
alanylFARS (AARS), lysyl-ARS (KARS), aprataxin (APTX),
senataxin (SETX), tyrosy-DNA phosphodiesterase 1
(TDP1), desert hedgehog (DHH), gigaxonin 1 (GANT),
and K-CI cotransporter family 3 (KCC3). In addition,
primer sets were designed to include the entire coding
regions and flanking sequences of following nine can-
didate genes: ankyrin 3 (ANK3), contactin 1 (CNTN1),
CNTN2, cysteinyl-FARS (CARS), glutamyl-proly-FARS
(EPRS), hystidyl-ARS (HARS), methionyl-ARS (MARS),
seryl-ARS (SARS), and sodium channel, voltage gated,
type VIII, alpha subunit (SCN8A). The details of gene
chip analysis have been previously described (Zhao

Journal of the Peripheral Nervous System 19:311-316 (2014)

etal, 2012); therefore direct sequencing was per
formed to confirm the mutations revealed by gene
chip analysis.

Results
Patient 1

Patient 1 (IV-6, Fig. 1), a 81-year-old male, devel-
oped gradually progressive gait disturbance beginning
at age 50. He had a spastic and ataxic gait with mild

- distal atrophy and diffuse weakness (4/5) in the lower

limbs. He had lower limb spasticity, brisk patellar ten-
don reflexes, and positive Babinski signs. Bilateral pes
cavus was noted. Light touch and proprioception were
decreased in all limbs, whereas vibration was markedly

decreased at the ankles. The ankle and upper limb deep

tendon reflexes were absent. There was no evidence
of extrapyramidal involvement. CMT neuropathy score
was 12 (Murphy et al., 2011).

Patients 2 and 3

Patients 2 {IV-3, Fig. 1) and 3 (IV-2, Fig. 1) were
66- and 67-year-old brothers of patient 1. They both
experienced gait dysfunction and weakness in the
lower limbs that started in their mid-50s. Examination
revealed pes cavus, mild weakness in the lower limbs,
absent Achilles tendon reflexes, brisk patellar tendon
reflexes, and positive Babinski signs. Vibration was
moderately decreased at the ankles. CMT neuropathy
score of patient 2 was 9, but patient 3 could not be
calculated because of lack of nerve conduction studies.

Patient 4

Patient 4 {I1l-4, Fig. 1) was the 93-year-old bedrid-
den mother of patients 1, 2, and 3. She suffered from
contracture, pes cavus, atrophy in the lower limbs, and
severe spasticity. She had brisk patellar tendon reflexes
and positive Babinski signs but absent Achilles tendon
reflexes. CMT neuropathy score could not be calcu-
lated. '

The thickness of genu (G), middle trunk (MT), and
splenium (S) of corpus callosum was measured in the
sagittal magnetic resonance imaging (MRI) of patient 1
(T2-weighted) and patient 2 (T1-weighted). In patients 1
and 2, the thickness of G (normal range: 12.6 + 1.5 mm),
MT {normal range: 70+ 0.8 mm), and S (normal range:
12.6+ 1.6 mm) were 71 and 79mm, 3.6 and 3.5, 75
and 7.7 mm, respectively (Okamoto et al., 71990). These
results revealed thinning of the corpus callosum in both
patients (Fig. 2A and 2B). The MRI of the cervical and
thoracic spinal cord was normal.

In patient 1, motor nerve conduction velocities
(MCVs) of tibial (normal: >41.7 m/s) and peroneal (nor
mal: >41.8m/s) nerves were 33 and 36 m/s, respec-
tively. Compound muscle action potential (CMAP) of
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Figure 1. Pedigree of the hereditary motor and sensory neuropathy-V (HMSN-V) family. The arrow indicates the proband. The
affected individuals are represented by solid black symbols, and healthy individuals by open symbols.

the tibial nerve (normal: >4.4mV) was 4.1mV. The
F-wave latencies of the median (normal: <28.2 ms),
ulnar (normal: <29.7 ms), and tibial {(normal: <51.7 ms)
nerves were 33, 30, and 56 ms, respectively. Sen-
sory nerve action potentials (SNAPs) from the median,
ulnar, and sural nerves were undetectable. Similarly, in
patient 2, MCVs of the tibial and peroneal nerves were
39 and 32m/s, respectively. CMAPs of the ulnar (nor
mal: > 6.0mV), tibial, and peroneal (normal: > 2.2 mV)
nerves were 3.8, 2.0, and 0.2 mV, respectively. SNAPs
from the median, ulnar, and sural nerves were unde-
tectable. The F-wave latency of the tibial nerve was
53 ms. Nerve conduction studies on patients 1 and 2
suggested an axonal type of motor and sensory neu-
ropathy (Table 1). Needle electromyogram was not per-
formed in all patients. -

A sural nerve biopsy from patient 2 exhibited slight
decrease in large-diameter myelinated fiber densities
in all fascicles. Although giant axons and onion bulb
formation were not detected, fibers with relatively
thin myelin were frequently observed together with
occasional small fiber clusters (Fig. 2C). The propor
tion of myelinated fibers with diameters >6.0 pm was
18%, and the myelinated fiber density was 7.686/mm?
(>8,000/mm?). The histogram of myelinated fibers
shows unimodal distribution (Fig. 2D). Electron micro-
scopic analysis showed abnormal mitochondria and
mitochondrial accumulation in about 10% of neurons
and Schwann cells (Fig. 2E and 2F). The accumulation
of intermediate filament was not observed.

Using the custom gene chip, we identified a mis-
sense heterozygous mutation, ¢.1166A>G (designated
p.Y389C), in exon 2 of NEFL in patient 2. Subse-
qguently, the other three affected family members
showed the same mutation (Fig. 2G). In healthy family
members, no gene testing was done. A sequence
homology search was performed to align protein
sequences from multiple species using the Homolo-
Gene (http://ncbi.nim.nih.gov/homologene) system.
Tyrosine 389 was conserved among all species ana-
lyzed (Fig. 2H). This mutation was neither found in 453
controls with inherited neuropathy nor in the 1,000
Genomes websites listing human genetic variations in
2,500 samples (including 500 East Asian samples). Fur
thermore, we could computationally predict the effect
of the p.Y389C mutation on protein function using
the MUpro (http:/mupro.proteomics.ics.uci.edu) and
PolyPhen-2  (http://genetics.bwh.harvard.edu/pph2/)
algorithms. The MUpro score of —0.737 is indicative
of a decrease in protein stability (scores <0 indicate a
decrease in protein stability) and a PolyPhen-2 score
of 1.00 indicates a significant probability of pathogen-
esis. Using a sequence homology search, we showed
that p.Y389 is a completely conserved amino acid
residue, suggesting that it may have a potential func-
tional impact on NF-L. In order to exclude diagnosis
of HMNbB with pyramidal sign and sensory loss by
the BSCL2 gene mutation, we analyzed that gene by
Sanger method resequencing, we did not find any
mutation.
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Macasa mulatta 379 KMALDIEIAAYRKLLEGEELTRLSFTSVG
Bos tanrus 380 KMALDIEIAAYRKLLEGEETRLSF1SVG
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Figure 2. Radiological, pathological and genetic findings of the hereditary motor and sensory neuropathy-V (HMSN-V) family.
(A) Brain magnetic resonance imaging (MRI) of patient 1 and (B) patient 2 showing a thin corpus callosum (arrows). (C) Toluidine
blue and safranin staining of left sural nerve from patient 2 shows occasional small fiber clusters (arrowheads). (D) Histogram of
myelinated fibers. (E, F) Electron microscopé images show mitochondrial accumulation and abnormal mitochondrial structure
(arrow) in neuron (E) and Schwann-cell (F). (G) Chromatogram of the heterozygous ¢.1166A>G (Y389C) mutation in exon 2
of NEFL: upper, four affected members; bottom, control. (H} Comparison of aligned NEFL amino acid sequences between
species. Arrow head (v) indicates the mutated amino acid.
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Table 1. Nerve conduction studies in patients 1 and 2.

Journal of the Peripheral Nervous System 19:311-316 (2014)

Median Ulnar Tibial Peroneal Sural
MCV CMAP SCV SNAP - MCV CMAP SCV SNAP MCV CMAP MCV CMAP SCV SNAP
Nerve (>49.6) (>3.1) (>47.2) (>7.0) (>50.1) (>6.0) (>46.9) (>6.9) (>417) (>4.4) (>41.8) (>6.7) (>40.8) (>5.0)
Pt. 1 48.7 9.2 N.R. N.R. 50 © 88 N.R. 333 4.1 364 29 N.R.  N.R.

P.2 482 75 416 74 523 38

N.R. 38.8 2 324 0.2 N.R. N.R.

CMAP compound muscle action potential; MCV, motor conduction velocity; N. R not recordable; Pt, patient; SCV, sensory conduction velocity;

SNAPF sensory nerve action potential.

Discussion

All four patients showed a gradually progressing
spastic gait, which along with findings from physical
examinations and nerve conductions, confirmed the
involvement of upper motor neurons and sensory and
motor peripheral nerves. MRI of patients 1 and 2
revealed unremarkable changes other than a markedly
thin corpus callosum, a structural abnormality not
previously reported in patients with NEFL mutations,
but common in some forms of SPG. To the best of our
knowledge, no pyramidal tract disorder has been noted
in any patients with NEFL mutations.

NEFL encodes the neurcfilament light polypep-
tide (NF-L), the smallest of the three neurofilament
isoforms, and a cytoskeletal protein almost univer
sally expressed in the central nervous system (CNS),
and peripheral nervous system (PNS). At the subcellu-
lar level, neurofilaments are observed in the somata,
axons, and dendrites, where they control developmen-
tal and plastic changes in the neuronal morphology.

NF-L is divided into the following three domains:
head, rod, and tail. Several mutations that cause CMT
type 1F or 2E are distributed in the head or rod
domain, whereas the p.Y389C mutation is located in
the Coil2B section of the rod domain. The follow-
ing three additional mutations in the Coil2B domain
were reported in patients with CMT. p.Q333F p.L334R
and p.E397K (Mersiyanova et al., 2000; Choi et al.,
2004). Including these, all NEFL mutations, autoso-
mal dominant p.P8R, p.P8Q, p.P8L, p.T21fs, p.P22T,
p.P22S, p.E8IK, p.L93R p.N97S, p.A148V, p.Q333R
p.L334R E397K, and autosomal recessive p.E210X, do
not cause pyramidal signs (Mersiyanova et al., 2000;
De Jonghe et al., 2001, Georgiou et al., 2002; Yoshi-
hara etal., 2002; Jordanova et al., 2003; Choi et al.,
2004; Leung et al., 2006, Miltenberger-Miltenyi et al.,
2007; Yum et al., 2009). However, some patients with
autosomal dominant p.L93P mutation had cerebellar
ataxia and schizophrenia (Miltenberger-Miltenyi et al.,
2007), and a patient with autosomal dominant p.N97S

mutation had learning disorder and nystagmus (Jor

danova et al., 2003). Furthermore some patients with
autosomal recessive p.E210X mutation had learning

disorder and prolonged visual-evoked responses (Yum
et al., 2009). These findings suggest the potential to
cause CNS disorders by NEFL mutation.

Another NF-L mutation altered the intracellu-
lar distribution of mitochondria in cultured neurons
(Perez-Olle et al., 2004). Mutations in MFNZ2, a gene
associated with both CMT and HMSN with pyramidal
signs, may cause axonal damage by mitochondrial
fusion disorder. Similarly, the abnormal mitochondria
and mitochondrial accumulation in the neurons and
Schwann cells in our patient, NEFL mutation may
also result in axonal damage by altered mitochondrial
distribution both in PNS and CNS because of the broad
pattern of expression.
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A Family with Distal Hereditary Motor Neuropathy and
a K141Q Mutation of Small Heat Shock Protein HSPBI
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Abstract

We herein describe a Japanese family with distal hereditary motor neuropathy carrying a K141Q mutation
of small heat shock protein HSPBI1. Two patients among them had late onset disease (older than 50 years).
The muscles of the distal legs were weak and atrophic. Sensory and autonomic dysfunction were not seen.
Even eight years after onset, one patient could still walk without support. A nerve conduction study revealed
axonal degeneration of the motor nerves of the legs. A heterozygous K141Q mutation was detected in the af-
fected patients. The late onset and mild clinical phenotype might reflect the mild biochemical alteration of

HSP27 induced by the K141Q mutation.
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Introduction

Mutations of several genes are known to cause distal he-
reditary motor neuropathy (dHMN). There is often an over-
lap with Charcot-Marie-Tooth disease (CMT2) and the juve-
nile form of amyotrophic lateral sclerosis. Heat shock pro-
tein (HSP) 27 is one of the causative proteins resulting in
dHMN or CMT2F. Its clinical phenotypes differ based on
the HSPBI! mutations (1). In Japan, only three families with
dHMN and HSPBI mutations have been reported so
far (2-4). We herein report another family with dHMN with
a mutation in this gene.

Case Reports

Case 1 (the proband)

A 69-year-old man presented with gait disturbance which
had appeared one year earlier. He did not have numbness in
his feet. Before the onset, he had been exercising at a gym
near his house. He had not been exposed to any toxic or-
ganic solvent or heavy metals. There were some individuals
showing similar symptoms in his family.

During the initial examination, the patient was alert, and
there were no abnormal finding for his cranial nerves. Mus-
cular atrophy was obvious in his legs, and pes cavus was
observed (Fig. 1A). The muscle strength was decreased to
4/4 in the anterior tibial muscles. The strength of the other
muscles was normal. Sensations of light touch, pain, tem-
perature, vibration, and position were normal. The tendon
reflexes were symmetrical and decreased in all four limbs.
No pathological reflex was evoked. The patient’s coordina-
tion was normal. He could not stand on his heels. He did
not have any autonomic symptoms, such as orthostatic hy-
potension or urinary incontinence. The complete blood cell
count was normal. The erythrocyte sedimentation ratio was
13/33 mm (one hour/two hours). The parameters of liver
function and renal function were within the normal limits.
The serum level of creatine kinase was mildly elevated, to
488 TU/L. The levels of fasting blood glucose, electrolytes,
and lipids were normal. Anti-nuclear antibody, proteinase 3-
anti-neutrophil cytoplasmic antibody (PR3-ANCA), and
myeloperoxidase (MPO)-ANCA, and the levels of vitamin B
1, B12 and folic acid were normal.

The cell count of the cerebrospinal fluid (CSF) was 2/3
mm’. The levels of protein and glucose in the CSF were 46
mg/dl. and 64 mg/dL, respectively. A nerve conduction
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Figure 1. Photographs of the patients’ legs (left) and feet (right). A: Case 1, B: Case 2

Table.. The Results of the Nerve Conduction Study of Case 1

Nerve ~ Motor Sensory e

DL(ms) CV(m/s) = CMAPmV) DL (ms) CV(m/s) SNAP(uV)

. R L R. L R. L. R L R L R. L ..
. Median 55 48 53 52 7.3 6.7 33 29 60 62 24 33
“Ulnar 2725 61 61 47 713 23 2. 2 66 78 25 26

Tibial 6.9 64 40 34 0.4 1.1 e

Sural 33 3. 0 42 47 4.2 14

DL: distal latency, CV: conductlon velocity, CMAP: compound muscle action potential,
SNAP sensory nerve actlon potentlal R: nght L leﬁ o

study  (Table) revealed a decreased amplitude of the com-
pound muscle action potentials in-the tibial nerves. The am-
plitudes of the: other motor nerves were relatively spared.
The amplitude:of the sensory nerve action potential was not
decreased, except for the right sural nerve. The conduction
velocities. were not decreased in either: the motor or sensory
nerves. He refused to undergo a sural nerve biopsy. -

Case 2 (th,e_'sdn’ of the proband’s 'cousin)

The second patient was sixty years old at the time of our
examination. He had experienced difficulty walking for eight
years. His grandmother had also experienced difficulty walk-
ing. The patient’s calf was atrophic and pes cavus was also
found (Fig. 1B). The muscle strength was 1/1 at the anterior
tibial muscles and 2/2 at the gastrocnemius muscles. The
strength of the other muscles was normal. He did not have
any sensory symptoms, such as numbness. The sensations of
light touch and temperature were normal, but the vibration
sensation was slightly decreased. All tendon reflexes were

decreased.. No .pathological- reflex: was' evoked. He could
walk by himself without any support.

Other family members (Fig. 2A)

Three cousins of the proband had similar symptoms. One
of them had previously been examined at another hospital.
He had undergone sural nerve biopsy and was diagnosed
with axonal type CMT, but had not underoone a genetic di-
agnosis. Although the surviving ‘patients had some level of
walking disability, their activity of daily life was relatively
preserved. The disease onset was after age fifty in all of the
patients. Although we asked the family members to undergo
re-examination  of their neurological condition, they rejected
our proposal.

Gene analysis of the proband and his famlly
(Flg 2B)

Genomlc DNA was extracted from the peripheral blood
leukocytes of the patients using the Gentra Puregene Blood
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Figare 2. The pedigree of the family with the heat shock protein 27 (HSP27) ¢.412A>C mutation
(A). The arrow indicates Case 1 (the proband). The arrowheads indicate subjects who underwent a
genetic analysis. Open circles (women) and squares (men) denote unaffected individuals, and filled
symbols denote affected family members. Symbols with a strike through them indicate deceased fam-
ily members. The electropherograms for the brother of Case 1 (left), Case 1 (middle), and Case 2
(right) (B). The arrows indicate nucleotide 421 in HSPBI.

Kit (Qiagen, Duesseldorf, Germany). A panel of sixty genes,
including 40 known CMT disease-causing genes and 20
candidate genes were screened (AARS, ANKG, APTX,
ARHGEF10, CARS, CNTF, CNTN2/TAG1, DARS, DHH,
DNM?2, EGR2, EPRS, FARSA, FARSB, FGD4, FIG4,
GAN, GARS, GDAPI1, GJB1, HARS, HKI1, HOXDI10,
HSPB1, HSPBS, IARS, KARS, KCC3, LARS, LITAF,
LMNA, MARS, MED25, MEN2, MPZ, MTMR2, NARS,
NDRGI1, NEFL, PEPD, PMP22, PRPS1, PRX, QARS,
RAB7, RARS, SARS, SBF2, SCN8A, SETX, SH3TC2,
SOX10, TARS, TDP1, TRPV4, TTR, VARS, WARS and,
YARS). Using the Primer 3 program, we designed 861 oli-
gonucleotide primers covering the entire coding exons and
exon-intron junctions, with an amplicon length of 350-500
base pairs. Briefly, all fragments were amplified by multi-
plex polymerase chain reaction (PCR) (Qiagen Multiplex
PCR Kit; Qiagen) and then were mixed to build the ampli-
con DNA library. As an initial input, 50 ng of the DNA li-
brary was fragmented and tagged simultaneously with the
Nextera transposome, then multiple index 1 (i7) and index 2
(i5), as well as common adapters (P5 and P7, respectively)
were ligated. After small DNA fragments (shorter than 300
bp) were removed using the AMPure PCR purification sys-
tem (Agencourt Bioscience, Beverly, USA), the library was
adjusted to a working concentration of 2 nM. The target re-
sequence analysis was performed using a next-generation se-
quencer (MiSeq®, Illumina, San Diego, USA). After cluster
generation through a bridge PCR, paired-end sequencing
(150x2) was performed on a flow cells; clusters were im-
aged using light emitting diode (LED) and filter combina-

tions specific to each of the four fluorescently-labeled dide-
oxynucleotides. After base-calling, filtering, and quality
scoring, fastq files were generated. Using the CLC Genom-
ics Workbench 6 software program (CLC bio, Aarhus, Den-
mark), the output reads were aligned with the reference se-
quence, and thereafter the variants were called and anno-
tated for the analysis.

To confirm the mutation revealed by next-generation se-
quencer, the proband and two members of the family under-
went a genetic analysis by the Sanger method for direct se-
quencing. In the two affected individuals, we detected a het-
erozygous c.421A>C (p.K141Q) missense mutation in the
HSPBI gene. The proband’s younger brother, who was neu-
rologically normal, did not have this mutation.

Discussion

This family is the fourth reported Japanese family with
autosomal dominant dHMN with a HSPBI mutation. The
K141Q mutation was first reported by Ikeda et al. (4). The
ages of onset of their two cases were 47 years and in the
fifties. Compared with these patients, the onset in our Case
1 occurred at an older age. In the first reported family with
this mutation, severe dysfunction of the autonomic nervous
system was reported. Unlike that family, our patients did not
complain of orthostatic hypotension or neurogenic bladder.
However, the dysautonomia in the first reported family
could have been due to complicated diabetes mellitus. The
sensory involvement was minimal or subclinical in our
cases, as well as in the previously reported cases.
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Since the first report of HSPBI mutation (5), 16 different
autosomal dominant mutations and one autosomal recessive

mutation have been reported in families with CMT2 and~

dHMN (6-12). HSP27 is one of a stress-induced chaperone

protein and forms oligomers to maintain a misfolded protein :

in a refolding-competent state. The upregulation of HSP27
has been reported to be requlred for the surv1va1 of motor
and sensory neurons injured by apoptouc stress (13) In fact,
higher levels of serum HSP27 have been reported in diabetic
patients with better nerve function (14). Individuals with
mutations in the C-terminal domain of HSP27 show a more
severe phenotype, with ages at onset as young as four and
seven years (2). 8

The K141Q substitution is located in the o-crystallin do-
main of HSP27. The K141Q mutation does not dramatically
affect the quaternary structure of HSP27. The chaperone-like
activity associated with the K141Q mutation is only a little
less than that of the wild-type protein. However, oligomers
formed by proteins with the K141Q mutation are slightly
larger and less stable than those formed of the wild

type (15). The effects of the K141Q mutation on the aggre-

gation of neurofilament light polypéptide or incorporation of
neurofilament medium polypeptide into the cytoskeletal net-
work remain to be clarified. Unlike patients' with mutations
in the C-terminal domain, patients with the K141Q mutation
show late onset and a mild clinical phenotype, reflecting the
minimal biochemical changes associated with this muta-
tion (15).
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