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Abstract

We aimed to reveal the genetic features associated with MPZ variants in Japan. From April
2007 to August 2017, 64 patients with 23 reported MPZ variants and 21 patients with
17 novel MPZ variants were investigated retrospectively. Variation in MPZ variants and the
pathogenicity of novel variants was examined according to the American College of Medical
Genetics standards and guidelines. Age of onset, cranial nerve involvement, serum creatine
kinase (CK), and cerebrospinal fluid (CSF) protein were also analyzed. We identified
64 CMT patients with reported MPZ variants. The common variants observed in Japan
were different from those observed in other countries. We identified 11 novel pathogenic
variants from 13 patients. Six novel MPZ variants in eight patients were classified as likely
benign or uncertain significance. Cranial nerve involvement was confirmed in 20 patients.
Of 30 patients in whom serum CK levels were evaluated, eight had elevated levels.
Most of the patients had age of onset >20 years. In another subset of 30 patients,
18 had elevated CSF protein levels; four of these patients had spinal diseases and
two had enlarged nerve root or cauda equina. Our results suggest genetic diversity

across patients with MPZ variants.
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1 | INTRODUCTION

Mpyelin protein zero (MPZ) protein is a major structural component of
myelin and encoded by MPZ gene, which is expressed by Schwann
cells.r MPZ protein is classified as a member of immunoglobulin
superfamily and an essential membrane protein comprising 248 amino
acids.? The final structure of MPZ protein consists of three domains:
extracellular domain comprising 124 amino acids, transmembrane
domain comprising 26 amino acids, and intracellular domain compris-
ing 69 amino acids located at the C-terminus.>*

Charcot-Marie-Tooth disease (CMT) is the most common
inherited peripheral neuropathy. CMT is commonly divided into two
groups: demyelinating type with slower median nerve conduction
velocity (<38 m/s) and axonal type with maintained median nerve
conduction velocity (>38 m/s).

MPZ variants contribute to the cause of demyelinating neurop-
athy CMT1B (OMIM 118200) or axonal neuropathy CMT2l/J
(OMIM 607677/607736) and also the more severe, juvenile-onset
Dejerine-Sottas syndrome (OMIM 145900) and hypomyelinating
neuropathy, congenital, 2 (OMIM 618184).1¢ Moreover, MPZ vari-
ants are associated with dominant intermediate Charcot-Marie-
Tooth disease D (CMTDID) (OMIM 607791).” The phenotype of
CMT caused by MPZ variants varies from severe pediatric onset to
mild adult onset.?

To date, about 250 variants of this gene have been described as
the cause of inherited peripheral neuropathy (https://portal.biobase-
international.com/hgmd/pro/). There are limited studies that analyzed
large number of patients with MPZ variants.®® Our laboratory ana-
lyzed the genetic spectrum of Japanese patients with CMT.”

In this study, we investigated 85 patients to clarify the genetic
spectrum of inherited peripheral neuropathy associated with MPZ var-
iants in Japan. In addition, we also investigated the age of onset, cra-
nial nerve involvement, serum creatine kinase (CK), and cerebrospinal
fluid (CSF) protein in 77 patients with reported and novel pathogenic

variants.
2 | MATERIALS AND METHODS
2.1 | Subjects

We examined 1657 Japanese patients who were considered to have
inherited peripheral neuropathy from April 2007 to August 2017. All
patients and family members provided written informed consent to
participate in the study. Before starting this study, patients suspected
to have demyelinating CMT with median motor nerve conduction
velocity (median MCV) below 38 m/s were checked for duplication or
deletion of PMP22 using fluorescence in situ hybridization or multi-
plex ligation-dependent probe amplification, and patients with dupli-
cation or deletion of PMP22 were excluded. Clinical information and
blood/DNA samples were collected by neurologists or pediatricians
and referred to our genetic laboratory at Kagoshima University Hospi-
tal. Using the Gentra Puregene Blood kit (QIAGEN), genomic DNA

derived from patients and their families was extracted from peripheral

blood cells according to the manufacturer's instructions.

2.2 | Microarray sequencing and whole-exome
sequencing

From April 2007 to April 2012, variant screening was conducted in
417 patients using customized MyGeneChip, CustomSeq, Res-
equencing Array (Affymetrix, Inc.), targeting 28 disease-causing or
related genes of CMT. We have described the procedure of sequenc-
ing and data analysis previously.*® However, this methodology could
not identify some variants due to the false negative hybridization and
a low-detection efficiency of the DNA microarray in our laboratory.!!
Thus, we combined whole-exome sequencing to overcome these
issues. Whole-exome sequencing was performed by HiSeq2000
(llumina Inc., San Diego). Using the Burrows-Wheeler Aligner, we
aligned the sequences to human genome reference (NCBI37/hgl9)
and used SAM tools (http://www.htslib.org) for calling the variants.
The called variants annotation was performed using CLC Genomic
Workbench software program (Qiagen, Hilden, Germany) and an in-
house script. Whole-exome sequencing was performed as indicated in

the previous study.*?

2.3 | Targeted resequencing
In May 2012, we introduced the lllumina MiSeq platform (lllumina
Inc.), targeting all coding exons and exon-intron junctions of 60 dis-
ease-causing or candidate genes of inherited peripheral neuropathies.
We have described this system previously.'®> We performed variant
screening in 437 patients using this sequencing platform, until July
2014. In September 2014, we introduced the lon Proton System,
applying the lon Pl Chip kit v2/v3 BC (Thermo Fisher Scientific,
Carlsbad) and began using the lon AmpliSeq gene panel to target
72 inherited peripheral neuropathy disease-causing or candidate
genes consisting of 1800 amplicons divided into two primers. Variant
screening was conducted in 803 patients using this platform, until
August 2017.

To analyze the copy number variations of MPZ, we screened the

803 patients using CovCopCan software.'*

2.4 | Data analysis and variant interpretation

All MPZ variants were checked against the Human Gene Mutation
Database (https://portal.biobaseinternational.com/hgmd/pro/gene).
We then confirmed all variants by checking each variant against the
gnomAD browser (https://gnomad.broadinstitute.org) as a global con-
trol database and the Human Genetic Variation Database (http://
www.hgvd.genome.med.kyoto-u.ac.jp) and the Japanese Multi Omics
Reference Panel (https://jmorp.megabank.tohoku.ac.jp/ijgvd/) as

Japanese databases to assess whether they were normal variants. We
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also checked variants against our in-house database. A series of in sil-
ico analyses were executed to predict the pathogenicity of variants
using POLYPHENZ2 (http://genetics.bwh.harvard.educut/pph2, cut-off
>0.9), SIFT (http://sift.jcvi.org, cut-off <0.05), PROVEAN (http://
provean.jcvi.org/index.php, cut-off <—2.5), Mutation Taster (http://
mutationtaster.org, scores ranging between O and 215, variant
suspected of pathogenicity is classified as “disease causing” and vari-
ant suspected of less pathogenicity is classified as “polymorphism”).
We then used Sanger sequencing to validate the suspected variants,
and segregation analysis was conducted where possible. Variants
were classified according to the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology (ACMG/
AMP) guidelines published in 2015.15

The types and frequency of reported MPZ variants in our study
were compared with previous studies. We also referred to the reports
of MPZ variants in Human Genome Mutation Database (HGMD,
https://portal.biobaseinternational.com/hgmd/pro/gene). Reports
without information regarding the number of patients and related
MPZ variants were excluded. Patients with MPZ variants described in
the referenced data were aggregated. To analyze the worldwide
mutational distribution of MPZ variants, we checked the previous
reports described in HGMD. Further, we studied the types of MPZ
variants and number of patients. Data of MPZ variants reported from
the same country were also compiled. According to the origin of
patients with MPZ variants or the country from which the MPZ report
originated, we classified patients with MPZ variants into five regions
(Africa, America, Asia, Europe, and Oceania). Our data were classified
and aggregated into Asian data. Referenced data in HGMD are

described in Supporting information.

2.5 | Clinical assessment and statistical analysis
Clinical findings and laboratory data of all patients with MPZ variants
were based on their currently available information. As the large
cohort study of MPZ variants published in 20152 the age of onset of
patients aged <6, 6-20 and > 20 years was classified as infantile, child
and adult onset, respectively.

Patients with median MCV of <38 m/s were classified as demye-
linating CMT, and those with median MCV 238 m/s were classified as
axonal CMT. Patients with deficient electrophysiological findings were
designated as unclassified. Serum CK and CSF protein levels were
evaluated via blood and CSF tests. We defined elevated CK as serum
CK levels >250 IU/L and elevated CSF proteins as CSF protein levels
>50 mg/dl. The relationships among age of onset, variant type, CMT
type (demyelinating/axonal CMT), CK levels, and CSF protein levels
were evaluated. We also evaluated relationship between CSF protein
levels and spine MRI findings. Fisher's exact test was used to compare
the proportion of patients with adult onset in the elevated and normal
CK groups. Proportion of axonal CMT in elevated and normal CK
group was also compared using Fisher's exact test. The difference
between the proportion of patients with demyelinating and axonal

CMT in the elevated and normal CSF protein groups was also

evaluated using Fisher's exact test. We considered p-value of <0.05
as statistical significance. Statistical analysis was performed using R
(version 3.6.1 [2019-07-05] Copyright 2019). The study protocol was
reviewed and approved by the Institutional Review Board of

Kagoshima University. Figure S1 shows the schematic diagram of this

study.
3 | RESULTS
3.1 | Analysis of variants

In 1657 Japanese patients with suspected inherited peripheral neu-
ropathy, we identified 23 known and 17 novel MPZ variants in
85 unrelated patients. We confirmed 23 previously reported vari-
ants in MPZ gene from 64 patients with inherited peripheral neu-
ropathy from different families. The inheritance pattern of the
cases was autosomal dominant or sporadic, with 29 (45.3%)
patients considered as sporadic cases. The common MPZ variants
found in our case series were p.Arg98His, p.Thr124Met, p.
Asp75Val, p.Arg98Cys, p.Asn35Tyr, and p.Ser78Leu. CNV in the
MPZ gene have been reported as the cause of inherited peripheral
neuropathy,®'” however, none of the patient were confirmed with
CNV in MPZ gene in the preset study.

Next, we analyzed the differences in worldwide variant distribu-
tion. MPZ variants observed in more than three regions were consid-
ered to be variants distributed worldwide.

Major MPZ variants reported in patients from countries other
than Japan were p.Ser78Leu, p.His39Pro, p.Ser44Phe, p.Arg98His, p.
Thri124Met, p.Asp134Glu, p.Ser63del, p.Arg98Cys, and p.Tyr82His.
Patients with p.His39Pro, p.Ser44Phe, p.Ser63del, p.Tyr82His, and p.
Asp134Glu were not detected in our study (Figure 1). We confirmed
that 22 variants (p.Arg36Trp, p.Ser44Phe, p.Seré63del, p.Ser63Phe, p.
Thré65Ala, p.Ser78Leu, p.Tyr82Cys, p.Arg98Cys, p.Arg?8His, p.Gly103Glu,
p.Asp104Thrfs*14, p.lle114Thr, p.Thr124Met, p.Asp128Asn, p.Lys130Arg,
p.lle135Thr, p.Gly137Ser, p.Serl40Thr, p.Gly163Arg, p.Glyl67Arg, p.
GIn215* and p.Arg227Ser) were distributed worldwide, whereas six vari-
ants (p.Ser44Phe, p.Ser63Phe, p.Thr65Ala, p.lle135Thr, p.Ser140Thr, and
p.Arg227Ser) were not detected in Japan. Moreover, 13 variants
(p.Val32Phe, p.Leud8Val, p.lle62Phe, p.Pheé4del, p.Asp75Val, p.Gly93Glu,
p.Lys96Glu, p.Asp118_Tyrl1%insPheTyr, p.Asn131Ser, p.Vall46Phe, p.
Leu170Arg, p.Ala189Glyfs*47, and p.Arg227Gly) were detected only in
Japan (Table 1, Table S1).

3.2 | Analyses of novel MPZ variants

We found 17 novel MPZ variants from 21 patients and assessed each
variant based on ACMG/AMG guidelines. The pedigree trees of
21 patients with 17 novel variants are described in Figure S2. Ten of
these (p.Phe19Ser, p.Phe19Ser/p.Asp75Val, p.Ser54Tyr, p.Asp75Gly,
p.His81Asp, p.Trp101Arg, p.Ser111Tyr, p.lle112Val, p.Asn122Asp,
and p.Val142Asp) fulfilled three categories of moderate pathogenic
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FIGURE 1 Types and the number of reported MPZ variants in our study and previous reports. Types and numbers of reported MPZ variants
were adopted from HGMD. Cited reports were described in supplemental material

evidence. One variant (p.Glu37Lys) fulfilled two categories of moder-
ate pathogenic evidence and two supportive pathogenic evidences.
Thus, 11 variants were classified as likely pathogenic and considered
as novel pathogenic variants. The six remaining variants (p.
Ala5Glyfs*52, p.Val31Leu, c.234 + 1G > A, p.Val102Gly, p.Tyr119dup,
and c.646-3C > G) were classified as uncertain significance or likely
benign (Table 2). The mutation sites associated with novel missense
variants of likely pathogenic were preserved among mammalians and
located in mutational hot spots (Figure S3). p.Phe19Ser, p.Glu37Lys,
p.Asp75Gly, p.llel12Val, p.Asn122Asp, and p.Vall42Asp were

associated with adult onset, whereas p.Ser54Tyr, p.His81Asp, p.
Trp101Arg, and p.Ser111Tyr were associated with child and infantile
onset, respectively. p.His81Asp, p.Ser111Tyr, and p.Val142Asp were
classified as demyelinating CMT, whereas p.Phe19Ser, p.Glu37Lys, p.
Asp75Gly, and p.lle112Val were classified as axonal CMT (Table 3).
We compared the clinical features of 17 novel variants with the
reported variants that occurred near or at the same codon. The clinical
features of p.Ala5Glyfs*52 and p.Tyr119dup were compared with the
reported small insertions. c.234 + 1G > A and c.646-3C > G were
compared with variants occurring at intron. We observed that some
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FIGURE 2 (A) Age of onset and (A) 40 m Demyelinating
number of patients with MPZ variants. 50 m Axonal
(B) Age of onset and number of ® Unclassified
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variants had similar phenotype as the reported variants, which are
occurred near or at the same codon. Patients with p.Glu37Lys, p.
Arg36Gly, or p.Arg36Trp had adult onset and they were classified as
axonal CMT. Patients with p.Asp75Gly or p.Asp75Val also had the
similar phenotype. Although, patients with p.Asn122Asp or p.
Asn122Ser were associated with adult onset, the electrophysiological
classification varied in each patient. Meanwhile, patients with p.
Ser111Tyr, p.Ser111Cys, p.Ser111Phe or p.Ser111Pro had infantile or
child onset (Table 3).

A patient had compound heterozygous variant (p.Asp75Val/p.
Phe19Ser) with one reported variant (p.Asp75Val) and one novel vari-
ant (p.Phe19Ser). This patient had numbness and muscle weakness in
legs since his 30s. The brother and nephew of the patient also had dif-
ficulty in walking. The nerve conduction velocity of the right median
nerve was 31.1 m/sec, which indicated demyelinating CMT. The age
of onset in our case series was earlier than in patients with p.
Asp75Val in our case series (30 years old vs the average age of
48 years). The daughter and nephew of the patient had one variant (p.
Asp75Val). The nephew had weakness, atrophy of all limbs, hypo-

reflexia of tendon reflexes, pes cavus, and walked with a cane support.

) 5
(27.8%)
5
(41.7%)
2
i

Others

Adult onset
87%
)

p =0.039

Cases with elevated CSF protein

d

The patient's daughter did not have weakness, sensory impairment

11
(61.1%)

and decreased tendon reflexes, and denied to undergo electrophysio-
logical examination. Presently, the age of the daughter is 50 years old
and she does not have symptoms associated with neuropathy. The
nephew's age of onset (56 years) was older than that of the patient
(56 years old vs 30 years old; Figure S4).

3.3 | Clinical and laboratory findings
We assessed 77 patients with inherited peripheral neuropathy com-
prising 64 with reported MPZ variants and 13 with novel pathogenic
MPZ variants (Table S2). The onset age of these patients indicated a
bimodal distribution (Figure 2(A)). Prominent clustering in the first
decade and slight clustering between the third and fifth decade were
evident, in line with large genetic profiles of Japanese CMT patients.”
Cranial nerve involvement was confirmed in 20 patients
(Table S3). Dysarthria was detected in seven patients, while dysphagia
was confirmed in four patients. Hearing loss was also detected in four

patients (Table 4). The most common MPZ variant in patients
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TABLE 4 Cranial nerve involvement and associated MPZ variants

Cranial nerve involvement Variants Number of patients
Dysarthria p.Leu48Val, p.Asp75Val, p.Phel19Ser/p.Asp75Val, p.Arg98Cys, p. 7
Arg98His (2), p.Asp128Asn
Dysphagia p.Asp75Val, p.Arg98His (2), p.Asp128Asn 4
Hearing loss p.Leu48Val, p.Gly103Glu, p.Lys130Arg, p.Leu170Arg 4
Anisocoria p.Leu48Val, p.Phel9Ser/p.Asp75Val, p.Thri24Met 3
Weakness of facial muscle p.Asp61Asn, p.Arg98His (2) 3
Deviation of tongue protrusion p.Arg98His (2), p.Leu170Arg 3
Nystagmus p.Phe19Ser/p.Asp75Val, p.Arg98His 2
Strabismus p.Lys130Arg, p.Leul70Arg 2
Atrophy of facial muscle p.Asp35Tyr, p.Arg98His 2
Atrophy of tongue p.Asp128Asn, p.Leul70Arg 2
Adie's pupil p.Thr124Met 1
Ptosis p.lle112Val 1
Sluggish light reflex p.Leu48Val 1
Trigeminal neuralgia p.lle114Thr 1
Facial nerve paralysis p.Leu170Arg 1
Tinnitus p.Arg98His 1
Atrophy of trapezius and p.Asp61Asn 1
sternocleidomastoid
Involuntary movement of tongue p.Arg98Cys 1
Tongue fasciculation p.Asp128Asn 1

Abbreviations: p.Arg98His (2), Two patients with MPZ p.Arg98His variant.

presenting with cranial nerve involvement was p.Arg98His. Further-
more, patients with p.Arg98Cys, p.Asp35Tyr, p.Leud8Val, p.
Asp61Asn, p.Asp75Val, p.Phel9Ser/p.Asp75Val, p.Glyl03Glu, p.
llel112Val, p.lle114Thr, p.Thr124Met, p.Asp128Asn, p.Lys130Arg, and
p.Leu170Arg showed symptoms associated with cranial nerve dys-
function. The clinical information of patient with p.Thr124Met has
been described elsewhere.*®

We analyzed serum CK levels in 30 patients. Of them, eight
(26.7%) showed elevated CK levels, with the levels being <1000 U/L
in most cases. Most of the patients with elevated CK levels had neu-
ropathic symptoms in their middle age (Figure 2(B)). The proportion of
patients with adult onset was greater in the elevated CK group than
in the normal CK group (p = 0.039) (Figure 2(C)). However, patients
with elevated CK were not statistically associated with axonal CMT
(p = 0.57) (Table S4).

We analyzed CSF protein levels in 30 patients, 18 (60%) of whom
had elevated levels. Among patients with elevated CSF protein levels,
11 (61.1%) patients were classified as demyelinating and 2 (11.1%)
were classified as axonal CMT. There was no significant difference
between the proportion of patients with demyelinating and axonal
CMT in the elevated and normal CSF protein groups (p = 0.168)
(Figure 2(D)). Eight patients with elevated CSF protein levels had spine
MRIs, and four (50%) of these had spinal diseases such as spinal canal
stenosis or cervical spondylosis. Two (25%) patients had enlarged

nerve root or cauda equina (Table S5).

4 | DISCUSSION

We investigated 85 patients with inherited peripheral neuropathy
associated with MPZ variants in Japan. In this study, we focused on
the distribution of MPZ variants in the world to compare Japanese
patients with known MPZ variants included in our case series. Inter-
estingly, there were differences in the types of MPZ variants between
Japan and other countries. In the present study, we confirmed 13 vari-
ants, which have been reported only in Japan. However, one of the
13 variants (p.Leu48Val) was reported from Russia.r” Therefore,
patients with 12 variants were considered to be concentrated in
Japan. Three of the 12 variants (p.Asp75Val, p.Gly93Glu, and p.
Leu170Arg) were also detected in our study. Patients with p.Asp75Val
were frequently observed and described in a study of axonal CMT in

2021 1 Gly93Glu was detected in a Japanese CMT1B family

Japan.
with low-nerve conduction velocities.?? p.Leu170Arg was described
in large study analyzing 161 CMT patients for PMP22, GJB1, and
MPZ.2° Although not explored in the present study, there may be vari-
ous factors including founder effect and/or difference of ethnicity.
Herein, we detected 11 confirmed novel variants that are likely to
induce a pathogenic phenotype. Remarkably, p.Glu37Lys, p.Asp75Gly,
and p.Ser111Tyr were associated with a similar phenotype as the
reported variants that occurred at and near the same codon. There-
fore, the confirmed novel variants likely induced a pathogenic pheno-

type, especially in these missense variants. Furthermore, in one of the
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patients with a novel pathogenic variant, a compound heterozygous
variant of p.Asp75Val and p.Phel9Ser was confirmed. The patients
with p.Asp75Val are often classified as axonal CMT with late onset of
neuropathic symptoms.2! Compound heterozygous variants have
been previously observed in some genes associated with autosomal
dominant CMT (PMP22, MFN2, GDAP1, etc.) and have contributed to
unusual phenotype.?®?* The cumulative effect of two mild variants
was hypothesized in a CMT family with simultaneous MFN2 and
GDAP1 variants.>* To the best of our knowledge, there have been a
few compound heterozygous variants of MPZ.2>2” Regarding the
compound heterozygous variant in our study, this patient was classi-
fied as demyelinating CMT. In addition, he had younger age of onset
than those with p.Asp75Val and showed demyelinating neuropathy
on nerve conduction studies. The clinical findings of compound het-
erozygous variant of p.Asp75Val and p.Phe19Ser seem to be different
from those of p.Asp75Val. Thus, the patient with p.Asp75Val and p.
Phel9Ser had atypical phenotype compared to patient with p.
Asp75Val. However, the pedigree tree for this compound heterozy-
gous variant indicated the possibility that p.Asp75Val and p.Phe19Ser
was located in each allele. Thus, the pathogenicity of p.Phe19Ser in
this patient was unclear and p.Phe19Ser may not contribute to atypi-
cal phenotype of the patient. Accumulation of the clinical information
about the same variant in more patients and functional studies to
prove the pathogenicity of p.Phel9Ser must be performed. Variants
of two genes related to the protein that are synergetic in the same
pathway can cause overlapping disease phenotype, which may con-
tribute to the atypical phenotype of mendelian disorder.?® Thus, the
factor such as other genes related to the protein interacting MPZ pro-
tein should be considered if the pathogenicity of p.Phel9Ser is
denied.

Cranial nerve involvement is rarely seen in CMT.?° However,
hearing loss should be carefully discussed considering the involve-
ment of the cranial nerve in MPZ variants. The frequency of hearing
loss in 66 CMT patients with MPZ variants was reported as 3.33%,
suggesting that the frequency of hearing loss is the same as that in
the normal population. Thus, hearing loss may not be associated with
MPZ variants.2° However, in addition to hearing loss, pupillary abnor-
malities, trigeminal neuralgia, hemifacial spasm have been observed in
CMT patients with MPZ variants.3'3® Further, pupillary abnormalities
such as Adie's pupil have been described in association with MPZ vari-
ants and autonomic nervous dysfunction.®343¢ Moreover, the num-
ber of patients with cranial nerve involvement except hearing loss
detected in the present study was 19. Eleven patients had more than
two symptoms related to cranial nerve involvement. These findings
suggest that various cranial nerve involvement can be observed in
some CMT patients with MPZ variants. Therefore, these cranial nerve
symptoms may provide clues for examining the MPZ variants.

In the present study, we also focused on serum CK and CSF pro-
tein levels. Serum CK level elevation has also been detected among
demyelinating and axonal CMT patients with MPZ variants.?13738 |n
our case series, patients with elevated CK levels were more likely to
have adult onset than those with normal CK levels. This result is in

line with previous studies.?* Samaneechai et al. have shown that
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degeneration of myelinated axons causes peripheral neuropathy in
adult onset (aged >20 years) patients.8 Moreover, it has been
suggested that impaired muscle membrane integrity caused by dener-
vation deriving from impaired axons is involved in CK level eleva-
tion.3” Therefore, degeneration of myelinated axons and associated
denervation may have contributed to CK level elevation.

Elevated CSF protein levels have previously been described in
CMT with MPZ variants.2**84° various factors have been considered
for elevated CSF protein levels. Half of patients with elevated CSF
protein levels had spinal diseases such as spinal canal stenosis and
cervical spondylosis. It is unclear whether these spinal diseases are
associated with MPZ variants. However, these spinal diseases can
interrupt CSF flow and increase CSF protein levels.*! In the present
study, not only patients with demyelinating CMT but also those with
axonal CMT had elevated CSF protein levels. In our case series, one
axonal CMT patient with an elevated CSF protein had slight enlarge-
ment of cauda equina. This finding was described in Italian patient
with MPZ p.Gly167Arg variant.*? It has been reported that the leakage
of blood protein caused by the partial impairment of CSF circulation
and blood-nerve barrier injury at enlarged nerve root site can contrib-
ute to elevated CSF protein levels.***° Thus, enlargement of cauda
equina may be associated with CSF circulation and CSF protein eleva-
tion in this case. In contrast, conditions such as spinal diseases,
enlarged nerve root or cauda equina were not observed in other axo-
nal CMT patient with an elevated CSF protein. An elevated CSF pro-
tein level has been reported in axonal CMT patients with MPZ p.
Thr124Met variants.?* Thus, some MPZ variants may be associated
with an elevated CSF protein level even in axonal CMT patients. Axo-
nal CMT patients with an elevated CSF protein in this study had novel
variants (p.Phe19Ser and p.lle112Val). These MPZ variants may be
associated with elevated CSF protein, while the pathogenicity of
these variants and association with elevated CSF protein should be
analyzed.

There are several points to consider in this study. First, we ana-
lyzed the patients with novel variants and assessed their pathogenic-
ity in accordance with the ACMG guidelines. Although the exact
pathogenicity of novel variants should be assessed by functional stud-
ies, we were unable to perform functional studies for novel MPZ vari-
ants. Also, we were unable to perform the clinical assessment for
severity such as CMT neuropathy score. Further, we were able to ana-
lyze serum CK, CSF protein levels and MRI findings only in limited
patients. Due to the design of this study, these data were insufficient

in this study. These points will be addressed in future studies.
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