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Objective: The objective of this study was to identify new causes of Charcot-Marie-Tooth (CMT) disease in patients
with autosomal-recessive (AR) CMT.

Methods: To efficiently identify novel causative genes for AR-CMT, we analyzed 303 unrelated Japanese patients
with CMT using whole-exome sequencing and extracted recessive variants/genes shared among multiple patients.
We performed mutation screening of the newly identified membrane metalloendopeptidase (MME) gene in 354
additional patients with CMT. We clinically, genetically, pathologically, and radiologically examined 10 patients with
the MME mutation.

Results: We identified recessive mutations in MME in 10 patients. The MME gene encodes neprilysin (NEP), which is
well known to be one of the most prominent beta-amyloid (Af)-degrading enzymes. All patients had a similar pheno-
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type consistent with late-onset axonal neuropathy. They showed muscle weakness, atrophy, and sensory disturbance
in the lower extremities. All the MME mutations could be loss-of-function mutations, and we confirmed a lack/
decrease of NEP protein expression in a peripheral nerve. No patients showed symptoms of dementia, and 1 patient
showed no excess Af in Pittsburgh compound-B positron emission tomography imaging.

Interpretation: Our results indicate that loss-of-function MME mutations are the most frequent cause of adult-onset
AR-CMT2 in Japan, and we propose that this new disease should be termed AR-CMT2T. A loss-of-function MME
mutation did not cause early-onset Alzheimer’s disease. Identifying the MME mutation responsible for AR-CMT could
improve the rate of molecular diagnosis and the understanding of the molecular mechanisms of CMT.

harcot—Marie—-Tooth (CMT) disease is one of the

most common inherited peripheral neuropathies
(IPNs), and it is clinically and genetically heterogeneous.
To date, >100 different genes have been identified as
disease-causing genes for CMT and other IPNs. Among
them, >20 genes, such as COX6A1, CI2orf65, EGR2,
FGD4, FIG4, GALC, GAN, GDAP1, HINTI, HKI,
LMNA, MED25, MTMR2, MTMR5, NDRGI, PRX,
SACS, SBF1, SBF2, SH3TC2, SURFI, and TRIM?2, have
been shown to be involved in autosomal-recessive (AR)
CMT (AR-CMT) or other AR-IPNs, and could be cate-
gorized into various groups based on their subcellular
localization and functions."* Although a genetic diagno-
sis has been achieved in more than half of all patients
with CMT, the molecular diagnosis rate of patients with
AR-CMT is extremely low compared with that of
patients with autosomal-dominant (AD) CMT, particu-
larly that of CMT1.>” This suggests the presence of
causative genes that have yet to be determined and the
necessity to study them further, which may result in a
better understanding of CMT pathogenesis.

In this study, we attempted to identify novel AR-
CMT disease-causing genes using whole-exome sequenc-
ing (WES) analyses in many patients with CMT with an
overlap-based strategy, which helps identify candidate
genes by focusing on variants shared among multiple
unrelated patients with the same phenotype.

We identified mutations in the membrane metal-
loendopeptidase (MME) gene in 10 unrelated patients
with adult-onset axonal neuropathy. The MME gene enc-
odes neprilysin (NEP), which is termed cluster of differ-
entiation 10 (CD10), and may play a role in degrading a
variety of neuropeptides. NEP has been found not only
in the central nervous system (CNS), but also the periph-
eral nervous system (PNS) in mammals.®” The role of
NEP in PNS is unclear; however, it is well known that
NEP is one of the most prominent f-amyloid (Af)-
degrading enzymes in the CNS.® NEP is recognized to
play an important protective role against Alzheimer’s dis-
ease.”!" NEP-deficient mice showed increased Af accu-
mulation in the brain, which resulted in Alzheimer’s
disease-like pathology and behavioral abnormalities.'*"?
However, it is not yet clear how loss-of-function muta-
tions in MME affect the human phenotypes.
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Here, we describe the clinical characteristics of
patients with CMT with MME mutations, including
whether or not they show evidence of Alzheimer’s disease,
and we provide genetic and histopathological data to
support the contention that the recessive mutations in
MME are responsible for CMT.

Subjects and Methods
A total of 726 Japanese patients with clinically diagnosed CMT

were enrolled in this study. However, demyelinating patients
whose PMP22 duplication or deletion were confirmed using
fluorescence in situ hybridization or muldplex ligation probe
amplification were not enrolled. The protocol was reviewed and
approved by the institutional review board of Kagoshima Uni-
versity (Kagoshima, Japan). All patients and family members

provided written informed consent to participate in this study.

Patient Selection of Original Study for WES

To identify novel AR-CMT disease-causing genes using WES
analyses, we collected DNA samples in a first case series of 372
Japanese patients with clinically diagnosed CMT between April
2007 and April 2012. Subsequently, we excluded 69 patients
with pathogenic mutations in the 28 genes known to cause
CMT or IPN (Supplementary Table 1), which were detected
using the custom MyGeneChip CustomSeq Resequencing Array
(Affymetrix, Inc., Santa Clara, CA) following the protocol
described previously."*™” We performed WES in the remaining
303 patients and excluded 85 patients with pathogenic muta-
tions in the known CMT genes and in other IPN genes (Sup-
plementary Table 1). We also excluded 55 patients suspected of
AD or X-linked inheritance pattern on the basis of family his-
tory information as well as undetermined inheritance. After
these exclusions, we selected 163 unrelated patients with pre-
sumed AR inheritance or with sporadic inheritance and no

known genetic etiology (Fig 1).

Patient Selection of Additional Study

To investigate whether MME mutations cause CMT and to
investigate the frequency of patients with MME mutations, we
further performed targeted resequencing using next-generation
sequencing (NGS) in a 137 second case series between May
2012 and June 2014 and a 217 third case series of unrelated
Japanese patients with CMT between July 2014 and March
2015 (Fig 2).
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1st case series of CMT patients

(N =372)
Microarray ESVD system
(28 known genes) 1. The variant-filtering system
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(1) Mutation type SNV
= = Mutation missense, nonsense and splicin,
[ N =69 ] [ N =303 ] @ Maahonion CHeVarShls Ricing
—»  (3) Genotype Homozygous
Exome sequencing (4) Quality both >20
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: pickup the shared variants (> 3 cases)
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inheritance
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(MME mutations shared by five cases)

FIGURE 1: Flow chart for genetic tests, selection of patients, and exome-based shared variants detection (ESVD) system among
the first case series of 372 Charcot-Marie-Tooth (CMT) patients, we selected 163 patients with presumed autosomal-recessive
or sporadic CMT and no known genetic etiology. Using the ESVD system, we automatically performed variant filtering under
the conditions (1) to (6). Subsequently, we identified 5 patients with a mutation in the MME gene by the shared variants/genes
pickup system. AD = autosomal-dominant; AR = autosomal-recessive; SNV = single-nucleotide variation; MAF = minor allele

frequency.

Extraction of Genomic DNA

Genomic DNA of the patients and family members was
extracted from peripheral blood using QIAGEN’s Puregene
Core Kit C (QIAGEN, Valencia, CA) or from saliva using the
Oragene DNA self-collection kit (DNA Genotech, Ottawa,

Ontario, Canada), according to the manufacturer’s protocol.

WES

Three micrograms of genomic DNA were processed using a
SureSelect v4+UTRs or v5+UTRs kit according to the manu-
facturer’s instructions. Captured DNA was sequenced using a
HiSeq 2000 (Illumina, San Diego, CA). Sequences were aligned
to the human reference genome (NCBI37/hg19) using the Bur-
rows—Wheeler Aligner.'® Variant calling was performed using
SAMtools.'” Variants were annotated using in-house scripts,

which provided the variants list. Previously known variants were
annotated from the 1000 Genomes Project and dbSNP137.

Development of the Exome-Based Shared
Variants Detection System

To extract candidate genes or variants from the WES data,
Maze Inc. (Tokyo, Japan) developed user-friendly analysis soft-
ware, called the exome-based shared variants detection (ESVD)
system, under our supervision. This system consists of two

<

parts: a “variant-filtering system” and a “shared variants/genes
pickup system.” The variant-filtering system provides users with
many options for filtering the raw variant data. The conditions
for filtering variants include mutation type, genotype, quality,
read depth, minor allele frequency (MAF), and presence in
public databases; dbSNP137, 1000 Genomes project database
(http://browser.1000genomes.org), and The Human Genetic
Variation Database (HGVD) comprised of exome sequencing
of 1,208 Japanese individuals (http://www.genome.med.kyoto-
u.ac.jp/SnpDB/). Moreover, the shared variants/genes pickup

system allowed us to detect the variants and genes shared

April 2016

among cases with similar phenotypes, and the number can be
custom defined. In this study, using the ESVD system, we auto-
matically performed variant filtering under the following condi-
tions: (1) mutation type (single-nucleotide variation [SNV]; not
including insertion and deletion); (2) mutation classification
(nonsynonymous, nonsense, and splicing site variants); (3)
genotype (homozygous); (4) Phred-scaled quality score/mapping
quality (both >20); (5) read depth (> 10); and (6) existence in
the public database (none or MAF <1%). Subsequently, we
manually selected the variants on an autosome. Eventually, after
filtering, the variants that were shared by three or more cases
were extracted (Fig 1). We also manually extracted presumed
compound heterozygous variants of the MME gene from the
WES data set of the 163 patients.

3rd case series
(N=217)

2nd case series
(N=137)

Target resequencing Target resequencing

(60 genes)

(72 genes)

Positive ative Positive

gative

v N
[N=54 ][ N=83 ] [ N=67 [[ N=150 ]
Exome sequencing
Positive Negative Mutation in
known 71 genes
[ N=10 ][ N=73 ]|
Screening for v
MME mutations Mutation in the MME gene
| N=1 || N=4 |

FIGURE 2: Flow chart for genetic tests in the additional
patients. During the second and third case series, we identi-
fied 1 and 4 patients with mutations in the MME gene.
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Mutation Screening of the MME Gene in the
Additional Patients

For the second series, we performed mutation screening of 60
known or candidate CMT-related genes using the Illumina
Miseq platform (Illumina Inc., San Diego, CA, USA) following
the protocol described previously by Maeda et al.** Subse-
quently, we performed mutation screening of other known
CMT and IPN genes, including the MME gene, using WES
(Fig 2). For the third series, we performed targeted resequenc-
ing of 72 known or candidate CMT-related genes, including
the MME gene, using a custom lon AmpliSeq™ panel (Life
Technologies, Carlsbad, CA) (Fig 2 and Supplementary Table
1). Briefly, a custom panel targeting 72 genes was designed
using the Ton AmpliSeq Designer tool (http://www.ampliseq.
com). Library and template preparation was performed accord-
ing to manufacturer’s instructions. Sequencing was performed
on the Ion Proton (Life Technologies) using the Ion PI Chip
kit v2 BC. Sequence data were aligned and mapped to the ref-
erence sequence, and variants were called using the Torrent vari-
ant caller. Variants were transferred to the CLC Genomics
Workbench 6 software program (CLC bio, Aarhus, Denmark)

for annotation and filtering.

Mutation Confirmation and Segregation
Analysis

Using Sanger sequencing, we reconfirmed the pathogenic muta-
tions revealed by microarray or NGS. Furthermore, segregation
studies were performed in the available family members when-
ever possible. In order to rule out the possibility that the priori-
tized variants in the MME gene may be Japanese-specific
polymorphisms, we confirmed whether the variants that existed
in the in-house database comprised of the WES data from 800
Japanese healthy control subjects and 3,742 disease control sub-
jects excluding patients with CMT.

In Silico Analysis

To determine whether variants in the MME gene are damaging
or deleterious, we obtained the predicted functional scores of
nonsynonymous variants or deletions with three prediction
algorithms, including PolyPhenZ,21 SIFT (Sorts Intolerant
From Tolerant amino acid substitutions),”> and PROVEAN
(Protein Variation Effect Analyzer).23

RNA Extraction and Reverse-Transcription
Polymerase Chain Reaction

To study the messenger RNA (mRNA) expression of the MME
gene, we performed reverse-transcription polymerase chain reac-
tion (RT-PCR) in individuals from some families with MME
mutations. Whole blood was collected into PAXgene Blood
RNA Tubes (Qiagen), and total RNA was prepared from blood
using the PAXgene Blood RNA Kit (Qiagen) in order to gener-
ate a complementary DNA (cDNA) pool by RT-PCR using the
High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Carlsbad, CA), according to the manufacturer’s
instructions. PCR primers for the f-actin housekeeping gene
were used as the internal control. MME cDNAs were amplified
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using the following primer pairs: (1) forward primer located in
exon 6: 5-TGATAGCAGAGGTGGAGAACC-3' and reverse
primer in exon 9: 5-CATCGATGGGCAATCTTTCT-3"; (II)
forward primer in exon 4: 5-AATGTCATTCCCGAGACC
AG-3/, reverse primer in exon 7: 5-TCATCAGTGCCAACAA
ACAA-3'. The expected sizes of the RT-PCR products were
350bp (base pairs) and 344bp for primer pairs 1 and 2, respec-
tively. PCR products were subjected to agarose gel electrophore-

sis and sequenced using the Sanger method.

Haplotype Analyses

To  determine  whether  recurring MME  mutations
(c.654+1G>A) occurred because of independent mutational
events or common ancestry, we performed a haplotype analysis
using five microsatellite markers (D3S1595, D351280,
D3S3509, D3S1275, and D3S3692) and seven single-
nucleotide polymorphisms (SNPs; rs1803155, rs12493885,
rs12497267, 1s9438, rs358733, rs11918974, and rs3816527)
flanking the MME gene by an automated fluorescent method
on an ABI 3130xL or 3500xL genetic analyzer (Applied

Biosystems).

Cognitive Assessment and Neuroimaging

In some patients, we performed brain magnetic resonance imag-
ing (MRI) or computed tomography (CT), and a neuropsycho-
logical ~examination including the Mini-Mental —State
Examination (MMSE; 0-30 scale, normal >24)24 and the Alz-
heimer’s Disease Assessment Scale-Cognitive Behavior Section
(ADAS-cog; 0-70 scale, normal <10). We also evaluated
patient 1 (P1) with amyloid positron emission tomography
(PET) imaging with "C-PIB (Pittsburgh compound-B). PET
data were acquired on a Discovery PET/CT 710 (GE Health-
care, Tokyo, Japan) after the injection of "C-PiB (470 MBgq).
"'C-PiB images were derived from dynamic summations of
standard uptake values (SUVs) over 60 minutes and were nor-

malized with the cerebellum as a reference region (SUVR).

Histopathological Examinations

Sural nerve biopsies obtained from P1 and P4 were analyzed
for morphometric changes using light microscopes. Semithin
sections from Epon embedded tissues were stained with Tolui-
dine blue. An immunohistochemical assay was performed using
an ant-NEP/CD10 antibody (ab951; Abcam, Tokyo, Japan) in
tissue from human tonsils and peripheral nerves, and the find-
ings were compared to a disease control patient (female, 39

years old, polymyositis).

Western blotting

Western blotting was performed using sodium dodecyl sulfate/
polyacrylamide gel electrophoresis. Briefly, 20-ug homogenates
of sural nerve were resuspended in a reduced sample buffer,
electrophoresed on a 10% Tris gel with Tris running buffer,
blotted to a polyvinylidene difluoride membrane, and sequen-
dally probed with polyclonal rabbit antthuman CD10 antibody
(Abcam). The membrane was subsequently incubated with a

horseradish peroxidase—labeled polymer-conjugated antimouse

Volume 79, No. 4
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FIGURE 3: Pedigrees and segregation analysis of MME mutations in 10 families. P1, P2, P4, P5, P7, and P10 have consanguine-
ous parents. P3, P6, and P9 have unaffected parents with affected siblings, and P8 was sporadic. Autosomal-recessive inheri-
tance is presumed in all pedigrees. A DNA sample was available from individuals marked with an asterisk. Affected members
have a homozygous or compound heterozygous mutation, whereas unaffected members were heterozygous or wild-type car-
riers. Squares represent males and circles represent females. Filled symbols represent those affected with a similar phenotype.
Oblique lines represent deceased family members. Black arrows indicate the proband (P1-P10). +/+ = homozygous for muta-

tion; +/— = heterozygous; —/— = homozygous for wild type.

antibody reagent (EnVision+ reagent; Dako, Tokyo, Japan). 3-

3'-diaminobenzidine was used for chromogenic visualization.

Results

Identification of MME Mutations

Figure 1 shows a flow chart for the selection of patients,
genetic tests, and the filtering process for homozygous
variants using the ESVD system. We extracted three
kinds of homozygous mutations in the MME gene in 5
patients in the first case series of patients with CMT with
no pathogenic mutations in known CMT or IPN genes.
In P1 to P3, we identified the same homozygous muta-
tion in the splice donor site [c.654+1G>A] in intron 7
of MME. A novel homozygous missense mutation

664

[c.1861T>C, p.Cys621Arg] and a nonsense mutation
[c.661C>T, p.GIn221X] were found in P4 and P5,
respectively. On the other hand, we could not extract
presumed compound heterozygous variants or other
homozygous variants in MME from the WES data of
163 AR/sporadic cases in first case series, although we
identified a novel heterozygous nonsense variant of
unknown significant (c.264C>A, p.Cys88X) and a rare
SNV (c.1489T>C, p.Typ497His). In the second and
third case series of patients with CMT with no patho-
genic mutations in known CMT or IPN genes, five addi-
tional recessive mutations in the MME gene were
identified (Fig 2): [c.1231_1233delTGT, p.Cys411del],
[c.439+2T>A], [c439+2T>A and c.655—2A>G

Volume 79, No. 4
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D3S1275 156.1 256 256|259 259||256 256
rs11918974 1571 6 G
rs3816527 157.2 c C A A|lA A
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FIGURE 4: Localization and conservation of MME mutations, haplotype analysis, and RNA analysis. (A and B) Schematic repre-
sentation of the MME gene and neprilysin. Red arrows indicate the location of mutations in the extracellular domain. N = N-
glycosylation sites; TM = transmembrane domain. (C) Conservation analysis. Glutamine 221, cysteine 411, tryptophan 606, cys-
teine 621, and canonical GT-AG nucleotides (c.439+2t, c.654+1g, c.655-2a) of the splice donor and acceptor junctions in the
MME gene were highly conserved among species. (D) Agarose gel electrophoresis of cDNA fragments obtained from RT-PCR
of P1, his family member (IV-4, V-2, IV-9, and V-5), P3 with the c.654+1G>A mutation, P5 with c.661C>T mutation, and a nor-
mal control (NC). The P1, IV-4 (affected), IV-9 (affected), and P3 lanes showed a 231-bp band, which is smaller than the 350-bp
band in the NC lane. The V-2 and V-5 (unaffected heterozygous carrier) lanes showed a 231-bp band and a 350-bp band. The
P5 lane showed no band. (E) Agarose gel electrophoresis of cDNA fragments obtained from RT-PCR of P8, P10 with the c.655-
2A>G mutation, and the NC. The P10 lane showed a 284-bp band, which is smaller than the 350-bp band in the NC lane. The
P8 lane showed a 284-bp band and a 350-bp band. (F) Agarose gel electrophoresis of cDNA fragments obtained from RT-PCR
of P7, P8 with the c.439+2T>A mutation, and the NC. The P7 lane showed a 263-bp band, which is smaller than the 344-bp
band in the NC lane. The P8 lane showed a 263-bp band and a 344-bp band. (G- 1) Sequence chromatogram of the RT-PCR
product from P1, P10, and P7 showing exon 7 skipping and premature termination within exon 8 (G), exon 8 skipping (H), and
exon 5 skipping () as schematically shown in the lower panel, respectively. (J) Haplotype analysis in P1 to P3. Shared haplo-
types are shown in the gray box.

April 2016 665



ANNALS of Neurology

FIGURE 5: Magnetic resonance imaging and Pittsburgh
compound-B (PiB) positron emission tomography imaging.
(A) T2-weighted images of P1 showing no significant brain
atrophy at 67 years of age. (B) PiB standardized uptake
value (SUV) images of PiB retention in P1 at 67-years of age
and a ''C-PiB-positive Alzheimer’s disease patient. Images
from P1 show a lack of PiB retention throughout the gray
matter and nonspecific PiB retention in the white matter
compared with that of the patient with Alzheimer’s disease,
which shows a high retention of PiB throughout the gray
matter. SUVR = standardized uptake value retention.

(compound  heterozygous mutation)], [c.1817G>A,
p. Trp606X], and [c.655—2A>G] mutations in P6 to
P10, respectively (Table ). Segregation analysis from the
families of P1, P4, P6, P7, P8, and P10 revealed that the
MME mutations were segregated with the disease in each
family (Fig 3). Glutamine 221, cysteine 411, tryptophan
606, cysteine 621, and canonical GT-AG nucleotides of
the splice donor and acceptor junctions in the MME
gene were highly conserved among species (Fig 4A-C).
Notably, the p.Cys621Arg mutation was classified as
“pathogenic” or “deleterious” using in silico analysis (Pol-
yphen2 score = 1.00, SIFT score = 0.00, and PRO-
VEAN score = —11.2 [cutoff = —2.5]), and the
p.Cys411del mutation was also predicted as deleterious
in the PROVEAN software (PROVEAN score = —17.4
[cutoff = —2.5]). MAF of all the validated mutations in
public databases, including Exome Sequencing Project
(ESP) and Exome Aggregation Consortium (ExAC), and
in-house database was <0.002 (Supplementary Table 2).

Clinical Features of 10 Unrelated Patients With
MME Mutations

P1, a 67-year-old man born to healthy consanguineous
parents, had no relevant medical history. At aged 54
years, he first noticed that his flip-flops slipped off easily

666

because of foot drop and subsequently developed a slowly
progressive gait disturbance and dysesthesia of the lower
limbs. Neurological examination revealed severe weakness
and atrophy of the distal limb muscles, especially the
bilateral tibialis anterior muscles, which was grade 1 on
the Medical Research Council scale.® Superficial and
deep sensations were decreased in the lower limbs. The
cranial nerves were normal. Nerve conduction studies
(NCSs) showed an axonal type of motor and sensory
neuropathy: mild slowing of conduction velocity (> 38
m/s) in the median and ulnar nerve, and absent motor
and sensory responses in the lower extremities (Table).
On the basis of these findings, he was diagnosed with an
autosomal recessively inherited axonal form of CMT. He
had no obvious cognitive impairment; his MMSE score
was 29/30 and his cognitive subscale of the Japanese ver-
sion of the Alzheimer’s disease assessment scale (ADAS-]J-
cog) score was 5/70. His brain MRI was almost normal
(Fig 5A), and a PiB-PET scan did not show a significant
amount of amyloid deposition (Fig 5B).

We summarized the clinical features and electro-
physiological findings of all 10 patients in the Table.
Mean age of onset of disease was 47.2 years (range, 36—
56). Six of them were born to consanguineous parents
(Fig 3). Clinically, all patients had slowly progressive
weakness and atrophy of distal limb muscles, gait dis-
turbance (but not yet become wheelchair dependent),
sensory disturbance of the distal limbs, and decreased or
absent tendon reflexes, all of which were the typical
CMT phenotype. No patients showed additional neuro-
logical findings, such as pyramidal signs, cerebellar ataxia,
and other CNS symptoms. NCSs showed an axonal sen-
sorimotor neuropathy in all patients, except for P5 who
was electrophysiologically diagnosed with a demyelinat-
ing/intermediate form based on delayed median nerve
conduction velocities (37.4 m/s). Nine of the patients
evaluated had no apparent cognitive impairment as
assessed by the MMSE; all scored 26 or higher. The
remaining patient had no subjective memory complaints
and no clinically apparent cognitive impairment. MRI or
CT scans did not show cerebral atrophy in the 5 patients
evaluated.

RNA Expression Analysis and Haplotype
Analysis of MME

RNA analysis obtained from 6 patients (P1, P3, P5, P7,
P8, and P10) and a P1 family member revealed abnor-
mal transcripts. In P1 and P3 with the c.654+1G>A
mutation at the splicing donor site of intron 7 of the
MME gene, agarose gel electrophoresis of the RT-PCR
products obtained with primer pair 1 showed a band
smaller than the 350-bp band observed in the healthy
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FIGURE 6: Neprilysin immunohistochemistry and western blot analysis. (A) Immunohistochemical staining with an anti-NEP/
CD10 antibody revealed the expression of NEP/CD10 (brown) in the marginal center of human tonsil. (B) Expression of NEP/
CD10 (brown) was observed in myelin and axons, especially at the outer surface of myelin of the sural nerve from a control
patient (inset). (C and E) Toluidine blue staining of a sural nerve. Densities of large myelinated fibers are markedly decreased
in both patient 1 (C) and 4 (E), who harbor the c.654+1G>A (p.Gly179fs) and c.1861T>C (p.Cys621Arg) mutation, respectively.
Clusters of small myelinated fibers are occasionally noted. (D and F) Expression of NEP/CD10 (brown) was not detected in the
nerve from P1 (D), but partially detected in the nerve from P4 (F). (G) Western blot analysis of NEP/CD10. Blotted bands were
detected with a rabbit anti-NEP/CD10 antibody (arrowhead). NEP/CD10 was detected in homogenates from the sural nerve of
the control patient, but not P1. White bar, 100 um; black bar, 20 um. CP = control patient; MW = molecular weight marker;

P1 = patient 1; Ton = human tonsil.

normal control (NC; Fig 4D). Sequences of the RT-PCR
products in Pl and P3 revealed aberrantly spliced
mRNA lacking exon 7, resulting in a 231-bp fragment
(Fig 4G). The lack of exon 7 creates a frameshift and,
consequently, premature termination within exon §&;
therefore, the ¢.654+1G>A mutation was designed as
p.Glyl179AspfsX2 at the protein level. In P5 with the
c.661C>T nonsense mutation, RT-PCR products were
not detected (Fig 4D), suggesting the occurrence of
nonsense-mediated decay of MME mRNA. In P8 and
P10 with the ¢.655—2A>G mutation at the splicing
acceptor site of intron 7, the RT-PCR products showed a
smaller band than the 350-bp band of the NC (Fig 4E).
The sequences of the RT-PCR products in P10 revealed
aberrantly spliced mRNA lacking exon 8, resulting in a
284-bp fragment (Fig 4H). The lack of exon 8 lead to
an in-frame deletion of 22 amino acids from the catalytic
(extracellular) domain of NEP (p.Ile219_Glu240del). In
P7 and P8 with the c.439+2T>A mutation at the splic-
the RT-PCR products

ing donor site of intron 5,
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obtained with primer pair 2 showed a band smaller than
the 344-bp band of the NC (Fig 4F). Sequences of the
RT-PCR products revealed aberrantly spliced mRNA
lacking exon 5, resulting in a 263-bp fragment (Fig 4I).
The lack of exon 5 lead to an in-frame deletion of 27
amino acids from the -catalytic domain of NEP
(p-Asp120_Glul46del; Asp120Ala).

Haplotype analysis in 3 patients (P1-P3) with the
same homozygous ¢.654+1G>A mutation revealed that
P1 and P3, but not P2, shared the same haplotype for
the two closest markers (D3S3509 and D3S1275) and
four SNDPs (rs12493885, rs12497267, 1rs9438, and
1s358733; Fig 4]).

Histopathological Findings and Expression of
NEP

An immunohistochemical assay with an anti-NEP/CD10
antibody showed expression of NEP in the germinal cen-
ter of human tonsil tssue, in which NEP is highly
expressed on proliferating B cells, confirming the
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specificity of the antibody against NEP (Fig 6A). Using
this antibody, we confirmed the obvious expression of
NEP in the myelin sheath of the sural nerve from the
control patient, although it was also slightly expressed in
the axon (Fig 6B). We obtained sural nerve biopsies
from P1 and P4. Both showed a remarkable decrease in
the density of large myelinated fibers with thin myelin
sheaths and clusters of myelinated fibers (Fig 6C,E).
Inflammatory cells and onion-bulb formation were
absent. Immunohistochemical staining with an ant-
NEP/CD10 antibody showed a negative and a partial
positive reaction in P1 and P4, respectively, compared to
myelin of the sural nerve from the control patient (Fig
6D,F). In addition, the antibody detected a band migrat-
ing at approximately 90kDa, corresponding to NEP, in
the homogenates from the sural nerve of the control

patient by western blotting, but the band was not
detected in P1 (Fig 6G).

Discussion

We performed WES in 303 unrelated Japanese patients
with CMT among a first case series and successfully iden-
tified the MME gene as a novel AR-CMT disease-causing
gene using an overlap-based strategy. After mutation
screening analyses on AMME in a second and third case
series of unrelated patients, we finally identified muta-
tions in the MME gene in 10 unrelated patients with
CMT. WES is one of the most effective methods for
identifying pathogenic mutations in Mendelian disor-
ders.””7** Abundant bioinformatic tools that efficiently
prioritize pathogenic murtations or strategies that find
disease-causing genes have been developed. Three main
analytical strategies—linkage-based, de novo—based, or
overlap-based  strategies—are widely used for gene
research after WES.?*?" The overlap-based strategy helps
to identify candidate genes by focusing on variants shared
among multiple unrelated patients. The ESVD system
we have developed based on this strategy is capable of
simultaneously executing variant filtering and detecting
the variants shared by disease samples and consequently
contributed to the identification of the MME gene. This
system could effectively identify novel causative genes in
other Mendelian disorders.

Our study revealed various recessive MME muta-
tions: nonsense, missense, splice site, and deletion. The
results of the RNA analysis obtained from patients with
the splice site or nonsense mutations demonstrated aber-
rant splicing or lack of RT-PCR fragments, respectively.
Moreover, we confirmed the complete absence of detecta-
ble NEP by immunohistochemical and western blotting
in the sural nerve of P1 with the c.654+1G>A muta-
tion. These findings suggest that these mutations lead to
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a lack of NEP protein expression in the PNS attributed
to a premature stop codon or nonsense-mediated mRNA
decay. Similarly, two nonsense mutations (p.Gln221X
and p.Trp606X) may cause nonsense-mediated mRNA
decay. A missense mutation (p.Cys621Arg) in P4 was
predicted to be damaging during in silico analysis, and
cysteine 621 was highly conserved across species. Expres-
sion of NEP in the sural nerve was partially reduced.
These findings suggest that this missense mutation may
lead to abnormal axonal transport or fast degradation of
the mutated protein. The 3-bp in-frame deletion
(c.1231_1233delTGT) that eliminates cysteine at codon
411 was predicted to be deleterious using in silico analy-
sis, and cysteine 411 was also highly conserved across
species, suggesting that this deletion may affect the func-
ton of NEP The ¢.439+2T>A and c.655—2A>G
mutation causing in-frame exon skipping may lead to the
large structural alterations and affect the expression and
function of NEP. Taken together, our results suggest that
all the recessive MME mutations in these 10 unrelated
patients with CMT could be loss-of-function mutations,
although the effects of expression and function of NEP
on some mutations (c.1231_1233delTGT, c.439+2T>A,
and ¢.655—2A>G) need further analysis. The result of
the haplotype analysis that P1 and P3 shared the same
haplotype indicates a possible ancestral founder effect for
the ¢.654+1G>A mutation. In contrast, P2 did not
share this particular haplotype and an MAF of this varia-
tion in the HGVD database is 0.002 (genotype count:
G/G = 299, G/A = 1, and A/A = 0), suggesting that
the mutation results from independent mutational
events.

Clinically, all the patients with the MMFE mutation
had a similar clinical and electrophysiological phenotype
consistent with a late-onset axonal-type motor and sen-
sory neuropathy. Although 1 patient (P5) had borderline
motor nerve conduction velocity (NCV; 37.4 m/sec) of
the median nerve between demyelinating and axonal
form, we considered that his NCSs showed a primary
axonal neuropathy with secondary demyelination because
motor NCV of the ulnar nerve was 45.5 m/sec (>38 m/
sec) and compound muscle action potential (CMAP) and
sensory nerve action potential (SNAP) in the lower limb
nerves were not evoked. In 2 patients, larger myelinated
fibers were markedly decreased in peripheral nerves, and
occasionally thin myelin sheaths without onion-bulb for-
mation were present, suggesting that the pathological
process is primarily axonal degeneration.

The human MME gene maps to chromosomal
region 3q25.1 to q25.2, is composed of 24 exons, and is
highly conserved among mammalian species.”® NEP is a
type 2 MME consisting of 742 amino acids and has a
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Modes of inheritance Total
AD AR | X-linked | sporadic [unknown ©
Pathogenic mutation 104 17 29 101555 16 281
MME mutation 0 10 0 0 0 10
unknown Dx 98 50 3 267 17 435
Number of patients 202 77 32 382 33 726
77 patients with AR inheritance
W FGD4
SETX
3% 19 msH3TC2
1% GDAP1
1%
W c120rf65
m SACS
GALC
65%
mAAAS
m MME

unknown Dx

FIGURE 7: Rate of molecular diagnosis categorized according to inheritance modes. The upper table indicates the number of
patients with molecular diagnoses by modes of inheritance in 726 patients. The pie chart below shows the rate of molecular
diagnosis focused on the AR mode of inheritance. Only 17 of 77 (22%) patients received a molecular diagnosis in known CMT
or IPN genes. Ten patients (13%) received a new molecular diagnosis, MME gene mutations. Rate of molecular diagnosis was
increased to 35%. AR = autosomal-recessive; CMT = Charcot-Marie-Tooth; IPN = inherited peripheral neuropathy.

molecular weight ranging from 85 to 110kDa depending
on differences in its glycosylation. NEP is an ectoenzyme
with the bulk of its structure, including the active site,
facing the extracellular space,® as shown Figure 4B. NEP
is widely expressed in many tissues, including the nerv-

.34
ous SyStCm,SSS

and degrades a number of substrates
such as enkephalins, substance P and atrial natriuretic
peptide, and, most notably, the “Alzheimer peptide,” Af.
Moreover, MME is also abundantly expressed in the kid-
ney, and previous studies have suggested that MME
might play a role in the normal physiological function of
podocytes and was involved in various renal diseases.”>*
However, renal failure and nephrotic syndrome were not
observed in 8 patients evaluated, except for 2 who had
mild proteinuria (Supplementary Table 3). These data
indicated that loss-of-function mutations in the MME
gene may be not sufficient to cause congenital renal
disease.

In the CNS, NEP is mainly located on neurons,
particularly in the striatonigral pathway, hippocampus,

and cortical regions,37‘38

and it is localized along axons
and at presynaptic sites.”” These observations suggest
that after synthesis in the soma, NEP is anterogradedly
transported to axon terminals, where it may play an

important role in neuronal function. In general, NEP
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knockout mice developed normally, but showed a greater
sensitivity to endotoxin shock,40 elevated microvascular
permeability,41 enhanced aggressive behavior, and altered
locomotor activity.42 It was demonstrated that NEP
knockout mice have increased levels of Af peptides in
the brain, and administration of the NEP inhibitor, thio-
rphan, to rats led to increased Af levels.*>** Moreover,
NEP knockout mice exhibited amyloid-like deposits with
signs of neurodegeneration in the hippocampus and
behavioral deficits.'®> These findings suggest that the
decline of NEP is an important factor in the progression
of Alzheimer’s disease.”” In contrast, Thomas et al
showed that the learning abilities were not reduced in
older NEP knockout mice; rather, they were significantly
improved, and Af deposits could not be detected by
immunohistochemical methods, in spite of the elevated
AP levels in the brains of these mice.”® In humans, no
mutation in the MME gene linked to familial Alzheimer’s
disease has been reported, although some nucleotide
repeat polymorphisms have been reported to be associ-
ated with susceptibility to sporadic Alzheimer’s dis-
ease. 48 We hypothesized that human NEP deficiency
would lead to cognitive impairment and increased Af
plaque accumulation. Contrary to our expectation, neu-
ropsychological testing revealed no obvious cognitive
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deficits in 9 patients evaluated by MMSE scores. More-
over, amyloid PET imaging, which is capable of visualiz-
ing amyloid accumulation even in mild cognitive
impairment or preclinical stages of Alzheimer’s discase,”
was conducted and P1 showed no obvious ''C-PIB
retention. These clinical data indicated that loss-of-
function mutations in the human MME gene are not suf-
ficient to cause early-onset familial Alzheimer’s disease,
and NEP deficiency may be compensated for by other
Ap-degrading enzymes, such as insulin-degrading enzyme
or endothelin-converting enzyme, in vivo.'!

In the PNS, NEP has been found in neonatal and
carly postnatal Schwann cells in the pig or rat sciatic
nerve,”” and NEP expression increased after axonal dam-
age in adult rat Schwann cells in the sciatic nerve.”®
Although there are no reports that MME mutations
result in peripheral neuropathy, a previous study revealed
that after chronic constriction injury of the sciatic nerve,
MME knockout mice were more sensitive to heat and
mechanical stimuli than were wild-type mice, and devel-
oped edema and changes in limb temperature resembling
human complex regional pain syndrome with increases in
substance P and endothelin 1 in sciatic nerves.”' Interest-
ingly, a recent study revealed the NEP is transported by
antero- and retrograde axonal flow in rat sciatic nerves.”
In addition, our patients showed axonal neuropathy.
These findings suggest that NEP could play a role in
peripheral nerve development and axonal regeneration.
However, as shown in Figure 6B, our immunohistochem-
ical data revealed that NEP expression in the myelin
sheath is considerably more than in the axon. For exam-
ple, the mutations of peripheral myelin protein zero
(MPZ) usually causes demyelinating neuropathy; how-
ever, sometimes axonal neuropathy phenotype is also
shown, particularly in late-onset form.”® In our study,
given that all patients with MME mutations showed late-
onset CMT, we believe that similar degeneration process
may be present in both conditions by impairing Schwann
cell-axonal interactions. Further studies are needed to
clarify the role of MME in the PNS, to identify the
molecular pathomechanism underlying CMT, and to
develop an effective treatment for the disease.

NEP has received considerable attention as a thera-
peutic target for Alzheimer’s disease. Fortunately, Iwata
et al have successfully developed a new gene delivery sys-
tem by an adeno-associated virus that can achieve com-
prehensive gene expression of NEP in the brain of young
NEP-deficient mice, eventually decelerating Aff accumu-
lation and alleviating cognitive dysfunction.”® This gene
therapy may be applied for the prevention and treatment
of patients with not only Alzheimer’s disease, but also
CMT caused by MME mutations in the near future.
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Finally, we calculated the molecular diagnosis rate
by only focusing on the AR mode of inheritance.
Although only 17 of 77 (22%) patients received a molec-
ular diagnosis by our microarray or NGS, the identifica-
ton of the MME gene resulted in an improved
molecular diagnosis rate of 35% (Fig 7). Interestingly,
this result indicates that MME is the most frequent cause
of AR-CMT2 in Japan.

In conclusion, for the first time, we identified
MME as the most common causative gene for AR-CMT
using WES followed by the ESVD system with an
overlap-based strategy. Our genetic and immunohisto-
chemical data strongly support the finding that the
MME gene is a novel causative gene for AR-CMT. All
10 patients with the MAME mutation had a similar phe-
notype with a late-onset axonal-type motor and sensory
neuropathy, but with no evidence of Alzheimer’s disease,
and we propose this new classification as AR-CMT type
2T. Identification of the MME mutations responsible for
AR-CMT can improve the rate of molecular diagnosis,
understanding of the molecular mechanisms of CMT,
and establishment of effective therapeutic approaches.
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