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AbsTrACT
background Mutations in the metalloendopeptidase 
(MME) gene were initially identified as a cause of 
autosomal recessive charcot-Marie-tooth disease type 
2 (cMt2). Subsequently, variants in MME were linked to 
other late-onset autosomal dominant polyneuropathies. 
thus, our goal was to define the phenotype and mode of 
inheritance of patients carrying changes in MME.
Methods We screened 197 index cases with a 
hereditary neuropathy of the cMt type or distal 
hereditary motor neuropathy (dHMn) and 10 probands 
with familial amyotrophic lateral sclerosis (falS) using 
a custom panel of 119 genes. in addition to the index 
case subjects, we also studied other clinically and/or 
genetically affected and unaffected family members.
results We found 17 variants in MME in a total of 
20 index cases, with biallelic MME mutations detected 
in 13 cases from nine families (three in homozygosis 
and six in compound heterozygosis) and heterozygous 
variants found in 11 families. all patients with biallelic 
variants had a similar phenotype, consistent with late-
onset axonal neuropathy. conversely, the phenotype of 
patients carrying heterozygous mutations was highly 
variable [cMt type 1 (cMt1), cMt2, dHMn and falS] 
and mutations did not segregate with the disease.
Conclusion MME mutations that segregate in an 
autosomal recessive pattern are associated with a late-
onset cMt2 phenotype, yet we could not demonstrate 
that MME variants in heterozygosis cause neuropathy. 
Our data highlight the importance of establishing an 
accurate genetic diagnosis in patients carrying MME 
mutations, especially with a view to genetic counselling.

INTroduCTIoN
‘’One of the most common inherited neurological 
disorders, Charcot-Marie-Tooth (CMT) disease, is 
clinically and genetically heterogeneous, with more 
than 90 disease-causing genes identified to date 
(http:// neuromuscular. wustl. edu). Phenotypically, 
CMT is traditionally divided into demyelinating 
[CMT disease type 1 (CMT1)] or axonal [CMT 
disease type 2 (CMT2)] forms, the former lending 
itself to genetic characterisation in more than 90% 
of cases.1–3 By contrast, in the majority of patients 
with the axonal form, no gene mutations have been 

identified that may account for their disease and 
causal genes still remain largely unknown.1–3 The 
most frequent clinical CMT phenotype involves 
the development of progressive distal weakness and 
sensory loss in the first two decades of life.4 Onset 
after the age of 40 is unusual and most late-onset 
forms are considered to be CMT2.5 Diagnosing 
late-onset hereditary neuropathies is challenging 
as incomplete penetrance and small family size are 
frequently problems that hinder the identification 
of patients with genetic neuropathies. Suspected 
hereditary causes are even more difficult to define 
in sporadic cases and in fact, it is not infrequent for 
such cases to be considered as chronic idiopathic 
axonal polyneuropathy (CIAP) or chronic demye-
linating neuropathies (CIDPs).5 6

In recent years, mutations in the metalloendo-
peptidase (MME) gene were identified as the cause 
of late-onset autosomal recessive (AR) CMT2 in 
some Japanese patients.7 Likewise, several cases of 
autosomal dominant (AD) late-onset neuropathies 
in European and American families were linked 
to MME variants.8 Here, we present data from a 
series of patients with CMT, distal hereditary motor 
neuropathy (dHMN) and familial amyotrophic 
lateral sclerosis (fALS) without genetic diagnosis, 
but who were studied using a panel of 119 genes 
causing neuropathy and/or ALS. The aim of this 
study was to shed light on the phenotype and mode 
of inheritance of the neuropathies caused by MME 
mutations.

MATerIAls ANd MeThods
Patients and samples
We screened 197 index cases with CMT/dHMN 
and 10 patients with fALS using our custom panel 
of 119 genes (Neuro119: online supplementary 
table 1). Capture-based target enrichment was 
performed using custom probes and the SureSe-
lectQXT kit (Agilent Technologies, Santa Clara, 
California, USA) suitable for Illumina sequencing 
(Illumina, San Diego, California, USA). All the 
patients were examined by experienced neurolo-
gists at six different Spanish hospitals. In most of 
the patients with CMT, a PMP22 duplication or 
deletion and mutation of the most frequent genes 
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associated with these conditions (MPZ, GJB1 and GDAP1) had 
been ruled out. In patients with fALS, C9ORF72 expansion had 
been discarded. After sequencing the panel of genes, the clin-
ical data and genetic findings from 20 families and 26 affected 
individuals carrying mutations in the MME gene were studied 
in more detail. In addition, 44 unaffected family members were 
included in this study for segregation analysis and/or for clinical 
assessment. In one family, peripheral blood derived mRNA was 
also characterised to assess MME splicing. In addition, muscle 
MRI was performed on five patients, obtaining standard axial 
sections at the level of the hip, thigh, lower leg and feet, as 
described previously.9 Sural nerve biopsy was also performed 
on one individual (patient F4/II:1) when he was 53 years old. 
Written informed consent was obtained from all the patients 
included in this study. All the studies were carried out in accor-
dance with the Helsinki declaration regarding experimentation 
on humans (World Medical Association, 1964).

Genetic analysis
Candidate variants were selected by excluding all variants with 
a minor allele frequency (MAF) higher than 1% in control 
databases (ESP6500, 1000G, ExAC and gnomAD). In addi-
tion, novel or less frequent nucleotide changes in coding exons 
(synonymous, missense, non-sense, frameshift and indels) and 
those affecting splice sites were prioritised. To predict the effects 
of the mutation on the protein, we generated a prediction score 
by running the following algorithms and programs: PROVEAN, 
SIFT, PolyPhen-2, GERP and PhyloP. After the initial filter 
process, interpretation of the variants was performed following 
the American College of Medical Genetics guidelines.10 Candi-
date variants were validated by Sanger sequencing and they were 
tested for segregation analysis where possible.

resulTs
In a total of 20 unrelated case subjects, 17 variants of MME gene 
were identified with the Neuro119 gene panel (table 1).

Families with biallelic mutations
Segregation analysis confirmed biallelic mutations in the MME 
gene in all 13 affected individuals from nine families (F1–F9) in 
which no consanguinity was reported (figure 1). In these nine 
families, 18 of the 27 healthy individuals examined carried a 
heterozygous MME change (figure 1); yet, no asymptomatic 
carriers of biallelic changes were found. The average age of the 
patients with biallelic mutations was 57 and the age of those 
carrying heterozygous changes was 60, while the average age 
of the non-carriers was 55. In total, we detected 11 different 
variants in the nine families with biallelic mutations, seven of 
which were not present in any of the control population data-
bases consulted (table 1). Patients who carried the c.466delC 
change lived in the northwest of Spain, while those carrying 
the c.1342C>T substitution lived in the southeastern area, 
suggesting two independent founder events in our population.

In family 9, the c.1666C>T (p.Pro556Ser) variant was not 
found in either parent, suggesting that this mutation occurred de 
novo (figure 1, table 1). The analysis of MME mRNA extracted 
from one patient’s peripheral blood (F4/II:2) revealed that the 
novel splice donor change c.196+1G>A caused the skipping of 
exon 2 (online supplementary figure 1), predicting an in-frame 
deletion variant (p.Asp54_Ser65del).

The Human Genome Variation Society (HGVS) nomenclature 
and RefSeq accession number NM_000902 were used for the 
description of genetic mutations identified in MME. Prediction 

and the conservation score was calculated according to algo-
rithms and programmes shown in the online supplementary 
table 2 (ie, for the prediction and conservation score, values of 
0/3, 1/3 and 1/2 estimate a tolerated effect on the protein, while 
values of 2/3–3/3 and 2/2 estimate a deleterious effect).

The clinical features and electrophysiological findings of all 
13 patients are summarised in tables 2 and 3. The age at onset 
ranged from 35 to 73 years (median age of 44 years) and all 
the patients developed slowly progressive weakness and atrophy, 
which commenced in the distal lower limbs and spread to the 
distal upper limb muscles over a period of some years. The 
symptoms at the beginning of the disease were mainly motor, 
involving cramps and very frequent muscle contractures, 
although sensory symptoms were also prominent in the most 
evolved patients. Most patients needed assistance with walking 
within a few years of clinical onset.

There were several particularities among our patients that are 
worthy of further attention. Patient F1/II:1 had long-standing 
diabetes mellitus (DM) and a renal failure that required dialysis. 
His neuropathy developed after the age of 40 and it was first 
attributed to his DM; yet, a genetic cause was later considered 
due to the progressive atrophy in the limbs. Patients F2/II:5 and 
F4/II:2 were both diagnosed with CIDP, although treatment with 
different immunosuppressive and immunomodulatory therapies 
did not produce any clinical improvement. A nerve biopsy from 
patient F4/II:2 showed a loss of multifocal myelinated fibres of 
all diameters (data not shown). The clinical evolution of these 
patients generated suspicion of a genetic cause and furthermore, 
a second affected patient in family F2 was later found.

In two families (F6 and F7), there was a history of dementia, 
with the mother (F6/I:2) and maternal aunt (F6/I:3) of patient 
F6/II:4 having been diagnosed with Alzheimer’s disease. The 
onset of dementia occurred in the eight decade of life and 
neither of them developed symptoms of neuropathy. The mother 
(F6/I:2) carried a change in MME that was detected in heterozy-
gosis, whereas the aunt F6/I:3 had no change in MME. Patient 
F7/II:1 developed both neuropathy and dementia, commencing 
at the age of 40 and 67 years of age, respectively, and he was ulti-
mately diagnosed with Alzheimer’s disease. Patient F5/II:1, who 
carried the same mutation in homozygosis as patient F7/II:1, 
had no clinically evident cognitive impairment. Except for the 
patient with Alzheimer’s disease, no other patients complained 
of memory loss or showed apparent cognitive impairment.

In nerve conduction and electromyography (EMG) studies, 
motor nerve conduction velocities (MNCVs) were compatible 
with a length-dependent axonal neuropathy (table 3). An inter-
mediate (35–45 m/s) or even demyelinating (<38 m/s) range 
of MNCVs was recorded in some nerves although conduction 
to proximal muscles produced higher MNCV values (table 3). 
In the MME series, needle EMG revealed chronic neurogenic 
denervation. In some patients, positive sharp waves and fibril-
lation potentials were evident in the upper and lower limb 
muscles, particularly in the tibialis anterior muscle. Peripheral 
nerve hyperexcitability was recorded in a minority of patients, in 
the form of myokymia and fasciculations (table 3). The decrease 
in the sensory action potential commenced later than that in the 
compound motor action potential (CMAP), yet they tended to 
decrease first in the lower limbs and later in upper limbs as the 
disease evolved. Motor nerve amplitudes were initially conserved 
due to reinnervation, although such compensation was rapidly 
lost at some point and a progressive reduction of CMAP was 
then observed. In those patients (F2/II:5 and F4/II:2), in whom 
electrophysiological studies were performed at different stages 
of the disease, the spontaneous activity was initially frequent and 
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Figure 1 Pedigrees of the families with biallelic mutations in MME. MME variant genotypes of affected and unaffected individuals are shown below the 
pedigree symbols; an arrow in the upper right corner was used to indicate the genotype of the individual F4/ii:2. Probands are indicated with an arrowhead. 
Patients and family members who received a clinical and/or electrophysiological evaluation are identified with the symbol (c) and (e), respectively. Family 
members with a clinical history only are indicated by an h. (d)=subjects diagnosed with dementia.

as the disease progressed, signs of chronic denervation become 
more evident (data not shown).

The clinical assessment of 12 heterozygous carriers (figure 1, 
symbol c) was normal, as were the results of the electrophysio-
logical studies in seven of these (figure 1, symbol c+e). While 
a clinical examination was not carried out on the remaining 
relatives who were included in the segregation study, questions 
addressed to the index case or another family members did not 
suggest any neuropathic alterations (figure 1, symbol h).

MRI revealed a fatty infiltration that followed a length-de-
pendent pattern. Indeed, the involvement of intrinsic muscles of 
the feet occurred at an earlier stage of the disease and was more 
severe than that in the muscles of the legs and thighs. The degree 
of fatty infiltration was similar in all the leg and thigh muscles at 
the same axial level (figure 2).

Families with heterozygous mutations in MME
In 11 families (F10–F20), the Neuro119 gene panel identified 
nine different heterozygous mutations in MME; all of them 
present in the control population databases (table 1). In seven 
families, a segregation analysis indicated that the mutations iden-
tified in the MME gene did not segregate with the disease (online 
supplementary figure 2A), while segregation analysis was not 
possible in the remaining four families (online supplementary 
figure 2B). In two families, F10 and F15, a novel AIFM1 variant 
(p.Ile592Thr), that is probably damaging and a pathological 

missense mutation in SOD1 p.Gly38Arg, were also identified 
(table 4; online supplementary figure 2).

The clinical features and pedigrees of all 11 patients are 
summarised in supplementary figure 2 and table 4. Two of the 11 
probands that carried heterozygous mutations in MME belonged 
to families with fALS or ALS and frontotemporal dementia (F14 
and F15). In the other nine probands, there was wide pheno-
typic variability, four of them presenting a CMT2 phenotype, 
two with distal motor neuropathy and the other three a demye-
linating neuropathy. Interestingly, in family 11, the two affected 
members (F11/II:1 and F11/II:4) presented a phenotype that 
mimicked the AR MME-associated disease, although only F11/
II:4 had the heterozygous variant p.Val604Ile in the MME gene. 
Families 17 and 20 had only mild sensory symptoms, although 
the electrophysiological study produced evidence of generalised 
demyelinating polyneuropathy. The patient in family 12 devel-
oped a sensory predominant neuropathy with late-onset symp-
toms that did not respond to immunomodulatory therapy.

dIsCussIoN
Genetic testing of 207 patients with CMT/dHMN and ALS 
using targeted next-generation sequencing of 119 genes led to 
the identification of 17 different mutations in the MME gene in 
20 families. Biallelic mutations in the MME gene were confirmed 
in nine families, while only heterozygous variants were found in 
11 families. Four out of the 17 mutations were detected in more 
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Figure 2 t1 weighted axial Mri images of the lower limbs from patients F6/ii:4, F2/ii:6 and F4/ii:2. (a) and (c) show Mris at the level of the feet; (B) 
(D) and (e) at the mid-calf level and (F) at the thigh level. Fatty infiltration followed a length-dependent pattern that was more severe in patients who were 
older or had a longer disease course. note that in patient F6/ii:4, there is a severe fatty infiltration in the intrinsic muscles of the feet (a) and only a subtle 
fatty infiltration in the lower leg muscles (B). in patient F2/ii:6, there is complete fatty infiltration of the intrinsic muscles of the feet (c) and moderate–severe 
infiltration of the muscles at the level of the calf (D). in patient F4/ii:2, there is complete fat replacement of the muscles in the lower legs (e) and a mild 
diffuse fatty infiltration of the thigh muscles (F).

than one family, while the other variants were found only once 
in 13 families. The changes that segregated with the neuropathy 
displayed an AR pattern of inheritance. Patients with biallelic 
mutations in MME had a homogeneous phenotype that consisted 
of late-onset axonal CMT, while those patients with heterozy-
gous variants presented a more varied spectrum of phenotypes.

The p.Arg448* mutation was the most common in our MME 
cohort study and it was detected in five unrelated families. In 
four of these five families, this mutation was either homozygous 
(F2) or in trans with a second MME mutation (F4, F6 and F8). 
In the fifth family (F10), the p.Arg448* change was identified in 
heterozygosis and segregation analysis ruled out this change as 
the cause of the disease. However, a second and novel missense 
variant in the AIFM1 gene could be responsible for the neurop-
athy and deafness in this patient. The second most common 
mutation p.Pro156Leufs*14 was found in homozygous in two 
families (F5, F7) with a late-onset CMT2 phenotype. In these 

families, heterozygous carriers of this mutation had normal clin-
ical and electrophysiological features, including two individuals 
over 80 years old. A third loss of function (LoF) change (p.Trp-
750Glyfs*24) was found in two independent families (F6, F14). 
In the index case of family F6 (II:4), the presence of a second 
change in MME in trans (p.Arg448*) confirmed the diagnosis of 
an AR CMT2 phenotype associated with MME. In family F14, 
the p.Trp750Glyfs*24 was also identified in heterozygosity in 
patient II:3, who developed a slowly progressive ALS, as did 
his brother (II:4) who also had early onset dementia with no 
motor neuron impairment. The missense variant p.Gly225Ala 
was identified in heterozygosis in three different families (F17, 
F18 and 19). Taking into account the clinical variability of these 
patients, we classified this variant as a benign polymorphism 
since the segregation studies performed in two families (F17–18) 
were negative and the allele frequency in a control population 
database was high.
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The rest of the changes detected were only identified in one 
family. Interestingly, the p.Val604Ile change was found in a 
patient with late-onset CMT2 (F11) with a similar clinical profile 
to patients with biallelic MME mutations. However, segregation 
analysis ruled out this change as the disease-causing mutation 
in this large pedigree. In family F15, the proband diagnosed 
with fALS carried the MME p.Gln258Arg variant. However, 
this variant was also found in two healthy relatives. In addition, 
a pathogenic mutation in the SOD1 gene (p.Gly38Arg)11 was 
detected in the proband using Neuro119 gene panel.

Our patients with biallelic mutations in MME have the same 
clinical characteristics as a cohort of Japanese patients published 
previously,7 although there appear to be no common genetic vari-
ants between these series of patients. Conversely, three out of the 
17 mutations detected in this study (p.Trp24*, p.Pro156Leufs*14 
and p.Arg448*) were described previously in European and 
American patients, and linked to late-onset AD polyneuropa-
thies.8 In our cohort, the healthy relatives carrying the hetero-
zygous LoF mutations (such as, p.Pro156Leufs*14, p.Arg448* 
and p.Trp750Glyfs*24), who were older than the affected indi-
viduals, did not present any signs of neuropathy. Indeed, it is 
notable that the allele frequency of the first two of these variants 
(p.Pro156Leufs*14 and p.Arg448*) has augmented from the 
ExAC to gnomAD databases. Likewise, according to constraint 
metrics from ExAC,12 rare LoF changes are observed in MME 
gene, leading to a null LoF intolerance probability (PLI=0.00). 
Moreover, the number of missense variants for the MME gene is 
higher than expected, resulting in a negative Z-score of −1.12. 
All together, these findings support the hypothesis that MME is 
likely to be tolerant to both missense and LoF variants at least 
when in heterozygosis, strongly supporting an AR pattern of 
inheritance for MME.

Our patients diagnosed with a MME-associated neuropathy 
presented a late-onset and predominantly a motor neurop-
athy, with frequent cramps and muscle contractures accompa-
nied by acute denervation evident in EMGs. Moreover, sensory 
impairment becomes apparent with disease evolution and 
it is an important cause of disability. In some of our patients, 
MNCV showed values compatible with an intermediate or even 
a demyelinating neuropathy, especially in the median nerve. In 
the patients described by Higuchi et al,7 MNCV of the median 
nerve was indicative of an axonal neuropathy in all patients 
except in one in whom median MNCV was 37.4 m/s. The multi-
focal pattern of myelinated fibres loss found in the nerve biopsy 
of patient F4/II:2 has been described in other CMT2 neuropa-
thies like MORC2.13 In general, we consider that MME-CMT is 
predominantly an axonal neuropathy although in some patients, 
especially in the median nerve, there are both axonal and demy-
elinating features probably reflecting the complex interaction 
between axons and Schwann cells not infrequently found in 
other genetic neuropathies. Neuropathies caused by mutations 
in MME have a clinical phenotype that can be easily confused 
with an acquired neuropathy, especially due to their age of onset 
and their relatively rapid progression, unlike classic CMT. As 
a matter of fact, one patient in our series had been diagnosed 
with diabetic neuropathy and two other patients with CIDP and 
treated accordingly. Therefore, a possible diagnosis of neurop-
athy associated with mutations in MME should be considered in 
patients, who are diagnosed with CIDP but in whom the neurop-
athy is predominantly axonal and who show poor response to 
immunosuppressor or immunomodulatory treatments. In addi-
tion, fatty infiltration of muscles in the lower limbs is detected 
in the MRIs of patients diagnosed with CMT2 due to recessive 
mutations in MME, following a typical length-dependent pattern. 

Curiously, there is no clear preferential involvement of specific 
muscles or compartments, as occurs in other genetic neuropa-
thies. With the data available, we conclude that the characteristic 
muscle MRI in MME patients involves muscle length-dependent 
fatty infiltration that appears to affect all muscles localised at the 
same axial level in a similar way.

It is unclear what are the pathological events driven by MME 
mutations in the peripheral nervous system (PNS). The Nepri-
lysin (NEP) protein is expressed in many tissues,14 including the 
PNS and central nervous system (CNS),15 16 although NEP-de-
ficient mice do not show any obvious abnormalities in motor 
performance or degeneration of their peripheral nerves.8 
Neurodegeneration in a length-dependent neuropathy may not 
be so evident in a mouse model given their short life span and 
the reduced vulnerability of shorter axons. In the CNS, NEP 
degrades Aβ amyloid (AB) and most studies have focused on its 
possible pathogenic role in Alzheimer's disease17–19; yet, to date 
MME mutations have not been associated to familiar Alzheimer’s 
disease. Indeed, none of the Japanese patients with CMT27 were 
considered to be cognitively impaired after detailed neuropsycho-
logical testing. In our cohort, one patient who harboured a MME 
LoF mutation (p.Pro156Leufs*14) was diagnosed with Alzhei-
mer’s disease, although his cognitive impairment commenced 
nearly three decades after the neuropathic symptoms appeared. 
In family F6, the mother (I:2) and maternal aunt (I:3) of the 
proband were diagnosed with dementia; yet, this was not asso-
ciated with the p.Trp750Glyfs*24 change, as this variant was 
not detected in the aunt. However, this change was also found 
in a second family with a history of ALS and dementia (F14/
II:3 and F14/II:5, respectively). While it may still be feasible that 
p.Trp750Glyfs*24 is linked to dementia, the fact that one of the 
patients with dementia did not carry this change (F6/I:3) makes 
this hypothesis less likely. As such, the possible association of the 
MME gene with cognitive impairment remains elusive.

In conclusion, our findings confirm that MME does repre-
sent the most common causative gene responsible for late-onset 
AR-CMT2 in our population, but they do not provide support 
for the hypothesis that heterozygous mutations in MME are a 
direct cause of CMT. Our studies strengthen the importance of 
establishing a genetic diagnosis in order to avoid inappropriate 
immunomodulatory therapies and to ensure that appropriate 
genetic counselling is given, especially in the light of potentially 
new treatments for this condition.
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