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Charcot-Marie-Tooth (CMT) disease caused by mutations
in the GDAP1 gene has been shown to be inherited via
traits that may be either autosomal recessive (in the ma-
jority of cases) [CMT4A] or autosomal dominant [CMT2K].
CMT4A disease is characterized by an early onset, and a
severe clinical course often leading to a loss of ambula-
tion, whereas CMT2K is characterized by a mild clinical
course of benign axonal neuropathy beginning even in
the 6th decade of life. Clinical data from a GDAPT mu-
tated patient suggests that the presence of a particular
mutation is associated with a certain trait of inherit-
ance. The association of a particular GDAP1 gene muta-
tion and a dominant or recessive trait of inheritance is
of special importance for genetic counseling and the
prenatal diagnostics as regards severe forms of CMT.
In the present study we report on two CMT families in
which a newly identified Glu222Lys mutation within the
GDAP1 gene segregates both in autosomal dominant
and recessive traits. Our study shows that at least some
GDAP1 gene mutations may segregate with the CMT
phenotype as both dominant and recessive traits. Thus,
genetic counseling for CMT4A/CMT2K families requires
more extensive data on GDAP1 phenotype-genotype cor-
relations.
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INTRODUCTION

Over hundreds of years genetic counseling in Char-
cot-Marie-Tooth disorders was hampered by genetic
heterogeneity in this group, ensuring that the same phe-
notype of hereditary peripheral neuropathy may be as-
sociated with different mutations of numerous genes.
Neither morphological nor electrophysiological studies in
CMT proved being able to correlate a particular form of
CMT with a certain trait of inheritance. However, recent
achievements in the field of molecular diagnostics, which
extend also into the CMT area, have opened the door to
genetic counseling based on the identification of a cer-
tain mutation transmitted as X-linked, autosomal domi-
nant or recessive traits (Tonasescu, 1995). Additionally,
for CMT forms with a severe clinical course the findings

of molecular genetics are of special importance where
prenatal diagnostics are being concerned.

In 2002, two independent groups identified mutations
in the GDAP1 gene responsible for the severe form
of Charcot-Marie-Tooth disease with an autosomal re-
cessive trait (CMT4A) (Baxter e/ al., 2002; Cuesta ef al.,
2002). Within 10 years over 100 patients harboring mu-
tations in the GDAPT gene have been reported all over
the world (Cassareau e al, 2011). In 2005 Claramunt
and colleagues reported on the Argl20Trp mutation in
the GDAPT gene inherited as an autosomal dominant
trait (Claramunt es al, 2005). The Argl20Trp mutation
segregates with a phenotype of a mild axonal neuropa-
thy with a wide spectrum of clinical features (Siviera et
al., 2010). In contrast to GD.APT gene mutations inher-
ited as an autosomal recessive trait, the heterozygous
dominant mutations of this gene are reported to be of
variable penetrance. Some dominant GDAP1 gene muta-
tions were even found in healthy individuals in the 7-th
decade of life. Interestingly, in some CMT-affected pa-
tients, dominant GDAP1 gene mutations segregate with
asymmetrical mononeuropathy limited to the lower limbs
(Zimon et al., 2011).

Little is known of the molecular basis for the reces-
sive and dominant inheritance of GDAP 1 gene muta-
tions. The effect of the GDAP1 mutations (amino-acid
substitutions) is strongly dependent on the mode of
inheritance. In general, recessively-inherited mutations
in the GDAPT gene result in reduced fission activities
with a predominance of tubular and mixed (tubular and
vesicular) mitochondria (Niemann e# @/, 2005). In turn,
mutations transmitted as a dominant trait have a nega-
tive influence on mitochondrial fusion, as with the muta-
tions of another CMT gene — MFNZ2. Excessive mito-
chondrial fragmentation also increases the susceptibility
to apoptosis. Moreover, dominantly-inherited mutations
influence ROS levels and transmembrane potential (Nie-
mann e/ al., 2009). Mutations leading to GDAP1 protein
truncation constitute a separate group of mutations re-
sulting in disturbance of GDAP1 anchoring to the mito-
chondrial outer membrane, and in consequence to altera-
tions in mitochondrial dynamics (Niemann e# al., 2005).

To the best of our knowledge, we report here for the
first time the newly-identified Glu222Lys mutation in the
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GDAP1 gene segregating in both autosomal dominant
and recessive traits.

CLINICAL REPORT

Family A. The parents of the proband originate in
the castern part of Poland, from a family without ap-
parent consanguinity. The 46-year-old father (II-3) of
the patients is healthy and no abnormalities were found
in him on neurological examination. The 44—year-old
mother (II-4) considers herself healthy, though neuro-
logical examination confirmed the absence of ankle jerks
(Fig. 1).

IgII-Z—ZO years old. This female patient was born fol-
lowing a normal, uneventful pregnancy. Parturition was
provoked, and the baby was born at weight 2600 g and
length 49 cm. An APGAR score of 10 points was given.
The infant sat at 6 months and started to walk at 11
months. At age 2, her clumsy gait on a broad base with
foot dropping was noted by her parents, who noted that
she often fell down. At the age of 3 years she underwent
surgery for a plano-valgus foot. At the age of 3 years
10 months, she was first hospitalized in the Neurological
Department and the diagnosis of CMT2 was established.
At the age of 3 10/12 months she had wasting of the
calves, contraction of the Achilles tendons, weak ankle
and knee reflexes, though preserved deep tendon reflex-
es in the upper limbs. ENG analysis at this age showed
massive sensory neuropathy (no recordable amplitudes
from the sensory fibers of median and sural nerves) and
reduction of the CMAP amplitudes in the median and
tibial nerves (3.5 and 0.027 mV, respectively). Other lab-
oratory tests (for glucose, CPK, lactic acid, pyruvic acid,
AspAT, ALAT, cerebrospinal fluid) gave results within
the normal range.

At the age of 19 years III-2 was hospitalized again.
She was an active intelligent young woman achieving
good results at school. Her height was low, at 152 cm,
and her gait was very clumsy with foot dropping. She
presented with flaccid paresis of the lower limbs, and
had severe wasting of the muscles of the upper and
lower limbs (Fig. 2 hands III-2). Pes cavus deformity was
observed.

ITI-3-17 years old. This patient born from a sec-
ond, normal, uneventful pregnancy with a weight of
3100 g and an APGAR score of 10 is the brother of
the proband (III-2). Following the diagnosis of CMT in
the sister, he was first examined at the ages of 4 and
6 months, though no abnormalities in neurological ex-
amination were found at that stage. However, at the
age of 16 months his gait was clumsy, with walking on
the broad base and frequent falling down. The results
of other laboratory tests were within the normal range.
At the age of 17 years, he presented with foot-dropping
gait, generalized wasting of the distal muscle that also in-
volved the small muscles of the hand (Fig. 2 — hands
of III-3). He had profound abnormalities in the sensory
modalities.

Family B. III-10 is a patient aged 73 years who had
observed his gait becoming clumsy when aged 68. Neu-
rological examination when he was 72 revealed that the
left ankle jerk was present, though the right was absent,
as were the knee reflexes. No other abnormalities were
found in the patient.

In ENG examination, the CMAP amplitudes in the
peroneal and tibial nerves were extremely reduced (to 0.1
mV), and there was no response from the sensory fibers

of most examined nerves, except for a residual sensory
response of the radial one (A 3 uV, CV 40 m/sec).

In the sister of the patient, III-12, aged 71 vyears,
nothing more than diminished ankle reflexes were found.
Back pain was revealed by anamnesis. Causes of disease
were seen in osteoarthritis of the spine as detected by
MR imaging. The right ulnar, median, right and left tib-
ial, peroneal and sural nerves wetre examined, no abnor-
malities being found in either motor or sensory fibers of
the examined nerves, except as regards the CMAP am-
plitude of the left tibial nerve, which was reduced to 3.0
mV (normal >5.0mV). The latency to I wave from this
nerve was prolonged (57.7 ms). F-wave latency was also
slightly prolonged in the right peroneal and right tibial
netves.

In addition, EMG examination petformed on the pa-
tient revealed a chronic and moderate neurogenic pattern
in the muscles of the left lower limb (L5-S1). However,
no abnormalities were detected in the arrangement of
the motor units in other muscles of the upper and lower
limbs.

METHODS

We recruited 20 CMT2 Polish families consulted at
the Neuromuscular Unit, Mossakowski Medical Re-
search Centre of the Polish Academy of Sciences, and
the Department of Neurology of Warsaw Medical Uni-
versity. Clinical and genetic study gained the approval of
the local Medical and Ethics Committee at the Medical
University of Warsaw. All examined patients and their
family members or their legal representatives signed an
informed consent form in respect of the DNA analysis.

Genomic DNA was isolated from white blood cells of
the CMT patients and their family members. As a stand-
ard procedure, duplication or deletion of the PMP22
gene was excluded using the real time PCR (Q-PCR) ap-
proach (Aarskog, Vedeler, 2000) in III-10, III-3 oraz III-
2. All coding exons of the GDAP7 gene were sequenced
directly with primers previously reported (Cuesta ez al,
2002). Sequencing data were analyzed by comparing with
a reference mRNA isoform sequence NM_018972.2 and
genomic sequence NG_008787.1 of the GDAPT gene.

We also performed analysis of mitochondrial DNA
integrity (mtDNA). Recently, Rouzier and coworkers
demonstrated that in the patients with optic nerve atro-
phy, mitochondrial DNA fragmentation results from a
novel missense mutation in the MFNZ2 gene (Rouzier ef
al. 2011). We isolated whole DNA from the leukocytes
from peripheral blood, and amplified the whole mito-
chondrial genome as well as the nuclear HPRT gene as
a control using an Expand High Fidelity PCR System
(Roche) and the primers described previously (Rouzier e
al., 2011).

Short Tandem Repeat analysis. To test the hypoth-
esis of a common ancestor for two CMT families origi-
nating in the same region of Poland, haplotype analysis
was performed with 6 highly-informative short tandem
repeat microsatellite (STR) markers (ID8S279, D8S548,
D8S551, D8S286, D8S1144, P26ACG) located in 8ql3-
q21 region. STRs were first PCR-amplified with fluores-
cently (FAM) labeled primers (sequences are available at
www.ncbi.nlm.nih.gov); fragments were combined with
formamide and GeneScan'TM 500 Liz® Size Standard
(Life Technologies) and size-separated on ABI3130xl
DNA Analyzer. Genotyping results were assessed using
Peak Scanner™ Software v1.0 (Life Technologies).
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Figure 1. Pedigrees of two Polish families, A (upper panel) and B (lower panel), affected by CMT4A and CMT2K disease.

Filled circles or squares represent individuals diagnosed with CMT, empty symbols unaffected family members, and the filled gray bar
below the symbols the disease-associated haplotype. The latter (gray box) are identical in two families, indicating possible common her-
itage. The chromatograms below the pedigrees show both the mutated and wild-type GDAP1 gene allele.

RESULTS

In the families recruited to this study, diagnosis
of Charcot-Marie-Tooth type 2 (CMT2) disease was
established. CMT2 was diagnosed on the basis of
clinical evaluation and nerve conduction studies. The
inclusion criterion for this study was axonal-type pe-

ripheral neuropathy diagnosed on the basis of ENG
findings.

The reference values for dosage of the PMP22 gene in
healthy individuals of our study range between 0.700 and
1.090 (Kabzinska ef al., 2009). The values for the dosage
of the PMP22 gene in the DNA samples from examined
individuals ranged from 0.926 to 1.028.
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Figure 2. In the proband (lll-2), aged 17 severe wasting of the
distal upper-limb muscles and small hand muscles is observed.

Direct sequence analysis of the six exons of the
GDAPT gene referred to revealed a new heterozygous
c.664G>A mutation in the two investigated families. In
family B the mutation occurred in the proband III-10,
and his sister, 1I1I-12. The same sequence variant was
found in family A in II-3 (heterozygote) and in a com-
pound heterozygous state with ¢.715C>T (p.Leu239Phe)
mutation in III-2 and III-3. The healthy mother II-4 of
the proband was a carrier of c¢. 715C>T mutation. The
c.664G>A mutation results in the substitution of a glu-
tamine by lysine at codon 222 (p.Glu222Lys), located in
the C-terminal homologous to the glutathione S-trans-
ferase (GST-C) domain of the GDAP1 protein.

We did not observe any fragmentation of mt DNA in
our patients, in the analysis of DNA integrity.

DISCUSSION

A question concerning the pathogenic effect of mu-
tations in the GDAP1 gene raises issues of special im-
portance in the context of prenatal and preimplantation
diagnosis in the CMT4A-affected families. In fact, in
contrast to the majority of CMT forms, CMT4A is a se-
verely disabling disease resulting in a loss of ambulance
even in young patients beginning their second decade of
life. Phenotypically dominant and recessive GDAP1 gene
mutations represent extreme points on the scale of clini-
cal severity. CMT2K disease caused by a heterozygous
GDAP1 gene mutation represents a rather mild form of
peripheral neuropathy starting in adults or old patients
and characterized by a benign clinical course, or even re-
maining symptomatic only on the subclinical level (subtle
EMG abnormalities). To date, GDAP7 gene mutations
have also been classified as dominant and recessive. A
trait of inheritance was treated as a constant feature of
a certain mutation. Thus the Leu239Phe mutation re-
ported in numerous European CMT families was shown
to be inherited as an autosomal recessive trait in both
homozygous and compound heterozygous configura-
tions (Kabzinska ez al, 2010). The Argl20Trp mutation
in the GDAPT gene segregates with the prevailing form
of CMT disease with a wide clinical spectrum (Sivera
et al. 2010). Interestingly, in our study, we detected the
new Glu222Asp mutation in three configurations: (i) a
heterozygous mutation in a 70-year-old clinically asymp-
tomatic woman with benign ENG abnormalities whose
acquired origin is hard to preclude, (ii) a heterozygous

dominant mutation in a 74-year-old patient with a 4-year
history of disease and evident electrophysiological abnot-
malities, (iii) in a 40-year-old woman with CMT pheno-
type limited to the loss of ankle reflexes, and (iv) a hete-
rozygous recessive mutation with Leu239Phe manifesting
as a severe CMT disease in two patients.

Although our study treveals a quite wide spectrum
of clinical features we cannot definitively preclude the
GDAP1 gene mutation reported by us resulting in oth-
er forms of CMT. Our study shows that at least for
some mutations of the GDAP1 gene a trait of inherit-
ance should not be established on the basis of data for
a single family. Given the reduced penetrance of Glu-
222Asp mutation observed in patients (I1I-10 and ITI-12
in family B), a severe phenotype in patients harboring
Leu239Phe/Glu222Asp mutations is surprising. In fact,
our study confirms that the final effect of two mutations
cannot be anticipated as the sum of two different gene
alterations i.e. a strong and weak mutation. In the initial
studies dedicated to GDAP1 mutations, missense substi-
tutions were thought to be associated with a mild CMT
phenotype, whereas nonsense mutations led to a severe
phenotype (Niemann e# 4/, 2009). Recently, we reported
on Leu239Asp homozygous mutation segregating with
an extremely severe phenotype of CMT. In fact, despite
its missense character, Leu239Asp mutation results in
disturbed targeting of the mutated GDAP1 protein into
the mitochondrial outer membrane. A missense muta-
tion was thus shown to act as nonsense mutation of the
GDAP1 gene at the cellular level (Vital e al., 2012).

To test for the cellular effects of the Glu222Asp mu-
tation, we hypothesized its impact on the integrity of the
mitochondrial DNA molecule. Recently, Pro45Lys muta-
tion within the Mitofusin 2 gene responsible for main-
taining the mitochondrial network was shown to result
in the fragmentation of mitochondrial DNA (Rouzier ez
al., 2012).

The GDAP1 protein also contributes to mitochondrial
network dynamics and, together with the whole protein
apparatus, e.g. mitofusin 2, coordinates the processes of
fission and fusion of these organelles. We postulate that
the mutations found in the GDAP7 gene in the probands
and their families could affect, and cause microdeletions
in, mtDNA. In this study we have shown that, in con-
trast with Pro45Lys mutation in the Mf#2 gene resulting
in the fragmentation of mitochondrial DNA, Glu222Lys
mutation does not act »iz a molecular mechanism leading
to the fragmentation of mitochondrial DNA.

We cannot preclude Glu222Asp mutation acting via
another mechanism not associated with the integrity of
mitochondrial DNA. Equally, as material from patients
other than blood (e.g. skin fibroblasts, muscle or nerve
biopsy) was not available, aberrations in the quality of
mitochondrial DNA in the direct regions of clinical
manifestation of the disease cannot be ruled out.

A cumulative effect of two weak mutations in GDAP1
and Mfn2 genes (Argl20Ttp and Vall60fsx26 respective-
ly) has been documented recently in one French CMT
family. The patrents of the proband — who is a com-
pound heterozygote for GDAPT/Mfi2 mutations — wete
asymptomatic (father) or displayed a very mild CMT2
clinical course (mother — Arg120Trp mutation in the
GDAPT gene). Interestingly, their daughter manifested
with a severe form of CMT2 disease (Vital e al 2012).
Ammar and colleagues reported a Belgian CMT family
in which compound heterozygosity for Argl20Trp and
Gly271Arg GDAPT gene resulted in a severe phenotype
of two wheelchair dependent siblings aged 12 and 20
years, respectively (Ammar ef al., 2003).
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The heterozygous Glu222Lys mutation was observed
only in three individuals. It seems on this basis that this
mutation has stable penetrance, resulting in a late-onset
mild form of axonal neuropathy. As with previous ob-
servations reporting an asymmetrical pattern of Elec-
troneurography (ENG) abnormalities in patients harbor-
ing dominant mutations within the GDAP7 gene, patient
II1-12. manifested with isolated reduction of CMAP am-
plitude in the left tibial nerve. However, given the age of
the patient (71) we could not definitively exclude abnor-
malities having been acquired in this patient.

Given the results of the ENG and EMG studies
petformed on III-12 and MRI findings from the L-S
portion of the spine, we established a diagnosis of left-
side radiculopathy. Although the neuropathy found is
generally an acquired type, it remains possible that the
Glu222Lys mutation found in the patient did not con-
tribute to phenotype.

Among GDAPT gene mutations transmitted via an
autosomal dominant trait was Argl20Trp mutation char-
acterized in a group of patients. This showed variable
penetrance, as in some individuals there was no abnor-
mality on neurological and electrophysiological examina-
tion even in old patients (Sivera ez al, 2010). Recently, a
three-generation CMT family from Italy with Argl20Gly
mutation was described. Electrophysiological findings en-
compassing 7 members of this family revealed a marked
variability to an asymmetrical process. Interestingly, the
oldest patient aged 79 years showed only the reduced
values for sensory action potentials (SAPs) in the sural
and peroneal superficial nerves (Ammar e a/, 2003). In
the Finnish CMT2 family with His123Arg heterozygous
mutation in the GDAPT gene, four individuals in the
first generation of the family were seen to be asympto-
matic carriers (Zimon ef al., 2011).

We may conclude that Glu222Lys mutation in the
GDAPT gene reported by us may result in a late-onset
CMT2 disease with a mild clinical course and variable
penetrance in a heterozygous state. In a compound het-
erozygosity with another GD.APT recessive mutation,
Glu2221ys mutation leads to a severe, eatly-onset CMT2
disease. Further studies are needed to establish the range
of penetrance of Glu222Lys mutation in both dominant
and recessive traits of inheritance. In the previous study
reporting CMT families with dominant GDAPT gene
mutations, we documented cardiac arrhythmia cosegre-
gating with disease in one Polish family (Zimon ez al.,
2011). In one patient reported here conduction distur-
bances localized over the right heart ventricle were also
found. We cannot exclude the coexistence of GD.APT?
gene mutations with heart arrhythmia being incidental,
though GDAP1 protein is located in the mitochondrial
outer membrane. In fact, mutations of the mitochondrial
proteins may often be associated with the heart failure.

Glu222Lys mutation is located in the C-terminal do-
main of GDAP1 protein, homologous with glutathione
S-transferase domains (GST-N and GST-C).

In the previous study we demonstrated a founder ef-
fect for Leu239Phe mutation in the GDAP1 gene, at
least in the East European population (Kabzinska ez af.,
2010). In this study we have also analyzed 8ql11.4 region
with a set of STR markers (Fig. 1). As in the previous
study we confirmed the presence of a common haplo-
type for carriers of Leu239Phe mutation, supporting
our previous hypothesis concerning a founder effect for
this mutation, at least in the case of the East European
population. As regards Glu222Lys mutation in GDAPT
gene, we are not able to demonstrate an evident founder
effect for the mutation. Thus, we can only speculate that

carriers of Glu222Lys mutation could have a common
ancestor. To conclude, there is a question as to whether
a third class of GDAPT gene mutations should be added
to the existing recessive and dominant vatiants A sec-
ond, clinically important question concerns the spectrum
of phenotypes associated with dominant GD.APT gene
mutations. Interestingly, within 12 years since its first
description in consanguineous Algerian families, CMT4A
evolved to its mild form of CMT2 disease. Finally, some
GDAPT gene mutations characterized by extremely vari-
able penetrance may manifest as both autosomal reces-
sive and dominant traits. Moreover, the Glu222Lys mu-
tation in the GDAPT gene shows a variable penetration
which cannot be related to the age of the patient.
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