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Abstract A wide range of phenotypes have been reported

in autosomal recessive (AR) Charcot-Marie-Tooth disease

(CMT) patients carrying mutations in the ganglioside-

induced differentiation-associated protein 1 (GDAP1)

gene, such as axonal, demyelinating, and intermediate

forms of AR CMT. There have been very few reports of

GDAP1 mutations in autosomal dominant (AD) CMT.

Here, we report an AD CMT family with a novel Q218E

mutation in the GDAP1 gene. The mutation was located

within the well-conserved glutathione S-transferase (GST)

core region and co-segregated with the affected members

in the pedigree. The affected AD CMT individuals had a

later disease onset and much milder phenotypes than the

AR CMT patients, and the histopathologic examination

revealed both axonal degeneration and demyelination.
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Abbreviations

AD Autosomal dominant

AR Autosomal recessive

CMT Charcot-Marie-Tooth disease

GDAP1 Ganglioside-induced differentiation-associated

protein 1

NCV Nerve conduction velocity

Introduction

Charcot-Marie-Tooth disease (CMT) is the most common

form of inherited peripheral neuropathy. Mutations in the

ganglioside-induced differentiation-associated protein 1

(GDAP1) gene are associated with a wide range of phe-

notypes, such as axonal autosomal recessive (AR) CMT

(OMIM 607731, 607831) (Cuesta et al. 2002; Birouk et al.

2003), demyelinating AR CMT (OMIM 214400) (Baxter

et al. 2002), and intermediate AR CMT (OMIM 608340)

(Nelis et al. 2002; Senderek et al. 2003). Autosomal

recessive CMT with GDAP1 mutations is associated with a

severe phenotype that is characterized by a rapidly pro-

gressive weakness that usually begins before the age of 3

years and eventually leads to an inability to walk by the

second or third decade of life (Bernard et al. 2006). The

recent observation of AD CMT by Claramunt et al. (2005)

showed much milder phenotypes and onset during the

second decade of life; however, no pathologic type of AD

CMT has been reported.

GDAP1 is expressed in neurons and Schwann cells,

which implies that GDAP1 may play a fundamental role

during the development and myelination of the periphe-

ral nervous system (Cuesta et al. 2002; Nelis et al.

2002). Moreover, recent functional studies have shown
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that the GDAP1 protein is also localized in the mito-

chondria (Niemann et al. 2005; Pedrola et al. 2005).

Although the pathophysiological mechanisms underlying

their activities remain to be elucidated, GDAP1 might

play a variety of roles in the development of the

peripheral nervous system.

In this study, we identified a novel GDAP1 Q218E

mutation that seems to be associated with two AD CMT

patients in a family of Korean descent. They had very mild

phenotypes, with the age of disease onset in the second and

third decades and the histopathologic features of axonal

degeneration and demyelination.

Patients and methods

Subjects

This study involved samples from 217 unrelated CMT

patients of Korean descent. In particular, all familial

members of the FC8 pedigree were included in this study

(Fig. 1a). An additional 187 healthy controls were recrui-

ted from the Neurological Department. All participants

provided written informed consent to take part in the study,

which was approved by the Ethics Committee of Ewha

Womans University Hospital.

Clinical assessment

Patient 1

The proband (M/68 years; Fig. 1a, I-1) was admitted to

the Department of Neurology at the age of 58 years. He

was noted to have gait problems at 25 years of age. His

gait was clumsy, and his ankles appeared to be weak. He

apparently began to notice atrophy of his hand muscle in

his fifties. He showed no signs of hoarseness, diaphrag-

matic paralysis, or pyramidal tract involvement, and his

intelligence was normal. Neurological examination at the

age of 68 years showed distal wasting and muscle

weakness in the lower limbs and both hands; however,

he maintained the ability to walk on his own. His

abilities to sense vibrations and feel pain were reduced

in the distal upper and lower limbs. Muscle stretch

reflexes were present, with the exception of the knee and

ankle reflexes. It is noteworthy that the median and ulnar

motor nerve conduction velocities (NCVs) and

compound motor action potentials (CMAPs) were normal

or mildly reduced and that NCVs performed at 11-year

intervals showed very slow progression, which was

consistent with his clinical features (Table 1).

Patient 2

The daughter of Patient 1 (F/36 years; Fig. 1a, II-3) was

admitted at 17 years of age due to difficulty in walking.

She showed no delay in developmental milestones. She

began to experience progressive gait abnormalities at

16 years of age. She was able to recall that she began to

experience symptoms of hand muscle atrophy at the age of

23 years. She had no hoarseness or diaphragmatic paraly-

sis. Neurological examination at the age of 36 years

revealed moderate weakness and atrophy of the distal
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Fig. 1 a Pedigree of the FC8 family with a ganglioside-induced
differentiation-associated protein 1 (GDAP1) mutation. The open
symbols represent the unaffected females (open circle) and males

(open square), and the filled symbols represent the affected male

(filled square) and female (filled circle). Arrow indicates the proband.

b Chromatograms of a Q218E (c.C652G) mutation. c Conservation of

the amino acid at the Q218E mutation site in different species.

Multiple alignment of the GDAP1 family was performed with the

CLUSTALX ver. 1.83 program
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muscles of the upper and lower limbs; however, she was

also able to walk without any assistance. Pes equinovarus

was noted, but scoliosis was not found. All of her sensory

modalities, including vibratory sense and pain apprecia-

tion, were impaired distally in the upper and lower limbs.

Stretch reflexes were present, except for the ankle reflexes.

Nerve conduction studies and needle EMG indicated the

presence of an axonal polyneuropathy (Table 1).

Mutation screening

Genomic DNA was extracted from whole blood samples

using a QIAamp DNA blood kit (Qiagen, Hilden, Ger-

many). The mutation in the GDAP1 gene was confirmed by

DNA sequencing of all exons and contiguous flanking

intronic sequences. The sequences were determined by

sequencing the purified PCR products using an ABI 3100

automatic sequencing analyzer (Applied Biosystems, Fos-

ter City, CA). We used the SEQSCAPE (ver. 2.1) program

(Applied Biosystems) to detect the sequence variation and

confirmed the sequence variations by analyzing both

strands of DNA.

Results and discussion

The screening of the GDAP1 gene in this Korean CMT

family (FC8) led to the discovery of a heterozygous form

of an unreported novel single missense mutation, Q218E

(c.C625G). This mutation was found in two affected

familial members, the proband (Fig. 1a, I-1) and her

daughter (Fig. 1a, II-3), but it was not found in the unaf-

fected members. This mutation was not found in any of 374

control chromosomes. No other causative mutation was

found in other exons and in their flanking intron regions in

both affected members. Consequently, we were able to rule

out the possibility of compound heterozygosity of GDAP1

mutations. In this family, the heterozygous C–G transver-

sion (c.C625G) mutation co-segregated with the disease in

the FC8 family in an autosomal dominant (AD) manner

(Fig. 1a). This nucleotide transition resulted in a substitu-

tion of glutamic acid for glutamine (Fig. 1b). This Q218E

mutation is located within the glutathione S-transferase

(GST) core region, which is highly conserved in most GST

proteins (Fig. 1c). No other causative mutation was found

in PMP22, MPZ, LITAF, NEFL, Cx32, MFN2, HSP22,

HSP27, BSCL2, and DNM2 in both affected members of

the FC8 family.

The proband underwent a sural nerve biopsy at the age

of 68 years, 43 years after the onset of the disease. An

axonal process, characterized by the loss of myelinated

fibers, especially large-diameter ones ([8 lm), and occa-

sional onion bulb formations were observed. The

unmyelinated fibers appeared to be better preserved than

the myelinated fibers, and the thickness of the myelin

sheath was reduced in comparison to the axonal diameter

(Fig. 2a). In addition, a regenerative cluster consisting of

adjacent thinly myelinated axons surrounded by a con-

centric proliferation of Schwann cell cytoplasmic

fragments was visible (Fig. 2b). Electron microscopic

examinations confirmed the presence of the significant

concentrically enlarged Schwann cytoplasmic and basal

lamina fragments enclosing an unmyelinated axon (Fig. 2

c) or thinly myelinated axon (Fig. 2d).

Patients with AD GDAP1 mutations are very rare

(Claramunt et al. 2005); however, we believe that the

Q218E mutation in the FC8 family is relevant to AD

CMT due to the following observations: (1) co-segrega-

tion of the mutation with affected members in the

pedigree, (2) no detection of the same mutation in 374

control chromosomes, (3) good conservation of the amino

acids at the mutation site among different species, (4) no

causative mutation in most known CMT genes in the

family, and (5) phenotypic similarity with the Spanish AD

CMT patients reported by Claramunt et al. (2005). Some

individuals having frameshift or nonsense mutations in

the heterozygous state have been reported as normal

(Stojkovic et al. 2004; Baránková et al. 2007); however,

the Q218E mutation in this study seems to be less drastic,

but symptomatic. One plausible explanation is that

heavily damaged GDAP1 proteins would be completely

Table 1 Electrophysiological findings in autosomal dominant Charcot-Marie-Tooth patients with a ganglioside-induced differentiation-asso-
ciated protein 1 mutation

Patient Age at

exam (years)

Site Motor nerve conduction velocity (m/s) Sensory nerve conduction velocity (m/s)

Median Ulnar Peroneal Tibial Median Ulnar Sural

Patient 1 (Fig. 1a, I-1) 68 Right 51.0 (8.8) 50.2 (9.4) NR NR 37.8 (6.0) 36.4 (2.1) NR

Patient 2 (Fig. 1a, II-3) 36 Right 46.7 (4.5) 46.9 (5.3) NR NR 29.9 (9.1) 25.0 (5.9) NR

The amplitudes of evoked responses are given in parenthesis [for motor nerve conduction velocities (NCVs) by mV and for sensory NCVs by

lV]. Normal NCV values: motor median nerve, C50.5 m/s; ulnar nerve, C51.1 m/s; sensory median nerve, C39.3 m/s; ulnar nerve C37.5 m/s.

Normal amplitude values: motor median nerve, C6 mV; ulnar nerve, C8 mV; sensory median nerve, C8.8 lV; ulnar nerve, C7.9 lV; NR, not

recordable
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nonfunctional but that the Q218E GDAP1 mutant protein

in this study would reveal a dominant negative effect or

partial loss of function, so it may inhibit the function of

normal GDAP1 protein.

Because the GDAP1 gene is expressed in Schwann cells

and neurons, it is associated with a wide spectrum of

neuropathologic abnormalities, leading to the possible

existence of several types of CMT, such as axonal,

demyelinating, or intermediate AR CMT (Baxter et al.

2002; Cuesta et al. 2002; Senderek et al. 2003). In this

study, sural nerve biopsy of our AD CMT patient (Fig. 1a,

I-1) demonstrated both an axonal and demyelinating form

of neuropathy. The axonal degeneration and demyelination

produced by the GDAP1 mutation can be explained by the

fact that GDAP1 is involved in the developmental steps

needed for the formation and maintenance of myelin. Thus,

GDAP1 mutations will add to our understanding of the

biopsy findings in the AD CMT patient.

Most AR CMT patients with the GDAP1 gene mutation

show a very early disease onset, usually during infancy,

with a severe phenotype that can include vocal cord pare-

sis, diaphragmatic paralysis, or kyphoscoliosis (Birouk

et al. 2003; Stojkovic et al. 2004). The majority of patients

with this type of AR CMT have delayed developmental

milestones due to the marked weakness and wasting of the

distal muscles of the four limbs, which lead to severe

disability and the use of a wheelchair at the beginning of

their second decade (Bernard et al. 2006). In addition, the

duality of phenotypes was displayed within an AR CMT

family having the same mutation site in GDAP1 (Nelis

et al. 2002). However, it has been reported that AD CMT

patients with the R120W GDAP1 mutation experience

disease onset at the end of their second decade, show very

slow disease progression, and have a much milder pheno-

type than patients with AR CMT (Claramunt et al. 2005).

In our study, the phenotypes of our AD CMT patients were

very similar to those of the Spanish AD CMT patients with

the R120W GDAP1 mutation. Patient 1 was in his mid-

third decade at disease onset, and his daughter began to

show signs of the disease during her second decade. The

proband (M/68) and her daughter (F/36) are currently able

to walk on their own and need no orthopedic devices. Even

though further evaluations are needed to confirm the

hypothesis, the clinical features of GDAP1 mutations may

differ between patients with AR CMT and those with AD

CMT.

Fig. 2 Light microscopic (a) and ultrastructure (b–d) findings. a
Transverse semi-thin section of the sural nerve biopsy of patient 1 at

68 years of age, after a disease duration of 43 years. The number of

large myelinated fibers is severely reduced, and the thickness of the

myelin sheath is reduced in comparison to the axonal diameter.

Occasional small onion bulb formations (arrows) and a regenerative

cluster (arrowhead) are observed (toludine blue; original

magnification 9400). b A regenerative cluster consisting of two

adjacent thinly myelinated axons surrounded by flattened Schwann

cell processes. c Significant concentric proliferation of Schwann cell

cytoplasmic and basal lamina fragments around an unmyelinated

axon is visible. d An onion bulb formation can be seen with

concentric cytoplasmic Schwann cell processes around thinly mye-

linated fibers
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