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Abstract We describe a founder mutation in the gene
encoding ganglioside-induced differentiation associated-
protein 1 (GDAP1), leading to amino acid change p.H123R,
as a common cause of autosomal dominant axonal Charcot-
Marie-Tooth (CMT2) neuropathy in Finland. The mutation
explains up to 14 % of CMT2 in Finland, where most patients
with axonal neuropathy have remained without molecular
diagnosis. Only three families out of 28 were found to carry
putative disease mutations in the MFN2 gene encoding
mitofusin 2. In addition, the MFN2 variant p.V705I was
commonly found in our patients, but we provide evi-
dence that this previously described mutation is a common
polymorphism and not pathogenic. GDAP1-associated
polyneuropathy caused predominantly a mild and slowly

progressive phenotype. Besides distal leg muscle weakness,
most patients showed mild proximal weakness, often with
asymmetry and pes cavus. Our findings broaden the under-
standing of GDAP1 mutations in CMT2 phenotypes and
provide support for the use of whole-exome sequencing in
CMT gene diagnostics.

Keywords Charcot-Marie-Tooth disease . Axonal
neuropathy . GDAP1 . Founder mutation . Exome
sequencing

Introduction

Charcot-Marie-Tooth disease (CMT) is the most common
inherited neurologic disease with prevalence of 1 in 2500 [1,
2]. The diagnosis is based on clinical and electrophysiolog-
ical findings. In the demyelinating form (CMT1), nerve
conduction velocity (NCV) is decreased, whereas in the
axonal form (CMT2), NCV is normal or only slightly re-
duced. Some patients have intermediate CMT with features
of both demyelination and axonal degeneration. Clinically,
CMT often starts with distal muscle weakness predominant-
ly in the lower limbs, which is commonly accompanied by
sensory defects, loss of deep tendon reflexes, and skeletal
abnormalities including pes cavus, hammertoes, and
scoliosis.

The inheritance of CMT can be autosomal dominant
(AD), recessive (AR), or X-linked. A precise molecular
diagnosis is often pursued, since it can clarify the inheri-
tance pattern and family planning decisions, in addition to
establishing the natural history and prognosis of the disease.
Furthermore, a molecular diagnosis can allow genotype-
specific therapy in the future [1]. However, finding the
causative mutation is not straight-forward because of the
heterogeneous genetic background of the disease. CMT re-
sults from mutations in more than 40 different genes. Also,
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an estimated 30–50 CMT disease genes still remain to be
identified [3].

For CMT2, nearly 100 probable disease-causing mutations
have been identified in more than 10 genes according to the
Inherited Peripheral Neuropathies Mutation Database. Of the
known CMT2 disease genes, MFN2 encoding mitofusin 2 is
the most common, being mutated in about 20 % of patients [4,
5]. Up to 50 distinct mutations have been found in the MFN2
gene, but no single mutation is considered highly prevalent.
The large number of infrequent mutations in the different
disease genes prevents simple subtyping of CMT2 patients
based on genotype–phenotype correlations. As a further com-
plication, significant clinical variability has been observed
within CMT families [1, 2]. The phenotypic variability could
in part be explained by modifying genetic factors; however,
no such factors have been identified thus far.

Next-generation sequencing methods have proved effi-
cient for CMT disease mutation identification [6, 7]. Whole-
exome sequencing is already more cost-effective than direct
sequencing of a large number of individual candidate dis-
ease genes. Therefore, we set out to test the efficiency of
exome sequencing in elucidating the genetic causes of CMT
in Finland. In the Finnish population, CMT1 patients are
likely to receive a molecular diagnosis [8], whereas the
genetic causes of CMT2 are largely unknown. In this study,
we find that a heterozygous mutation in the gene encoding
ganglioside-induced differentiation associated-protein 1
(GDAP1), causing an amino acid change p.H123R, is a
common cause of autosomal dominant CMT2 in Finland,
whereas MFN2 mutations occur less frequently in our pa-
tients than described in other European populations. We
present the phenotypic variability of the GDAP1 founder
mutation in patients from four families and compare it to the
phenotypes of our MFN2 patients.

Materials and methods

Patients

Blood samples were collected from Finnish CMT2 patients
diagnosed at the Helsinki University Central Hospital
(HUCH) and their family members. Samples were taken in
accordance with the Declaration of Helsinki, and all partic-
ipants gave written informed consent. The study was ap-
proved by the HUCH ethics review board (dnro 399/E9/07).
The diagnosis was based on clinical examination and elec-
trophysiological studies. Selected patients underwent sural
nerve biopsy, muscle biopsy, or MRI of muscle or brain.
Members from 28 families participated in the study. The
disease showed autosomal dominant inheritance in 19 fam-
ilies and 9 patients were sporadic with no known family
history of CMT2.

DNA sequencing

DNA was extracted from peripheral blood using standard
techniques. For whole-exome sequencing, target-
enrichment was done using NimbleGen Sequence Capture
2.1 M Human Exome v2.0 array followed by sequencing
with the Illumina Genome Analyzer-IIx platform with 2×
82 bp paired end reads. The variant calling pipeline of the
Finnish Institute of Molecular Medicine was used for the
reference genome alignment and variant calling [9]. The
PCR amplification and direct sequencing of the GDAP1
exon 3 with flanking intronic sequences were performed
with primers 5′-TCTGGTGCATCAGGCCATTT-3′ and 5′-
TCCGACTGGTTCATGGATCG-3′.

Haplotype analysis

We determined the disease-associated haplotypes of patients
with the GDAP1 mutation by analyzing the sizes of four
microsatellite markers surrounding the GDAP1 gene
(D8S286, D8S551, D8S1144, D8S548). For PCR amplifi-
cation, forward primers 5′-labeled with the fluorescent dye
FAM were used. Fragments were size-separated on an
ABI3730XL DNA analyzer, and genotyping results were
analyzed with the GeneMapper 4.0 software (Applied
Biosystems).

Results

Genetic findings

The participating patients and members of 28 families were
examined clinically and electrophysiological testing was
conducted. The patients were initially screened for muta-
tions in MFN2 according to our genetic testing practice of
patients with suspected CMT2. Putative MFN2 mutations
were identified in three families (Fig. 1). One of the muta-
tions c.280C>T (RefSeq NM_014874.3), leading to amino
acid change p.R94W, has been previously reported [10]. The
other two variants, c.1144 G>C [p.A382P] and c.1150C>T
[p.R384W], were novel and not present in 104 Finnish
control chromosomes, 1000Genomes database, or NHLBI
GO Exome Sequencing Project database. It is not conclusive
whether the latter variant is pathogenic since the amino acid
residue R384 is not conserved (Fig. 3a), and only one
affected family member was available for studying segrega-
tion (Family B, Fig. 1). In addition, a previously reported
dominant mutation in MFN2 leading to amino acid change
p.V705I [11, 12] has been frequently detected during MFN2
screening in Finland (unpublished observation). Among the
28 families studied here, the variant was present in 6 fam-
ilies (21 %). The p.V705I is, however, not likely to be a
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causative disease mutation because it is a common variant in
the general Finnish population (allele frequencies 0.026 in
1000Genomes (n=77) and 0.047 in our control material (n=
157)). Also, Val705 is not a highly conserved residue since
for example in the mouse MFN2 protein, it is actually an
isoleucine (Fig. 3a). Whether the MFN2 variant can modify
the disease phenotype is however not known.

To further elucidate the genetic causes of CMT2 in
Finland, we used whole-exome sequencing in members
from four families. Single patients were selected for exome
sequencing from family 3 (patient III-4) and family 7 (pa-
tient III-2) (Fig. 4). The exome data for these samples were
filtered as follows using a candidate gene approach: (1)
Common variants, i.e., variants found with more than
0.5 % frequency in the 1000Genomes project were exclud-
ed, (2) Variants located outside genes were excluded, (3)
Heterozygous variants were selected, (4) Variants in previ-
ously known CMT2 genes were selected for closer exami-
nation, (5) Variants altering splice sites or amino acids were
listed (Fig. 2). This analysis resulted in direct recognition of
a heterozygous GDAP1 variant c.368A>G (RefSeq
NM_018972.2) leading to p.H123R amino acid change in
both families. This mutation has been reported only recently
in a GDAP1 screen of a multi-ethnic cohort where it was
actually found in a dominant family from Northern Finland
and as a de novo mutation in a Tunisian patient [13]. The
same study confirmed that 376 control subjects including 96
from Finland did not carry the mutation. We tested addi-
tional 370 Finnish control chromosomes and did not identify
any carriers. The His123 of the GDAP1 protein is a highly
conserved amino acid (Fig. 3b) supporting its pathogenicity.
We then screened all our participating families for the mu-
tation and identified two more dominant families with the
same mutation (Fig. 4). Thus, 4 out of 28 CMT2 families
(14 %) participating in our study carried the same GDAP1
mutation. The mutation segregated fully with the disease in

all family members whose samples were available for the
study. The exome analysis also identified that the patient III-
2 from family 7 had the MFN p.V705I variant (Fig. 2),
which is unlikely to be pathogenic as discussed above.

Fig. 1 Reduced pedigrees of
the families with MFN2
mutations. Individuals who
were genetically tested are
marked with the presence
(positive sign) or absence
(minus sign) of the respective
MFN2 amino acid change. Only
affected family members were
heterozygous for the mutation

Fig. 2 Exome data analysis focusing on known CMT2 genes. The
number of variants for each filtering step are shown. The selected
variants were the following: (1) rare variants with a frequency of
0.5 % or less in the 1000 Genomes project database; (2) variants that
were inside genes; (3) variants that were heterozygous; (4) variants in
known CMT2 genes; (5) variants that altered an amino acid or splice
sites. As a result, GDAP1 p.H123R mutation was identified in both
samples and the polymorphic MFN2 p.V705I change in the sample
from family 7
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The identification of a rare mutation in several families
who originate from a genetic isolate suggests a founder
effect. We therefore constructed disease haplotypes in the
families and found that all families shared the same disease
haplotype (Table 1). The patient IV-1 from family 20 shared
only part of the common disease haplotype with her father,
indicating that crossing over had occurred between the

GDAP1 gene and D8S1144. Subsequent genealogical stud-
ies of the families traced their origin to Oulu region locating
in Northern Finland.

For the single patients from the two other families (index
patients from families 1 and 2) that participated in the
exome-sequencing, the above-described primary filtering
strategy that focused on known CMT2 genes did not result

Fig. 3 Alignments of MFN2
(a) and GDAP1 (b) proteins
from various species showing
amino acid conservation. The
amino acid position that was
found to be changed in patients
is indicated (arrow)

Fig. 4 Reduced pedigrees of the
families with GDAP1 mutation.
For individuals who were
genetically tested, the presence
of GDAP1 p.H123R (H123R+)
is indicated. In family 7, the
presence or absence of MFN2
p.V705I (V705I+, and V705I−,
respectively) is indicated in
addition to the GDAP1 variant.
The mutation segregated fully
with the disease in the tested
individuals. Individuals marked
with a question mark had minor
symptoms consistent with
neuropathy but have not been
clinically examined
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in any findings. We therefore performed exome-sequencing
on samples of one additional affected family member per
family. For family 1 index patient, the additional sample
came from his father's cousin, and for family 2 index patient,
the additional sample was from his cousin's son. The filter-
ing was done using the following steps: (1) Variants outside
genes were excluded, (2) Only heterozygous variants on
autosomes were selected, (3) Common variants, i.e., vari-
ants found with more than 0.5 % frequency in the
1000Genomes project were excluded, (4) Nonsynonomous
changes were selected, (5) The SIFT Tool was used to
predict damaging effects of the variants, (6) Variants that
were shared by the two affected family members were
selected, (7) In-house database of exome data from Finnish
individuals (n=50) was used to exclude variants that were
commonly found in the study population (Supplementary
Figure 1). The use of the in-house database in filtering was
justified because of the high incidence of population-
specific variants in the genetic isolate, and it was used as a
last step because of practical reasons. Our unbiased filtering
approach thus focused on identifying very rare heterozygous
variants that had a predicted damaging effect on protein
function and were shared by the two affected family members.
The identified candidate variants are listed in Supplementary
Table 1. None of the candidates were evident CMT2-causing
variants and thus no conclusion of the genetic cause of CMT2
in these two families could be drawn based on these findings,
but further exome sequencing studies by us and others may
confirm that one of the listed variants is in fact disease-
causing. The reasons for why the actual disease mutations
may not be included in the list are for example poor sequenc-
ing coverage or the mutation type being other thanmissense or
because of inaccuracy in damage prediction. The remaining
22 families have not been studied by exome sequencing.

Clinical variability of the patients with GDAP1 p.H123R
mutation

Clinical picture of nearly all the families with the GDAP1
mutation showed gradually progressing symptoms starting
in lower limbs with onset between ages 10 and 57 (Table 2).
Typical finding in the patients included distal muscle

weakness and pes cavus, which was present in nearly all
affected. Motor symptoms were most prominent findings,
and overall somatosensory defects were less marked.
Interestingly, at presentation, nearly all had evidence of
proximal muscle weakness with some asymmetry. Plasma
creatine kinase (P-CK) values were normal or mildly ele-
vated. The muscle pattern involvement was further studied
in family 5 with muscle MRI, and the most prominent
changes were seen distally in posterior leg compartment
with bilateral atrophy and fatty infiltration in gastrocnemius
and soleus muscles. Proximally vastus lateralis at left side
and semimembranosus muscles bilaterally showed similar
but much milder changes.

Electroneuromyography (ENMG) results were available
for ten patients carrying the GDAP1 mutation at the age
range of 16 to 58 years. ENMG was done twice for one
patient and three times for two patients. All studied patients
had at least some signs of polyneuropathy, and the overall
degree of polyneuropathy ranged from slight to severe. In all
cases, the type of the polyneuropathy was classified as
sensory-motor and axonal. First signs were seen during
young adulthood as a reduction of sensory nerve action
potential (SNAP) amplitudes in the leg sensory nerves.
Some degree of atrophy in distal muscles had usually de-
veloped in this phase of disease. During the progression,
reduction of motor amplitudes in the legs and SNAP ampli-
tudes in the hands were seen. Motor amplitudes in the arms
were reduced only in severe cases. Some asymmetry in the
motor and SNAP amplitudes was usual. No remarkable
decrease in the motor or sensory conduction velocities were
seen in these patients except in one case with nerve entrap-
ment (III-5 of family 3). Needle electromyography (EMG)
findings varied from chronic neurogenic changes in motor
unit potential morphology to active denervation defined by
the occurrence of fibrillation potentials. In all cases, EMG
findings began distally and spread proximally during the
progression of polyneuropathy.

The clinical picture was somewhat different in family 7
where the affected members were carrying the MFN2 vari-
ant p.V705I in addition to the GDAP1 mutation. One affect-
ed (IV-3) developed muscle weakness already at childhood
and only distal leg muscles were involved. He also had

Table 1 Shared GDAP1 disease
haplotype

The disease-associated haplo-
types were determined in each
family by size measurement of
four microsatellite markers
around the GDAP1 gene. For
each marker, the shown number
denotes a particular size

Marker Distance from GDAP1 Family 3 Family 5 Family 7 Family 20

I-1 II-1

D8S286 180 kb 3 3 3 3 3

D8S551 54 kb 1 1 1 1 1

GDAP1 c.368 G G G G G

D8S1144 190 kb 5 5 5 5 2/4

D8S548 380 kb 1 1 1 1 2/3
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extensive myopia (−11.5/−11.75), but otherwise normal
neuro-ophthalmological findings, Octopus fields and visual
evoked potential (VEP). At the age of 16, his ENMG
showed severe distal sensory-motor polyneuropathy with
axonal predominance and slight demyelination. At the age
of 17, his muscle MRI showed prominent bilateral muscle
atrophy, and fatty infiltration in tibialis anterior muscles, and
pathological intramuscular edema in right soleus muscle. P-
CK was clearly elevated (over 1000 U/L). One of MFN2
variant carriers in the same family (IV-2) who was negative
for the GDAP1 mutation had normal clinical findings in a
careful neurological examination at the age of 20 and also
completely normal ENMG and quantitative sensory test
(QST) results.

In family 20, the currently 34-year-old proband (IV-1)
was subjectively asymptomatic but showed mild proximal
lower leg weakness, pes cavus, absent tendon reflexes and
slight chronic distal sensory-motor axonal polyneuropathy
findings in the ENMG study. Her muscle MRI was
completely normal at the age of 34. She is currently suc-
cessfully treated by Botox for spasmoid dysphonia and
inability to speak with loud voice.

Clinical features of patients with MFN2 mutations

In general, the patients with MFN2 mutations had a more
severe clinical outcome compared to the patients with the
GDAP1 mutation, and they presented neuropathic symp-
toms already in childhood or early adulthood (Table 2).
Compared with GDAP1 patients, the ENMG findings of
the three patients with MFN2 mutations showed some ten-
dency to a more severe neuropathy. The disease begun at a
younger age and had more mixed-type characteristics: slight
demyelination associated with axonal predominance.
Involvement of the optic nerve was studied in the two
families with novel MFN2 mutations. Mild bilateral optic
nerve thinning was detected in brain MRI of the patient with
the MFN2 p.A382P (II-2 of family A), but the patient with
the MFN2 p.R384W (II-2 of family B) had normal brain
MRI. VEP analysis was normal in both cases showing no
major optic nerve involvement in association with these
MFN2 mutations. Muscle biopsy of the patient with the
MFN2 p.A382P showed signs of denervation, and in sural
nerve biopsy, moderately strong axonal neuropathy was
evident with only scant onion bulb formations as signs of
demyelination, confirming axonal type of neuropathy.

Discussion

We report the identification of GDAP1 p.H123R as a com-
mon cause of autosomal dominant CMT2 (AD-CMT2) in
Finland and describe the phenotypic characteristics that areT
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associated with this founder mutation. We found the GDAP1
p.H123R in 14 % of families, which is a remarkably higher
percentage than the previously reported frequency of about
1 % for all GDAP1 mutations in a large cohort of AD-
CMT2 patients [13]. An Italian study has reported a 27 %
GDAP1 mutation frequency in their dominant CMT2 fam-
ilies, with each family carrying a private mutation [14]. Our
study is the first description of a highly prevalent single
GDAP1 mutation causing AD-CMT2 in a particular ethnic
group.

Recessive GDAP1 mutations were originally found in
both demyelinating and axonal CMT [15, 16], but dominant
mutations causing axonal neuropathy have also been
reported [13, 14, 17–20]. More than 40 disease-causing
GDAP1 mutations have been described to date, of which
10 are dominant. Recessive GDAP1 mutations often cause
aggressive, early-onset disease, where vocal cord paralysis
and diaphragmatic dysfunction are prevalent features [21].
In contrast, many of the patients carrying dominant GDAP1
mutations have had clearly milder symptoms [20], albeit
with large variability [13, 20]. The previously reported
Finnish family with GDAP1 (p.H123R) mutation consisted
of mutation carriers in three generations of which those in
the first generation were described as unaffected [13]. The
three described patients had an age of onset between 3 and
32 years. Our patients presented with an even larger range
for the age of onset (10 to 57), and all our mutation carriers
were affected. In both studies, changes in proximal muscles
were detected in addition to distal lower limb muscle weak-
ness. In our patients, ENMG revealed chronic sensory-
motor axonal polyneuropathy with distal predominance. In
most of the cases, the degree of polyneuropathy was slight
or moderate, it had some degree of asymmetry, and a ten-
dency to progress slowly during the course of the adulthood.
Interestingly, one patient showed vocal cord involvement
although her other clinical manifestations were relatively
mild.

The genetics of CMT in Finland has previously been
addressed in one comprehensive study [8], which investi-
gated a heterogeneous cohort of patients with CMT1 or 2, or
with one of the related neuropathies Déjérine-Sottas syn-
drome (DSS) and hereditary neuropathy with liability to
pressure palsies (HNPP). The study found GJB1 mutations
in X-linked CMT, in addition to PMP22 or MPZ mutations
in CMT1, but the CMT2 patients remained without a mo-
lecular diagnosis. We report here MFN2 mutations in 11 %
of our dominant CMT2 families, which together with the
identified GDAP1 mutation explain 25 % of CMT2 in
Finland. The MFN2 variant p.V705I has been suspected as
the major cause of dominant CMT2 in Finland as it is a
common finding in our patients and has been reported as
pathogenic in several studies [11, 12]. We, however, con-
clude that this MFN2 variant is highly unlikely to be a

disease-causing mutation because it is a common polymor-
phism in the Finnish population and the amino acid Val705
is poorly conserved in the otherwise preserved MFN2 pro-
tein. Interestingly, however, one of our GDAP1 patients who
also carried theMFN2 p.V705I variant had atypically severe
polyneuropathy with early onset and with slight signs of
demyelination compared to the other GDAP1 patients. This
may suggest that the MFN2 variant can modify the pheno-
type caused by a GDAP1 mutation, which could be mediat-
ed by the function of both proteins in mitochondrial
dynamics.

Anchored to the outer mitochondrial membrane, the
GDAP1 protein may function in mitochondrial dynamics or
otherwise regulate mitochondrial function. Mitochondrial dy-
namics, i.e., fusion and fission, allow the cell to reorganize the
mitochondrial network according to its needs, a process that is
essential for mitochondrial function and cell survival [22].
Neuronal cells appear to be particularly sensitive to defects
in this process [23], perhaps owing to their need to reorganize
the mitochondria in order to send them along the axon.
Overexpression of GDAP1 has been shown to promote mito-
chondrial fission [24], but the mechanism of action is not
known, partly due to a lack of an ortholog in yeast, a frequent-
ly used model system for mitochondrial dynamics. The pro-
tein has similarity to glutathione-S-transferase (GST) [25].
Several of the disease mutations have been tested for patho-
genic effects on cultured cells [13, 19, 26]. Recessive muta-
tions were shown to ablate the protein's ability to induce
mitochondrial fragmentation [26]. The His123 residue is in
the protein's α-loop domain located on the cytoplasmic side
between GST-N and GST-C domains [25]. Four other domi-
nant mutations have been found in or near the α-loop domain,
three of which have been tested in cultured cells: p.R120W,
p.T157P, and p.A156G exert dominant negative effects by
blocking mitochondrial fusion in hybrid cells with differen-
tially labeled mitochondria [13, 26]. Moreover, GDAP1 was
found to bind tubulin, and this interaction was strongly in-
creased in the α-loop mutants, meaning that they could inter-
fere withmitochondria–cytoskeleton interactions [27]. His123
is a highly conserved residue. Based on the earlier studies, it is
conceivable that a conversion of histidine to arginine at this
position might cause problems with mitochondrial dynamics,
deficient cell respiration, or an inappropriate binding of mito-
chondria to the microtubule cytoskeleton that inhibits mito-
chondrial mobility.

In conclusion, our study identified the first strongly
enriched AD-CMT2 mutation in Finland. We recommend
GDAP1 p.H123R testing at an early stage of evaluation of
Finnish patients with hereditary axonal neuropathy. For
CMT diagnostics in general, exome sequencing appeared
useful for disease mutation identification in known disease
genes, although a targeted resequencing approach may be
sufficient and more cost-effective in clinical practice. The
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identification of novel dominant CMT2 disease genes using
exome sequencing is complicated and requires combined
efforts of sequencing many families and family members.
Another challenge of CMT2 diagnostics remains to be the
phenotypic variability also demonstrated in this study.
Although the patients with MFN2 mutations had more se-
vere polyneuropathy, which begun at a younger age and had
more mixed type characteristics than the patients with the
GDAP1 mutation, these genetic patient groups were not
clearly identifiable by the ENMG study. The findings of
this study broaden our understanding of the clinical outcome
of GDAP1 mutations in AD-CMT2 and may provide a
unique opportunity for treatment testing in patients from a
homogeneous genetic population with identical disease
mutation.
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