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ABSTRACT
Charcot-Marie-Tooth disease (CMT) is one of the most common inherited neuropathies 
and is both genetically and clinically heterogeneous, with variable inheritance modes. 
With regard to clinical and genetic aspects, CMT is divided into several subtypes, includ-
ing CMT1, CMT2, CMT3, CMT4, CMT5, CMT6, X-linked CMT, and intermediate CMT. Up to 
date, more than 90 causative genes for CMT have been identified. Furthermore, previ-
ous animal studies reported some molecules to have therapeutic effects on specific 
CMT subtypes, depending on the underlying genetic cause. Therefore, accurate genetic 
diagnosis is of crucial importance when performing customized therapy. Finally, recent 
investigations on induced pluripotent stem cells expanded the possibility of both pa-
tient-specific cell therapy and drug discovery. The current review focuses on the latest 
classification updates for accurate CMT diagnosis.
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INTRODUCTION

Charcot-Marie-Tooth disease (CMT) is the most common form of inherited peripheral neuropa-
thy, with a prevalence of one in 2,500 people [1]. CMT patients usually present muscle atrophy, 
sensory loss, foot deformities, and areflexia [2,3]. However, CMT is a clinically and genetically 
heterogeneous disease, and some subtypes reveal unusual clinical features, including pyrami-
dal features, vocal cord paralysis, hearing loss, or optic atrophy [4]. Furthermore, CMT is divid-
ed into three categories based on its pathology, namely demyelinating, axonal, and intermedi-
ate neuropathy [5,6]. Intermediate CMT neuropathy was reported to be characterized by both 
demyelination and axonal degeneration in peripheral nerve biopsies [7]. Demyelinating and 
axonal CMT neuropathy can be generally distinguished by assessing the median motor nerve 
conduction velocity (NCV), which is lower and higher than 38 m/sec, respectively [5,6]. Inter-
mediate neuropathy usually ranges from 30 to 40 m/sec [7]. As more than 90 causative genes 
for CMT were found up to date, this disease is categorized into numerous subtypes [8-10]. In 
this review, the latest updates on the CMT subtypes and their clinical and genetic aspects were 
described, including Charcot-Marie-Tooth disease type 1 (CMT1), type 2 (CMT2), type 3 (CMT3), 
type 4 (CMT4), type 5 (CMT5), type 6 (CMT6), X-linked CMT (CMTX), and intermediate CMT.
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CLASSIFICATION OF CHARCOT- 
MARIE-TOOTH DISEASE

Charcot-Marie-Tooth disease type 1 
CMT1 is a group of autosomal dominant demyelinating pe-
ripheral neuropathies characterized by distal weakness and 
atrophy, sensory loss, foot deformities, and slow NCV. The 
peripheral myelin protein 22 (PMP22), myelin protein zero 
(MPZ), early growth response 2 (EGR2), lipopolysaccharide-in-
duced tumor necrosis factor (TNF)-alpha factor (LITAF), and 

neurofilament light (NEFL) are known as causative genes 
(Table 1). The age of onset of CMT1 greatly varies, ranging 
from infancy to the fourth or subsequent decades of life. Al-
though patients usually have their first symptoms between 
their first and the second decade of life, the several other 
clinical manifestations may appear later. Furthermore, its 
clinical severity is also variable, fluctuating between an ex-
tremely mild form of the disease, which remains unrecog-
nized, to a considerably serious form, which is associated 
with weakness and disability. Affected individuals typically 

Table 1. Mutations of the demyelinating Charcot-Marie-Tooth neuropathy subtypes  

Subtype Gene Locus Heredity Protein

Charcot-Marie-Tooth disease type 1 (CMT1)

CMT1A PMP22 17p12 AD Peripheral myelin protein 22 (duplication)

CMT1B MPZ/P0 1q23.3 AD Myelin protein zero

CMT1C LITAF/SIMPLE 16p13 AD Lipopolysaccharide-induced tumor necrosis 
 factor-alpha factor

CMT1D EGR2/Krox20 10q21.3 AD Early growth response 2

CMT1E PMP22 17p12 AD Peripheral myelin protein 22 (point mutation)

CMT1F NEFL 8p21.2 AD, AR Neurofilament light polypeptide

CMT1 PMP2 8q21.13 AD Peripheral myelin protein 2

Charcot-Marie-Tooth disease type 3 (CMT3)/
 Dejerine-Sottas syndrome (DSS)

CMT3A PMP22 17p12 AD, AR Peripheral myelin protein 22

CMT3B MPZ/P0 1q23.3 AD, AR Myelin protein zero

CMT3C Unknown 8q23-q24 AD Unknown

CMT3D PRX 19q13.2 AD, AR Periaxin

DSS-EGR EGR2/Krox20 10q21.3 AD, AR Early growth response 2

Charcot-Marie-Tooth disease type 4 (CMT4)

CMT4A GDAP1 8q21.11 AR Ganglioside-induced differentiation-associated 
protein 1

CMT4B1 MTMR2 11q21 AR Myotubularin related protein 2

CMT4B2 SBF2/MTMR13 11p15.4 AR SET binding factor 2

CMT4B3 SBF1/MTMR5 22q13.33 AR SET binding factor 1

CMT4C SH3TC2/KIAA1985 5q32 AR SH3 domain and tetratricopeptide 
 repeat-containing protein 2

CMT4D NDRG1 8q24.22 AR N-myc downstream regulated 1

CMT4E EGR2/Krox20 10q21.3 AD, AR Early growth response 2

CMT4F PRX 19q13.2 AR Periaxin

CMT4G HK1 10q22.1 AR Hexokinase 1

CMT4H FGD4 12p11.21 AR FYVE, RhoGEF, and PH domain-containing protein 4

CMT4J FIG4 6q21 AR Polyphosphoinositide phosphatase

CMT4K SURF1 9q34.2 AR Surfeit locus protein 1

AD, autosomal dominant; AR, autosomal recessive; EGR, early growth response. 
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develop distal weakness, symmetric atrophy of muscles 
(mainly peroneal), and reduced-to-absent tendon reflexes. 
Additionally, sensory deficits of position, vibration, and pain/
temperature commonly occur in patients’ feet and, at a later 
stage, hands. Finally, pes cavus with hammer toes is fre-
quently present since childhood, and variable scoliosis may 
develop during adolescence.

CMT1A
CMT1A is caused by a duplication of the PMP22 gene, which 
encodes the PMP22, or a mutation in such a gene. The inheri-
tance is autosomal dominant [11,12]. PMP22, a 22 KDa pro-
tein, constitutes 2% to 5% of the peripheral nervous system 
(PNS) myelin being initially produced by Schwann cells and 
it is expressed in the compact portion of all the PNS myelin-
ated fibers. The CMT1A caused by the duplication of the 
17p11.2 site with the PMP22 is the most common form of 
CMT and accounts for 60% to 70% of the demyelinating CMT 
patients (approximately 50% of all CMT cases). CMT1A usual-
ly occurs before the age of 20. It usually begins in patients’ 
feet and legs, and upper limb involvement also follows at a 
later stage. CMT1A is characterized by a slow progression, in-
sidious onset, variable severity, and genetic heterogeneity. 
Allelic disorders with overlapping phenotype include the De-
jerine-Sottas syndrome (DSS), hereditary neuropathy with li-
ability to pressure palsies (HNPPs), and CMT with deafness. 
The main symptoms comprise muscle weakness, muscle at-
rophy, walking difficulties, and foot drop in distal limbs. Fur-
thermore, muscle cramps, distal sensory impairment, hy-
poreflexia, and areflexia may also appear. Pes cavus, ham-
mer toes, foot deformities, and claw hand deformities may 
be observed in the lower and upper extremities, respectively, 
kyphoscoliosis of the spine may also be seen. Moreover, the 
motor NCV is reduced in CMT1A and hypertrophic nerve 
changes may occur. Finally, while onion bulb formation and 
segmental demyelination/remyelination are detected via 
nerve biopsy, myelinated fibers are reduced and some pa-
tients experience myelin outfoldings.

CMT1B
CMT1B is caused by a heterozygous mutation in the MPZ 
gene encoding MPZ. The inheritance is autosomal dominant. 
MPZ is the major structural protein of myelin [13,14]. CMT1B 
accounts for less than 5% of the CMT cases and develops be-
fore the age of 20, mainly starting from patients’ feet and 
legs. However, upper limb involvement also occurs, usually 
at later stages. CMT1B is clinically and genetically heteroge-

neous and its progression is characterized by a slow, insidi-
ous onset. Distal limb muscle weakness, muscle atrophy, 
steppage gait, and foot drop are the main symptoms. Addi-
tionally, cold-induced muscle cramps, distal sensory impair-
ment, hyporeflexia, and areflexia may be also observed. 
Similarly, pes cavus, hammer toes, foot deformities, and, in 
some cases, claw hand deformities, are found. Furthermore, 
kyphoscoliosis of the spine and either Adie pupils or tonically 
dilated pupils may appear in some patients. In this subtype, 
the motor NCV is also reduced and hypertrophic nerve 
changes may occur. Finally, while onion bulb formation and 
segmental demyelination/remyelination are observed 
through nerve biopsy, the number of myelinated fibers de-
creases and some patients experience myelin outfoldings.

CMT1C 
CMT1C is caused by a heterozygous mutation in the LITAF 
gene (also referred to as SIMPLE) on chromosome 16p13 
[15]. The inheritance is autosomal dominant. The LITAF gene 
was first identified as a regulator of the TNFα gene expres-
sion and its product is an early endosomal membrane pro-
tein enriched in peripheral nerves and Schwann cells. CMT1C 
develops mainly during childhood and is genetically hetero-
geneous. It is characterized by pes cavus, muscle weakness, 
and atrophy in distal limbs and by distal sensory impairment 
and hyporeflexia. Similarly to the other CMT1 subtypes, the 
motor NCV is also reduced in CMT1C and hypertrophic nerve 
changes are found. Finally, onion bulb formation and seg-
mental demyelination/remyelination are observed through 
nerve biopsy.

CMT1D 
This form of CMT1 is caused by a mutation in the EGR2 gene 
[16-18]. The inheritance is autosomal dominant. Symptoms 
are present from an early age, specifically between the first 
and second decade of life, and usually begin in patients’ feet 
and legs, while upper extremities may be affected at later 
stages. CMT1D is also both clinically and genetically hetero-
geneous, and its phenotype overlaps, in part, with both con-
genital hypomyelinating neuropathy (CHN) and discrete sub-
aortic stenosis. Distal limb muscle weakness, muscle atro-
phy, steppage gait, and foot drop are the main symptoms. 
The motor NCV is reduced.

CMT1E 
Similarly to CMT1A, CMT1E is, at least in some instances, caused 
by a mutation in the PMP22 gene [19]. The inheritance is au-
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tosomal dominant. It usually begins in patients’ feet and legs 
during childhood, whereas upper limb involvement may de-
velop at later stages. Allelic disorders with overlapping phe-
notypes include CMT1A, HNPP, and DSS. The main symptoms 
associated with CMT1E comprise sensorineural hearing loss, 
pes calcaneovarus, pes cavus, distal limb muscle weakness, 
muscle atrophy, steppage gait, foot drop, and poor balance. 
Furthermore, hammertoes, foot and claw hand deformities 
are also observed. Patients present distal sensory impair-
ment, hyporeflexia, and areflexia. The motor NCV is reduced.

CMT1F 
CMT1F is caused by a mutation in the NEFL gene [20], which 
encodes a subunit of the type IV intermediate filament het-
eropolymers, a major component of the neuronal cytoskele-
ton. Although this CMT subtype is autosomal dominant in 
most cases, autosomal recessive inheritance was reported in 
two families. CMT1F onset occurs during either infancy or 
childhood, between 1 and 13 years of age, and usually begins 
from patients’ feet and legs, while upper limb involvement 
usually develops at a later stage. Furthermore, it presents 
varying severity and genetic heterogeneity. Among the main 
symptoms, delayed motor development, muscle weakness 
and muscle atrophy in distal limbs can be distinguished. Ad-
ditionally, distal sensory impairment, hyporeflexia, areflexia, 
and pes cavus are also typically observed. Similarly to the 
previously mentioned subtypes, CMT1F is associated with a 
reduced motor NCV, segmental demyelination/remyelin-
ation, onion bulb formation, loss of myelinated fibers, irregu-
lar myelin folds, and clusters of axonal regeneration.

Other CMT1
Recent studies reported a dominant inheritance of PMP2 
mutations in demyelinating CMT patients [21]. PMP2 is a ma-
jor protein of the nerve compact myelin. It belongs to the fat-
ty acid-binding protein family and is likely involved in intra-
cellular trafficking of lipids. Its clinical and electrophysiologi-
cal phenotype is similar to the CMT1A subtype.

Charcot-Marie-Tooth disease type 2 
Although CMT2 presents normal-to-slightly slower motor 
NCV, it was associated with a smaller activity potential and 
damages to the axons in neurolytic studies. Furthermore, 
CMT2 was reported to occur less frequently than CMT1 and 
to represent about one-third of the total CMT cases. Howev-
er, this estimate may be undervalued considering that family 
history is not well understood and is classified as nonspecific 

axillary neuropathy. The age of onset greatly varies, even 
within families, ranging from childhood to older adulthood 
(>60 years of age). Several genes associated with CMT2 were 
identified and studies were conducted to identify its mutation 
frequencies and specific clinical types (Table 2). Although de-
ducing some CMT2 causative genes from the clinical features 
is possible, most CMT2 require the examination of a large 
number of genes. Mutations in the mitofusin 2 (MFN2) gene, 
which plays an important role in mitochondrial function, ac-
count for more than 33% of the CMT2 subtype [9].

CMT2A 
CMT2A1
CMT2A1 is caused by a heterozygous mutation in the kinesin 
family member 1B (KIF1B) gene on chromosome 1p36 [22]. 
The inheritance is autosomal dominant. One family was found 
with such a mutation. Disease development can occur be-
tween childhood and 50 years of age. Symptoms begin from 
patients’ feet and legs, while they may be observed in the up-
per limbs at a later stage. CMT2A1 progresses slowly and is ge-
netically heterogeneous. The main signs of such a disease in-
clude distal limb muscle weakness, muscle atrophy, steppage 
gait, and foot drop. Additionally, pes cavus, hammer toes, and 
foot deformities appear in patients’ lower limbs. Furthermore, 
distal sensory impairment, hyporeflexia, and areflexia also 
appear. Motor NCV is normal or mildly reduced. Finally, axonal 
atrophy and degeneration/regeneration are observed through 
nerve biopsy, while small onion bulb formation and a reduced 
number of myelinated fibers may be found.

CMT2A2A 
CMT2A2A is caused by a heterozygous mutation in the MFN2 
gene on chromosome 1p36.2 [23-25]. The inheritance is au-
tosomal dominant. Specifically, both mitochondrial size and 
arrangement differ with cell type, physiologic condition, and 
pathological state. In fact, mitofusins, including the MFN2, 
mediate mitochondrial fusion and contribute to their dy-
namic balance. The onset of the disease greatly varies be-
tween childhood and the age of 50, with an earlier onset be-
ing associated with increased severity, usually beginning 
from patients’ feet and legs, and eventually progressing to 
the upper limbs. Therefore, CMT2A2A greatly varies in severi-
ty, with the identification of family with a fatal subacute en-
cephalopathy. However, it was found to progress at a slow 
pace. Additionally, up to 25% of patients are either asymp-
tomatic or mildly affected, suggesting incomplete pene-
trance. The main symptoms include distal limb muscle 
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Table 2. Mutations of the axonal Charcot-Marie-Tooth neuropathy subtypes  

Subtype Gene Locus Heredity Protein

Charcot-Marie-Tooth disease type 2 (CMT2)

CMT2A1 KIF1B 1p36.22 AD Kinesin family member 1B

CMT2A2A MFN2 1p36.22 AD Mitofusin 2

CMT2A2B MFN2 1p36.22 AR Mitofusin 2

CMT2B RAB7 3q21.3 AD Members RAS oncogene family

CMT2B1 LMNA 1q22 AR Lamin A/C

CMT2B2 MED25 19q13.33 AR Mediator complex subunit 25

CMT2C TRPV4 12q24.11 AD TRP superfamily of cation channels

CMT2CC NEFH 22q12.2 AD Neurofilament heavy polypeptide

CMT2D GARS 7p15 AD Glycyl-tRNA synthetase

CMT2DD ATP1A1 1p13.1 AD ATPase Na+/K+ transporting subunit alpha 1

CMT2E NEFL 8p21 AD Neurofilament light polypeptide

CMT2F HSPB1/HSP27 7q11.23 AD Heat shock 27-kD protein 1

CMT2H Unknown 8q13-q23 AR Unknown

CMT2I MPZ/P0 1q23.3 AD Myelin protein zero

CMT2J MPZ/P0 1q23.3 AD Myelin protein zero

CMT2K GDAP1 8q21.11 AD, AR Ganglioside-induced differentiation-associated protein 1

CMT2L HSPB8/HSP22 12q24.3 AD Heat-shock 22-KD protein 8

CMT2M DNM2 19p13.2 AD Dynamin 2

CMT2N AARS 16q22.1 AD Alanyl-tRNA synthetase

CMT2O DYNC1H1 14q32.31 AD Dynein cytoplasmic 1 heavy chain 1

CMT2P LRSAM1 9q33.3 AD, AR Leucine rich repeat and sterile alpha motif containing 1

CMT2Q DHTKD1 10p14 AD Dehydrogenase E1 and transketolase domain 
 containing protein 1

CMT2R TRIM2 4q31.3 AR Tripartite motif containing protein 2

CMT2S IGHMBP2 11q13.3 AR Immunoglobulin mu DNA binding protein 2

CMT2T MME 3q25.2 AD, AR Membrane metalloendopeptidase

CMT2U MARS 12q13.3 AD Methionyl-tRNA synthetase

CMT2V NAGLU 17q21.2 AD N-acetyl-alpha-glucosaminidase

CMT2W HARS 5q31.3 AD Histidyl-tRNA synthetase

CMT2X SPG11 15q21.1 AR Spatacsin

CMT2Y VCP 9p13.3 AD Valosin containing protein

CMT2Z MORC2 22q12.2 AD MORC family CW-type zinc finger protein 2

HMSN-P TFG 3q12.2 AD Protein TFG (TRK-fused gene protein)

PNMHH MYH14 19q13.33 AD Myosin, heavy chain 14

Charcot-Marie-Tooth disease type 5 (CMT5)

CMT5 MFN2 1p36.22 AR Mitofusin 2

Charcot-Marie-Tooth disease type 6 (CMT6) 

CMT6 MFN2 1p36.22 AR Mitofusin 2

AD, autosomal dominant; AR, autosomal recessive; HMSN, hereditary motor and sensory neuropathy; PNMHH, peripheral neuropathy, myopathy, 
hoarseness and hearing loss. 
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weakness, muscle atrophy, steppage gait, foot drop, distal 
sensory impairment, loss of pain and temperature sensation, 
and less severe loss of vibration and position sensation. Ad-
ditionally, while hyporeflexia and areflexia are common, py-
ramidal signs, increased muscle tone, extensor plantar re-
sponses or hyperreflexia are rarely observed. Other signs as-
sociated with CMT2A2A are pes cavus, hammer toes, and 
foot deformities. In contrast, cognitive declines and spasticity 
are rarely seen in the central nervous system (CNS), while py-
ramidal features, tremor, or fatal subacute encephalopathy 
were also reported. Moreover, pain, skeletal contractures and 
scoliosis may occur in patients with an early disease onset, 
whereas hearing loss and optic atrophy are less likely. Al-
though CMT2A2A is typically correlated with either normal or 
mildly reduced motor NCV, an absence in such a velocity is 
seen in patients with an early disease onset. Finally, axonal 
atrophy, degeneration/regeneration, and mitochondrial ab-
normalities are observed through nerve biopsy, while both 
decreases in myelinated fibers and small onion bulb forma-
tion may be found.

CMT2A2B 
CMT2A2B is caused by either a homozygous or a compound 
heterozygous mutation in the MFN2 gene on chromosome 
1p36.2. The inheritance is autosomal recessive [26]. Its onset 
is during the first years of life and it shows variable severity, 
although most patients become wheelchair-bound. Distal 
sensory impairment, hyporeflexia, pes cavus, walking diffi-
culty, foot drop, and loss of ambulation are CMT2A2B typical 
features, although other symptoms may include distal mus-
cle weakness and atrophy, and occasional proximal muscle 
weakness in both the upper and lower extremities. Frequent 
observations are delayed gross motor development in the 
CNS and scoliosis and kyphosis in the spine. Furthermore, 
hearing impairment may also occur in some patients. Addi-
tionally, ophthalmologic features comprise optic atrophy 
and pale optic discs, while some patients develop either vi-
sual impairment at a later age or respiratory insufficiency 
due to muscle weakness. Finally, sural nerve biopsy shows a 
loss of large myelinated fibers.

CMT2B
CMT2B 
This form of CMT2 is caused by a heterozygous mutation in 
the RAB7A, member RAS oncogene family (RAB7A) gene on 
chromosome 3q21 [27], which encodes for small GTPases, 
ubiquitously expressed proteins that play a role in the regu-

lation of the trafficking, maturation, and fusion of endocytic 
and autophagic vesicles. The inheritance is autosomal domi-
nant. The peak age of onset is the second decade, when 
symptoms usually start from patients’ feet and legs, eventu-
ally progressing to their upper limbs. CMT2B phenotypically 
overlaps with hereditary sensory and autonomic neuropathy 
type I (HSAN1). The main symptoms include muscle weak-
ness of the distal limb, muscle atrophy, steppage gait, foot 
drop, distant sensory impairment, hyporeflexia, and areflex-
ia. Furthermore, pes cavus, pes planus, hammer toes, foot 
deformities, and foot callus appear in the lower libs. Addi-
tionally, either osteomyelitis or necrosis may be present in 
patients due to distal sensory neuropathy, while autoampu-
tation may also occur. Moreover, ulcers are found in the skin 
given the occurrence of sensory neuropathy at distal sites, 
often leading to infection and amputation. Dystrophic toe-
nail changes may occur as well. While motor NCV is mildly re-
duced, axonal atrophy and degeneration/regeneration are 
observed through nerve biopsy. Finally, small onion bulbs 
and decreased number of myelinated fibers may be found.

CMT2B1 
CMT2B1 is caused by a homozygous mutation in the lamin A/
C (LMNA) gene on chromosome 1q22 [28]. The inheritance is 
autosomal recessive. The LMNA gene encodes laminin and 
laminin C. Lamins are the structural protein components of 
the nuclear lamina, a protein network underlying the inner 
nuclear membrane that determines nuclear shape and size. 
Lamins constitute a class of intermediate filaments and three 
types, namely A, B, and C, were described in mammalian cells. 
CMT2B1 onset begins during the second decade of life, mainly 
in patients’ feet and legs, while their upper extremities may be 
affected at a later stage. This subtype is genetically heteroge-
neous and has a severe course. The main symptoms include 
muscle weakness and atrophy in distal limbs, proximal mus-
cle involvement, steppage gait, foot drop, pes cavus, foot de-
formities, distal sensory impairment, hyporeflexia, and are-
flexia. Furthermore, kyphoscoliosis of the spine may be found. 
Finally, axonal atrophy and degeneration/regeneration are 
observed through nerve biopsy, while small onion bulbs and 
a decreased number of myelinated fibers may be found.

CMT2B2 
CMT2B2 is caused by a homozygous mutation in the mediator 
complex subunit 25 (MED25) gene [29], which encodes a pro-
tein belonging to the Mediator complex, an evolutionarily 
conserved multisubunit RNA polymerase II transcriptional 
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regulator complex. The inheritance is autosomal recessive. 
Only one family with such a mutation was reported. CMT2B2 
onset is between 28 and 42 years of age and it usually begins 
from patients’ feet and legs, while it may progress to their 
upper limbs at a later stage. The main symptoms include 
muscle weakness and atrophy in the distal limbs, distal sen-
sory impairment, hyporeflexia, and areflexia. Finally, motor 
NCV is normal or mildly reduced.

CMT2C 
CMT2C also known as hereditary motor and sensory neurop-
athy type IIC (HMSN2C) is caused by a heterozygous muta-
tion in the transient receptor potential cation channel sub-
family V member 4 (TRPV4) gene on chromosome 12q24 
[30,31]. The inheritance is autosomal dominant. The TRPV4 
cation channel mediates calcium influx in response to physi-
cal, chemical, and hormonal stimuli in ciliated epithelial 
cells. CMT2C onset age varies between birth and the age of 
60, with an earlier disease onset being associated with in-
creased severity. In some cases, worsening of hand weak-
ness with cold can be seen. It overlaps clinically with distal 
hereditary motor neuropathy type VII (dHMN VII) and it 
shows incomplete penetrance. The main symptoms include 
muscle weakness and atrophy in both the upper and lower 
distal limbs, early wasting of hand muscles, and impaired 
manual dexterity, whereas proximal limb muscles are in-
volved in severe cases. Additionally, other signs involve pes 
cavus, hammertoes, foot drop, intercostal muscle involve-
ment, diaphragm involvement, areflexia, hyporeflexia, scoli-
osis, vocal cord paresis, and distal sensory impairment. Simi-
larly, hearing loss, abducens nerve palsy, oculomotor nerve 
palsy, respiratory failure due to intercostal muscle and dia-
phragm involvement, obstructive sleep apnea, and stridor 
are features of this subtype. In some cases, shoulder girdle 
muscle atrophy and sloping shoulders due to muscle atro-
phy are found. Urinary urgency and urinary incontinence 
may be seen as well as short stature in some patients. CMT2C 
has the following electrophysiological characteristics: nor-
mal motor NCV, decreased compound muscle action poten-
tials (CMAP), and decreased or absent distal sensory nerve 
action potential (SNAP). Finally, neurogenic atrophy is found 
in muscle biopsy.

CMT2CC 
CMT2CC is caused by a heterozygous mutation in the neuro-
filament heavy (NEFH) gene on chromosome 22q12 [32]. The 
inheritance is autosomal dominant. Specifically, three mam-

mal neuron-specific intermediate filaments, namely the 
NEFH, NEFM, and NEFL, are the most prominent cytoskeletal 
components in large myelinated axons. CMT2CC onset varies 
from early childhood to the fourth decade of life. Two unre-
lated families showing variable severity were reported. The 
symptoms typically associated with this subtype are pes ca-
vus, high-arched feet, impaired gait, frequent falls, distal sen-
sory impairment, and hyporeflexia. Furthermore, distal mus-
cle weakness and atrophy in the lower limbs, and proximal 
muscle weakness may be found in some patients. The motor 
NCV are normal or slightly decreased, while decreased am-
plitudes were identified. Finally, neurogenic and myopathic 
changes are observed through electromyography (EMG) and 
muscle biopsy in some patients.

CMT2D 
This form of CMT2 is caused by a mutation in the glycyl-tRNA 
synthetase (GARS) gene [33], which encodes an enzyme that 
is responsible for charging tRNA molecules with glycine via 
an aminoacylation reaction. The inheritance is autosomal 
dominant. The mean age of onset is 18 years; however, this 
type presents a slow disease progression. Distal spinal mus-
cular atrophy type 5A (dSMA5A) is an allelic disorder with a 
similar phenotype [33], although CMT2D presents more se-
vere distal sensory involvement. Although distal limbs mus-
cle weakness and atrophy occur, this subtype is predomi-
nantly characterized by weakness and atrophy of the upper 
limbs, such as the thenar muscle and the first dorsal interos-
sei muscle. Other symptoms include pes cavus, hammer-
toes, cold-induced hand cramps, balance impairment, hy-
poreflexia, distal sensory impairment and scoliosis. Finally, a 
normal motor NCV range is observed.

CMT2DD 
CMT2DD is caused by a heterozygous mutation in the ATPase 
Na+/K+ transporting subunit alpha 1 (ATP1A1) gene on chro-
mosome 1p13 [34]. The inheritance is autosomal dominant. 
This gene encodes the alpha-1 isoform of the Na (+), K (+)-AT-
Pase, an integral membrane protein responsible for estab-
lishing and maintaining the electrochemical gradients of Na 
and K ions across the plasma membrane. CMT2DD onset var-
ies between late childhood to the fifties, although most pa-
tients develop this disease in their teens or twenties. Given 
that this subtype has a slow progression, most of the patients 
maintain their ambulatory function, while others may have a 
subclinical course with minimal neurological findings. The 
main symptoms include steppage gait, foot drop, pes cavus, at-
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rophy of the intrinsic hand muscles, decreased vibratory sensa-
tion, hyporeflexia, and areflexia. Furthermore, distal muscle 
weakness and atrophy, and muscle cramps can be seen. Addi-
tionally, both CMAP and SNAP amplitudes are reduced; howev-
er, motor NCV are normal. Finally, the loss of large myelinated 
fibers is reported through sural nerve biopsy, while regenerat-
ing axons and thin myelin were observed as well.

CMT2E 
CMT2E is caused by a heterozygous mutation in the NEFL 
gene on chromosome 8p21 [35], which encodes a subunit of 
the type IV intermediate filament heteropolymers, a major 
component of the neuronal cytoskeleton [36]. The inheri-
tance is autosomal dominant. CMT2E onset age varies be-
tween the first to the third decade of life, with symptoms 
usually beginning in patients’ feet and legs, eventually pro-
gressing to their upper limbs. Similarly, its severity is very di-
verse and some patients may be wheelchair-bound. The 
main symptoms include distal limb muscle weakness and at-
rophy, steppage gait, foot drop, areflexia, hyporeflexia, and 
distal sensory impairment. Additionally, pes cavus, hammer 
toes and foot deformities in the lower limbs, and joint con-
tractures may occur. Furthermore, claw hand deformities 
may also be seen in severe cases. While some patients may 
present scoliosis, facial muscle weakness, ptosis, and high-
arched palate, others may show delayed motor development 
and shoulder muscle weakness. Moreover, both axonopathy 
and fiber-type is identified through nerve biopsy as well as 
fiber size variation and hypotrophy of the small hand mus-
cles. Similarly, internal nuclei, increased connective tissue, 
nemaline rods, group fiber atrophy, or angular fibers are 
commonly found. Finally, giant axons with accumulation of 
disorganized neurofilaments are observed, while the EMG is 
consistent with chronic neurogenic disorder.

CMT2F 
CMT disease type 2F is caused by a mutation in the heat 
shock protein family B (small) member 1 (HSPB1) gene en-
coding heat-shock 27-kD protein 1 (HSPB1) [37]. The inheri-
tance is autosomal dominant. Heat shock proteins (HSPs) 
belong to a larger group of polypeptides, the stress proteins, 
and are involved in a variety of responses to both environ-
mental challenges and developmental transitions. Addition-
ally, the synthesis of the small (27-kD) HSP was shown to be 
correlated with the acquisition of thermotolerance. CMT2F 
age of onset varies between 15 and 60 years and it usually 
begins in patients’ feet and legs, although this subtype has 

genetic heterogeneity. The main symptoms include muscle 
weakness and atrophy in the distal limbs, eventually pro-
gressing to the upper limbs at a later stage. Furthermore, 
steppage gait, foot drop, pes cavus, distal sensory impair-
ment, hyporeflexia areflexia, fasciculations, and muscle 
cramps are common. Furthermore, claw hand deformities 
may appear in severe cases. Finally, chronic axonal neuropa-
thy is shown through sural nerve biopsy.

CMT2H 
CMT2H maps to the same region that contains the ganglio-
side-induced differentiation-associated protein 1 (GDAP1) 
gene [38]. The inheritance is autosomal recessive. The first 
symptoms of this subtype appears in the first decade of life, 
which include muscle weakness and atrophy in distal limbs, 
foot drop, steppage gait, pes cavus, distal sensory impair-
ment, absent ankle reflexes, pyramidal features, hyperreflex-
ia in the upper limbs and in knees, and both the brisk Hoff-
man and palmomental reflexes. CMT2H has a normal motor 
NCV range, while a loss of myelinated fibers is observed 
through nerve biopsy. Finally, myelin sheaths are thin and 
axonal regeneration is rare.

CMT2I 
CMT2I is caused by a heterozygous mutation in the MPZ gene 
on chromosome 1q23 [39,40]. The inheritance is autosomal 
dominant. The first symptoms of this subtype usually begin 
in patients’ feet and legs between the age of 40 and 60, even-
tually extending to their upper extremities in a later stage, 
given its genetic heterogeneity. The main symptoms include 
muscle weakness and atrophy in the distal limbs, pes cavus, 
steppage gait, hyporeflexia, and areflexia, and distal sensory 
impairment. Finally, while normal or slightly reduced motor 
NCV (39 to 40 m/sec) are seen, axonal degeneration/regener-
ation and loss of myelinated fibers can be observed through 
nerve biopsy.

CMT2J 
CMT2 with hearing loss and pupillary abnormalities is also re-
ferred to as CMT2J, which is caused by a heterozygous muta-
tion in the MPZ gene on chromosome 1q23 [39-41]. The inher-
itance is autosomal dominant. Its onset is between the fourth 
and sixth decade of life, usually beginning in patients’ feet 
and legs and extending to their upper limb at a later stage. 
The main presenting features include sensorineural hearing 
loss, muscle weakness and atrophy in the distal limbs, pes ca-
vus, foot drop, steppage gait, distal sensory impairment, hy-
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poreflexia, and areflexia. Furthermore, sensorineural hearing 
loss, progressive deafness, and brainstem auditory evoked 
potentials (BAEPs) suggest peripheral lesion in patients’ ears. 
In contrast, both slow pupillary reaction with slow light con-
vergence reflex and absent pupillary reaction can be found in 
their eyes. Another common symptom is gastrointestinal dys-
phagia. Finally, while normal to mildly decreased motor NCV 
is observed, axonal degeneration/regeneration is observed 
through nerve biopsy and secondary demyelination is pres-
ent at later stages of disease progression.

CMT2K 
Autosomal recessive axonal CMT disease type 2K is caused by 
either a homozygous or a compound heterozygous mutation 
in the GDAP1 gene on chromosome 8q [42], which encodes 
an integral membrane protein of the outer mitochondrial 
membrane expressed in both the CNS and PNS, particularly 
in Schwann cells. Some patients with a milder phenotype 
were found to carry heterozygous mutations in the GDAP1 
gene, which is consistent with the autosomal dominant in-
heritance nature of this subtype [43,44]. CMT2K onset age is 
three years old and begins in patients’ feet and legs, followed 
by severe progression. In fact, upper limb involvement occurs 
in the first decade. However, given its genetic heterogeneity, 
patients with autosomal dominant inheritance and a single 
GDAP1 mutation have a less severe course with later onset. 
This subtype shares the same phenotype of the CMT4A allelic 
disorder. The main symptoms include muscle weakness and 
atrophy in the distal limbs, possible involvement of proximal 
muscles, areflexia, talipes equinovarus, claw hand deformi-
ties, kyphoscoliosis and distal sensory impairment. While 
CMT2K has a normal or slightly reduced motor NCV, a loss of 
myelinated fibers, axonal regeneration and pseudo-onion 
bulb formations are observed through nerve biopsy.

CMT2L 
CMT2L is caused by a mutation in the heat shock protein 
family B (small) member 8 (HSPB8) gene [45]. The inheri-
tance is autosomal dominant. Distal hereditary motor neu-
ronopathy type 2A (dHMN2A) is an allelic disorder with an 
overlapping phenotype. Its onset usually begins in patients’ 
feet and legs between the age of 15 and 33 years, although it 
presents genetic heterogeneity. The main symptoms include 
muscle weakness and atrophy in the distal limbs, and the in-
volvement of the upper distal limb muscles. In contrast, its 
progression to proximal muscle rarely occurs. Additional 
signs associated with this subtype are pes cavus, hyporeflex-

ia, areflexia scoliosis, and distal sensory impairment. While 
CMT2L has a normal motor NCV range, decreased or absent 
SNAPs are observed. Furthermore, the EMG shows denerva-
tion and fibrillation potentials, whereas axonal neuropathy, 
loss of large myelinated fibers, and thin myelinated axons 
were found through nerve biopsy.

CMT2M
CMT2M maps to chromosome 19p and is caused by a hetero-
zygous mutation in the dynamin 2 (DNM2) gene [46]. The in-
heritance is autosomal dominant. DNM2 is a ubiquitously ex-
pressed large GTPase involved in both clathrin-dependent 
and -independent endocytosis and in intracellular mem-
brane trafficking. This protein has a strong interaction with 
the actin and microtubule networks and may have a role in 
centrosome function. The first symptoms associated with 
CMT2M appear between the first and second decade of life, 
beginning in patients’ feet and legs. Although CMT2M shares 
most of the features with intermediate CMTDIB, this type is 
purely axonal CMT. Its common features include weakness 
and atrophy of distal limb muscles, distal sensory impair-
ment, hyporeflexia, and areflexia. Additionally, the motor 
NCV value is low-to-normal range. Finally, the loss of myelin-
ated fibers, rare segmental demyelination/remyelination, 
onion bulb formation, and axonal degeneration can be ob-
served through nerve biopsy.

CMT2N 
This form of axonal CMT disease type 2 is caused by a hetero-
zygous mutation in the alanyl-tRNA synthetase (AARS) gene 
on chromosome 16q21 [47], which encodes the amino acid 
synthetases, responsible for the initiation of the attachment 
of their respective amino acids to the corresponding tRNA. 
The inheritance is autosomal dominant. CMT2N onset varies 
between the age of 6 to 54 years, with fluctuating severities. 
The most frequent presenting symptoms are muscle weak-
ness and atrophy in the distal limbs, which affects the lower 
limbs the most. Additional symptoms include walking diffi-
culties, foot drop, hypo- or areflexia, distal sensory impair-
ment, foot deformities, pes cavus, hammertoes, and ankle 
sprains. Finally, sensorineural deafness was also reported in 
one household.

CMT2O 
CMT2O is caused by a heterozygous mutation in the dynein 
cytoplasmic 1 heavy chain 1 (DYNC1H1) gene on chromo-
some 14q32 [48]. The inheritance is autosomal dominant. 
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The DYNC1H1 gene encodes a large (>530 kD) crucial sub-
unit of the cytoplasmic dynein complex. Dyneins are a group 
of microtubule-activated ATPases that support the conver-
sion of chemical energy into mechanical energy. CMT2O on-
set is during childhood and has a slow progression. Only one 
family was reported to have such a mutation. Although mul-
tiple phenotypes exist, ambulation is usually maintained 
throughout adulthood. In contrast, the disease main symp-
toms include muscle weakness and atrophy in the distal 
limbs, involvement of the upper limbs, pes cavus, recurrent 
falls, neuropathic pain, hyporeflexia, running difficulty, and 
varying distal sensory impairment. Furthermore, delayed 
motor development is observed in the CNS, whereas learn-
ing difficulties are less frequent. Finally, while motor NCV is 
normal or mildly reduced, axonal degenerative processes are 
found through sural nerve biopsy.

CMT2P (autosomal dominant, autosomal recessive)
CMT2P is caused by either a homozygous or heterozygous 
mutation in the leucine-rich repeat and sterile alpha mo-
tif-containing 1 (LRSAM1) gene on chromosome 9q33 [49]. The 
LRSAM1 is a multifunctional RING finger protein that selective-
ly regulates cell adhesion molecules, has ubiquitin ligase ac-
tivity, and plays a role in receptor endocytosis and viral bud-
ding. Its onset varies between childhood and the age of 76, al-
though the disease is usually developed during adulthood. 
The peak age of onset was reported to be in the second de-
cade of life, when it begins in patients’ feet and legs and even-
tually progresses to the upper limbs. Although this type has a 
slow progression, some patients become wheelchair-bound. 
Furthermore, incomplete penetrance may also be present. Pa-
tients with this type of CMT lose their ability to run given their 
lower limb weakness and have difficulty in heel-to-toe walk-
ing. The main symptoms associated with this disease include 
foot drop, steppage gait, fasciculations, hyporeflexia, and are-
flexia. Considering that CMT2P is a sensorimotor axonal neu-
ropathy, distal sensory loss, distal limb muscle weakness and 
atrophy is observed, mainly affecting the lower limbs. Addi-
tionally, cramping and foot deformities occur, while some pa-
tients may develop pes cavus or hammertoes. Finally, the 
number of myelinated fibers may also decrease.

CMT2Q 
CMT2Q is caused by a heterozygous loss-of-function (LOF) 
mutation in the dehydrogenase E1 and transketolase do-
main containing 1 (DHTKD1) gene on chromosome 10p14 
[50], as reported in a 5-generation Chinese family. The inheri-

tance is autosomal dominant. The DHTHD1 is predicted to 
be a thiamine diphosphate-dependent 2-oxoacid dehydro-
genase responsible for the reduction of the protein-bound li-
poyl group. The main symptoms include weakness of distal 
lower limbs, muscle atrophy in distal forearms and hands, 
decreased or absent deep tendon reflexes, mild-to-moderate 
deep sensory impairment and walking difficulty. Additional-
ly, small, angulated muscle fibers, sarcomere disappearance, 
disorganized myofilaments, and mitochondrial vacuolization 
are seen through muscle biopsy. Finally, both symmetrical 
muscle wasting and atrophy were observed.

CMT2R 
This form of the CMT disease is caused by either a homozy-
gous or a compound heterozygous mutation in the tripartite 
motif containing 2 (TRIM2) gene on chromosome 4q [51]. The 
inheritance is autosomal recessive. The TRIM2 functions as 
an E3 ubiquitin ligase that directs the proteasome-mediated 
degradation of target proteins. Two unrelated patients with 
such a disease were reported, one with a more severe phe-
notype. CMT2R onset age is during early childhood and is 
characterized by muscle weakness and atrophy in both the 
upper and lower limbs. Furthermore, broad-based gait, de-
layed walking, inability to walk on heels, pes cavus, pes equi-
novarus, areflexia, hypotonia, and muscle mass are found, 
together with atrophy of the small hands and feet muscles. 
Specifically, one patient presented knee contractures, respi-
ratory insufficiency, tracheomalacia, and vocal cord paraly-
sis. Moreover, this disease is associated with slow motor NCV 
(<30 m/sec), and decreased sensory and motor nerve ampli-
tudes. Finally, nonspecific axonal degeneration was found 
through sural nerve biopsy, as well as the loss of myelinated 
fibers, accumulation of neurofilaments within axons, and 
swollen myelinated fibers.

CMT2S 
CMT2S is caused by either a homozygous or a compound het-
erozygous mutation in the immunoglobulin mu DNA binding 
protein 2 (IGHMBP2) gene on chromosome 11q13 [52]. The 
inheritance is autosomal recessive. Its age of onset is the first 
decade and, although its slow progression, most patients be-
come wheelchair-bound. This type of axonal sensorimotor 
neuropathy affects both the upper and lower limbs. The 
main features of this disease are distal sensory and motor 
impairment, foot drop, impaired gait, steppage gait, areflex-
ia, and hyporeflexia. Furthermore, a reduction in large my-
elinated fibers is seen through sural nerve biopsy. Addition-
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ally, axonal degeneration, distal muscle weakness and atro-
phy, and mild proximal muscle weakness may occur in some 
patients. Finally, symptoms such as pes equinovarus, scolio-
sis, and abnormal tongue shape may also be characteristic 
of some patients.

CMT2T 
CMT2T is caused by either a homozygous or a compound 
heterozygous mutation in the membrane metalloendopepti-
dase (MME) gene on chromosome 3q25 [53]. However, some 
patients may carry heterozygous mutations as well. The MME 
gene encodes a widely expressed MME that degrades several 
substrates, with its active site facing the extracellular space. 
This type first develops at a late age (between 36 and 56 
years) and shows a slow progression. Furthermore, those pa-
tients having heterozygous mutations may present a slightly 
later onset. The main symptoms associated with this sub-
type include distal sensory impairment, foot drop, gait insta-
bility, hyporeflexia, and areflexia. Additionally, distal muscle 
weakness and atrophy are observed, whereas the loss of 
large myelinated fibers is seen through sural nerve biopsy.

CMT2U 
CMT2U is caused by a heterozygous mutation in the methio-
nyl-tRNA synthetase (MARS) gene on chromosome 12q13 [54]. 
The inheritance is autosomal dominant. This type is charac-
terized by late-adult onset (age of 50 or later) and shows a 
slow progression, as reported in two unrelated families. The 
main features of this subtype comprise foot drop, steppage 
gait, areflexia, and distal sensory impairment. Moreover, distal 
muscle weakness and atrophy of both the upper and lower 
limbs are observed.

CMT2V 
CMT2V is caused by a heterozygous mutation in the N-ace-
tyl-alpha-glucosaminidase (NAGLU) gene on chromosome 
17q21 [55]. The inheritance is autosomal dominant. The 
mean age at onset is 41 years (ranging from 18 to 61 years), 
as indicated by one family of French-Canadian origin. This 
subtype is characterized by a pain feeling in the lower ex-
tremities and following paresthesia in the upper extremities. 
Furthermore, distal sensory impairment and hyporeflexia 
are additional common symptoms. Moreover, patients show 
difficulty in tandem gait with disease progression. Addition-
ally, sleep disturbances are found in some patients given the 
presence of sensory ataxia. Although normal motor NCV are 
present at onset, decreased sensory and motor nerve ampli-

tudes are detected at a later disease stage.

CMT2W 
This type of CMT disease is caused by a heterozygous muta-
tion in the histidyl-tRNA synthetase (HARS) gene on chromo-
some 5q31 [56]. The inheritance is autosomal dominant. 
HARS catalyzes the covalent ligation of histidine to its cog-
nate tRNA, representing an early step of protein biosynthesis. 
Its age of onset greatly varies, ranging from childhood to late 
adulthood; similarly, its severity also highly fluctuates. The 
main symptoms include pes cavus, hammertoes, impaired 
gait, steppage gait, distal sensory impairment, brisk patellar 
reflexes, and absent ankle reflexes. Additionally, distal mus-
cle weakness and atrophy of the lower limbs are observed, 
whereas distal muscle weakness and atrophy of the upper 
limb occur only in some patients. Finally, electrophysiologi-
cal studies suggest normal or mildly decreased motor NCV.

CMT2X 
CMT2X is caused by either a homozygous or a compound het-
erozygous mutation in the spatacsin vesicle trafficking associ-
ated (SPG11) gene on chromosome 15q21 [57]. The inheri-
tance is autosomal recessive. The SPG11 gene encodes the 
protein spatacsin, which has a role in axonal growth, function, 
and intracellular cargo trafficking. The mean age at onset is 
11.4±5.9 years (ranging from 4 to 35 years). CMT2X has a slow 
progression and shows variable phenotypes. The most com-
mon symptoms include gait impairment, foot drop, hypo- or 
isflexia, and distal sensory impairment. Additionally, it is char-
acterized by ankle contractures, foot deformities, pes cavus, 
hand deformities, kyphoscoliosis, urinary dysfunction, mild 
cognitive impairment, or thin corpus callosum. Furthermore, 
distal muscle weakness and atrophy also occur, specifically 
affecting lower limbs the most. Finally, chronic denervation/
reinnervation is seen on EMG, whereas the loss of large caliber 
myelinated fibers is observed through sural nerve biopsy.

CMT2Y 
CMT2Y is caused by a heterozygous mutation in the valosin- 
containing protein (VCP) gene on chromosome 9p13 [58], 
which encodes a ubiquitously expressed multifunctional 
protein, member of the AAA+ (ATPase associated with vari-
ous activities) protein family. The inheritance is autosomal 
dominant. Only one family and one unrelated patient were 
reported to present such a mutation. The age at onset ranges 
from early childhood to older adulthood (>50 years of age) 
and the disease is characterized by a highly varying severity. 
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Commonly, CMT2Y patients show walking, running and bal-
ance difficulties, distal sensory impairment, hypo- or areflex-
ia, and distal muscle weakness and atrophy in both the lower 
and upper limbs. Finally, neurogenic atrophy was identified 
in one patient through muscle biopsy.

CMT2Z 
CMT2Z is caused by a heterozygous mutation in the MORC 
family CW-type zinc finger 2 (MORC2) gene on chromosome 
22q12 [59,60]. The inheritance is autosomal dominant. The 
MORC2 is a DNA-dependent ATPase that relaxes chromatin 
to ensure the repair of DNA double-strand break. Further-
more, cytosolic MORC2 appears to be involved in lipid me-
tabolism and homeostasis. The age at onset of this disease is 
between the first and the second decade of life (ranging from 
infancy to early adulthood). Although CMT2Z is characterized 
by a slow progression, various phenotypes exist and some 
patients become wheelchair-bound. Asymmetric muscle in-
volvement is one of the main symptoms of this subtype. Ad-
ditionally, decreased motor and sensory action potential 
amplitudes, distal sensory impairment, hypo- or isflexia, and 
pes cavus are frequently seen in patients. Similarly, delayed 
development, learning disabilities, pyramidal signs, and ex-
tensors can occur in this subtype. Distal and proximal (at a 
later disease stage) muscle weakness and atrophy occur in 
both the upper and lower limbs. Other features associated 
with such a condition are muscle cramps, foot drop, walking 
difficulties, hypotonia, spontaneous muscle activity, fascicu-
lations, and myokymia. Increased muscle tone was observed 
in some patients. Moreover, claw hands, scoliosis, or urinary 
incontinence are often reported in some patients. Hearing 
loss was found in two members of a family, whereas high-
pitched voice was described in another family. Neck flexion 
weakness appears with disease progression. Finally, while 
the motor NCVs are normal or near-to-normal, the loss of 
large myelinated fibers is identified through sural nerve bi-
opsy. In contrast, both onion bulbs and regenerative fibers 
are observed rarely, whereas thinly myelinated axons and fi-
brosis are common.

Other CMT2
Recently, mutations in the TRK-fused gene (TFG) in HMSN-P 
patients with proximal muscle weakness were reported in 
both the Korean and Japanese populations [61-63]. Although 
CMT is generally characterized by weakened distal muscle 
strength, HMSN-P is associated with decreased proximal 
muscle weakness, late age of onset and rapid progression af-

ter onset. Peripheral neuropathy, myopathy, hoarseness and 
hearing loss (PNMHH) is caused by mutations of the myosin 
heavy chain 14 (MYH14) [64], and is characterized by periph-
eral neuropathy, muscular dysfunction and hearing loss. This 
gene mutation occurs at a young age, showing the initial 
symptoms of hearing impairment and muscle weakness. In 
addition, the mutation of the histidine triad nucleotide-bind-
ing protein 1 (HINT1) was confirmed to be the cause of auto-
somal recessive axonal neuropathy, which is mainly involved 
in neuroblastomas [65]. Lastly, the diacylglycerol O-acyl-
transferase 2 (DGAT2), which catalyzes the final step of the 
triglyceride biosynthesis, was found in a Korean family with a 
CMT2 early onset dominance, showing sensory ataxia and 
low triglyceride levels [66].

Charcot-Marie-Tooth disease type 3 (CMT3, DSS)
DSS is caused by mutations in the following genes; the MPZ, 
PMP22, periaxin (PRX), and EGR2 genes [67-71]. Furthermore, 
evidence of the contribution of mutations in the gap junction 
protein beta 1 (GJB1) gene to this phenotype exists (Table 1). 
Its onset occurs between infancy and early childhood, with 
the emergence of symptoms in patients’ feet and legs, which 
eventually extend to the upper limbs with disease progres-
sion. This type is clinically and genetically heterogeneous. 
With regards to its clinical aspect, although it overlaps with 
demyelinating CMT type 1, it presents more severe pheno-
types. Similarly, its clinical phenotypes also overlap with 
CHN. The main symptoms of this disease include distal sen-
sory impairment, sensory ataxia, hyporeflexia, and areflexia 
during muscle development, as well as muscle atrophy and 
weakness of the distal limbs. Moreover, cerebrospinal fluid 
(CSF) protein levels are increased. Additional features are pes 
cavus, hammer toes, and foot deformities in the lower ex-
tremities, together with claw hand deformities in the upper 
extremities. Kyphoscoliosis of the spine and nystagmus may 
be observed in some patients. While the motor NCV is se-
verely reduced, hypertrophic nerve changes may occur. On-
ion bulb formation and segmental demyelination/remyelin-
ation are observed through nerve biopsy. Furthermore, the 
number of myelinated fibers was found to decrease. In con-
trast, CMT3A (DSS-A) is usually caused by a point mutation 
on chromosome 17q11.2-12, given the dominant inheritance 
of chromosomal dominance [67]. Patients with such a dis-
ease exhibit clinical symptoms similar to those of CMT1A 
with gene duplication, even though they occasionally devel-
op early neuropathy during their neonatal period and pres-
ent severe clinical symptoms. Moreover, CMT3B (DSS-B) is 
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caused by the MPZ gene mutation of the dominant or reces-
sive chromosome 1q22 [68,69]. Genetic damage resulting in 
CMT3C (DSS-C) was suggested to be associated with chro-
mosome 8q23-q24 in a family of dominant inheritance pat-
terns in Iowa, USA [70]. Finally, the PRX gene mutation locat-
ed on chromosome 19q13.1-13.2 induces a recessive inheri-
tance pattern of CMT3D [71]. 

Charcot-Marie-Tooth disease type 4 
CMT4 belongs to the genetically heterogeneous group of 
CMT peripheral sensorimotor polyneuropathies (Table 1). 
These autosomal recessive forms are usually associated with 
very severe progression, onset at early infancy, delayed mo-
tor milestones, and complex phenotypic manifestations.

CMT4A 
Autosomal recessive demyelinating CMT disease type 4A is 
caused by a mutation in the gene encoding GDAP1 on chro-
mosome 8q21 [72-74]. However, mutations in such a gene 
also cause specific forms of autosomal recessive axonal neu-
ropathies (e.g., CMT2K) as well as intermediate forms of CMT 
(e.g., CMTRIA). Furthermore, they may result in the axonal 
form of CMT2H, given that the locus for that disorder was 
mapped to 8q21. CMT4A onset age is prior to the 2 years of 
age, usually starting in patients’ feet and legs and eventually 
extending to the upper limbs with disease progression. This 
subtype is characterized by inability to walk from childhood/
adolescence, delayed motor development, and rapid pro-
gression to disability, although it presents genetic heteroge-
neity. Interestingly, axonal features, such as normal NCV and 
axonal degeneration on biopsy, may coexist. The muscle 
weakness and atrophy in the distal limbs related to CMT4A 
may progressively involve proximal muscles as well. The 
main symptoms associated with this subtype include distal 
sensory impairment, hyporeflexia, and areflexia. Additional 
signs are foot deformities, claw hand deformities (in severe 
cases), and kyphoscoliosis. While the motor NCV is reduced, 
hypertrophic nerve changes, basal lamina onion bulb forma-
tion on nerve biopsy, decreased number of myelinated fi-
bers, and hypomyelination are observed in this type.

CMT4B
CMT4B1 
CMT4B1 is caused by a mutation in the myotubularin-related 
protein-2 (MTMR2) gene [75,76], which encodes a protein be-
longing to the myotubularin family, that is characterized by 
the presence of a phosphatase domain. The inheritance is 

autosomal recessive. The mean age of disease onset is 34 
months, beginning in patients’ feet and legs, progressing 
through a severe clinical course, and leading to their death 
between 40 and 50 years of age. Although CMT4B1 presents 
genetic heterogeneity, its common features are muscle 
weakness and atrophy in the distal limbs, muscle weakness 
in the proximal limbs, and facial weakness. Additional symp-
toms include delayed motor development, abnormal audi-
tory evoked potentials, talipes equinovarus, foot deformities, 
distal sensory impairment, and scoliosis. While the motor 
NCV is severely reduced (15 m/sec), irregular loops and focal 
folding of the myelin sheaths are observed.

CMT4B2 
This form of CMT disease is caused by a mutation in the SET 
binding factor 2 (SBF2) gene [77], which encodes a catalytical-
ly inactive pseudolipid phosphatase that functions as a scaf-
fold for the myotubularin-related protein lipid phosphatase 
MTM1. The inheritance is autosomal recessive. SET binding 
factor 1 (SBF1) is another pseudophosphatase, which contain 
inactivating substitutions at the catalytic cysteine. CMT4B2 
onset is between the first and second decade of life (ranging 
from 4 to 13 years), beginning in patients’ feet and legs and in-
volving the upper limbs with disease progression. Although 
CMT4B2 has genetic heterogeneity, its common features are 
muscle weakness and atrophy in the distal limbs, walking dif-
ficulties, steppage gait, foot drop, severe distal sensory im-
pairment, hyporeflexia, and areflexia. Furthermore, CSF pro-
tein contents were identified to be increased or at the upper 
limit of their normal concentration. Additional signs associat-
ed with CMT4B2 are pes cavus, talipes equinovarus, hammer-
toes, and foot deformities in the lower extremities, and claw 
hand deformities in the upper extremities in severe cases. Fur-
thermore, kyphoscoliosis may be present, while sensorineural 
hearing loss was described in one family. Moreover, glauco-
mas can occur in the early stages of patients with either non-
sense or truncating mutations in the SBF2 gene and may pre-
cede the development of neuropathy. While the motor NCV is 
reduced (15 to 30 m/sec), onion bulb formation and segmen-
tal demyelination/remyelination are observed through nerve 
biopsy. Finally, a decreased number of large and small myelin-
ated fibers, thin myelin sheaths, and abnormal myelin folding 
of globular masses of irregular myelin thickening are also 
characteristic.

CMT4B3 
CMT4B3 is caused by either a homozygous or a compound 
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heterozygous mutation in the SBF1 gene on chromosome 
22q, as reported in two families [78,79]. The inheritance is 
autosomal recessive. Its age of onset is between 5 and 20 
years and, given the progressive nature of this type, patients 
may become wheelchair-bound in adulthood. One consan-
guineous Saudi family had the additional features of micro-
cephaly, brain atrophy, mental retardation, ophthalmople-
gia, and syndactyly. This peripheral neuropathy causes distal 
leg weakness, gait abnormalities, distal sensory impairment, 
scoliosis, and areflexia. Furthermore, a family presented pes 
planus, syndactyly, microcephaly, strabismus, ophthalmo-
plegia, and urinary incontinence. The position and vibratory 
senses are increasingly impaired compared to the pain and 
temperature senses. While distal limb muscle atrophy and 
weakness mainly affect the lower limbs, proximal muscles 
may be mildly involved. The NCVs are found to be decreased, 
whereas the loss of large myelinated fibers is observed 
through sural nerve biopsy. Focally folded myelin, onion 
bulb formation, and regenerating clusters of axons are also 
observed in one family. Finally, muscle biopsy identified neu-
rogenic angulated fibers and fiber-type grouping.

CMT4C
CMT disease type 4C is caused by either a homozygous or a 
compound heterozygous mutation in the SH3 domain and 
tetratricopeptide repeats 2 (SH3TC2) gene [80]. Similarly, mild 
mononeuropathy of the median nerve (MNMN) is a less severe 
allelic disorder caused by a heterozygous mutation in such a 
gene. The SH3TC2 gene encodes a protein expressed in 
Schwann cells of peripheral nerves, which is localized to the 
plasma membrane and to the perinuclear endocytic recycling 
compartment, suggesting a possible function in myelination 
and/or regions of axoglial interactions. Although its onset age 
is usually between the first and the second decade of life, later 
onsets were also reported (i.e., between the third and fourth 
decades). This CMT subtype is prevalent among Europeans, 
especially in the Spanish and Romani population. Considering 
the genetic heterogeneity of the disease, its phenotypes are 
highly variable, even within families. Usually, symptoms begin 
in patients’ feet and legs eventually leading to disability in pa-
tients, who may become wheelchair-bound. Furthermore, ab-
normalities in the pupillary light reflexes, nystagmus, tongue 
fasciculations, facial weakness, cranial nerve involvement, 
deafness, prolonged BAEPs, tongue weakness and atrophy, 
delayed motor development, and cranial nerve involvement 
are also common. Additionally, while distal lower limb muscle 
weakness and atrophy often occur, distal upper limb involve-

ment is more frequent in later stages. Specifically, the distal 
sensory impairment of touch, vibration, and proprioception is 
found. Similarly, the disease may affect proximal lower limbs. 
Finally, while the motor NCV is reduced, segmental demyelin-
ation, secondary axonal degeneration and regeneration, basal 
lamina onion bulb formation, large cytoplasmic Schwann cell 
extensions around axons, and loss of large myelinated fibers 
are also characteristic.

CMT4D 
CMT disease type 4D, also referred to as the Lom type of the 
hereditary motor and sensory neuropathy, is caused by a ho-
mozygous mutation in the N-myc downstream regulated 1 
(NDRG1) gene on chromosome 8q24 [81]. The inheritance is 
autosomal recessive. Its onset age is in the first decade of life, 
usually affecting patients’ feet and legs, to then extend to the 
upper limbs with disease progression. This subtype was first 
described in the Romani group from Bulgaria. The main 
symptoms associated with CMT4D include muscle weakness 
and atrophy in the distal limbs, gait disorder, foot deformi-
ties, talipes cavus equinovarus, hand deformities, deafness 
(often in the third decade of life), hyporeflexia and areflexia, 
and distal sensory loss. Furthermore, while NCV are severely 
reduced (may become unattainable), onion bulb formation 
and segmental demyelination/remyelination are observed 
through nerve biopsy. Finally, axonal loss and intra-axial ac-
cumulation of curvilinear profiles are observed, whereas ab-
normal BAEPs are detected, suggesting demyelination.

CMT4E
CMT4E is a CHN with early-onset slow NCVs and a Déjérine-Sot-
tas syndrome-like presentation, which is caused by either ho-
mozygous and heterozygous mutations in the EGR2 gene on 
chromosome 10q21 or by a heterozygous mutation in the chro-
mosome 1q23 [16]. Disease onset is at birth, with symptoms 
usually beginning in patients’ feet and legs, and extending to 
the upper extremities with disease progression. Allelic disor-
ders with clinical overlap include the DSS and CMT1B. The main 
features of this subtype are neonatal hypotonia, delayed motor 
development, areflexia, cranial nerve involvement, and respira-
tory failure. Additionally, arthrogryposis multiplex congenita 
may also occur as well as muscle weakness and atrophy in the 
distal limbs. Finally, while the motor NCV is severely decreased 
(as low as 3 m/sec), rare onion bulb formation and severe hypo-
myelination are observed through nerve biopsy.
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CMT4F 
CMT4F is caused by either a homozygous or a compound 
heterozygous mutation in the PRX gene on chromosome 
19q13 [82]. The inheritance is autosomal recessive. The PRX 
gene encodes two isoforms, namely the L- and S-periaxin, 
which are structural proteins mainly expressed by myelinat-
ing Schwann cells in the PNS. The PRX interacts with the dys-
troglycan complex via the dystrophin related protein 2 
(DRP2), linking the basal lamina to the Schwann cell cyto-
skeleton [83]. CMT4F age of onset varies between early child-
hood and mid-adulthood, presenting a slow progression. 
The main symptoms include distal lower limb muscle weak-
ness and atrophy, and possibly proximal lower limb involve-
ment. In contrast, it may affect distal upper limbs in a later 
stage of the disease. Additional signs associated with this 
subtype are walking difficulties, pes cavus, scoliosis, distal 
sensory impairment, areflexia, and delayed motor develop-
ment. Moreover, vocal cord paresis was reported in one pa-
tient, whereas sensory ataxia occurs less frequently. While 
the motor NCV is reduced, demyelination and basal lamina 
onion bulb formation were described through sural nerve bi-
opsy. Finally, focal myelin thickening, focally folded myelin, 
and loss of large myelinated fibers are also characteristic of 
CMT4F.

CMT4G 
CMT4G, also known as, the HMSN Russe is caused by a ho-
mozygous mutation in the hexokinase 1 (HK1) gene on chro-
mosome 10q22 [84]. The inheritance is autosomal recessive. 
CMT4G patients present distal limb weakness and paralysis, 
hyporeflexia, and deformities of the feet and hands. Scoliosis 
may also occur in some patients. The age of distal lower limb 
weakness onset is between 8 and 16 years, while the upper 
limb involvement occurs between 10 and 43 years. While dis-
tal muscle weakness commonly occurs, proximal lower limb 
muscle weakness is frequent in later stages of the disease in 
some patients. Finally, while the NCVs are reduced (demye-
linating range), the loss of larger myelinated nerve fibers, 
thin myelin sheaths, regenerative activity and hypomyelin-
ation are observed through nerve biopsy.

CMT4H 
CMT4H is caused by mutations in the FYVE, RhoGEF and PH 
domain containing 4 (FGD4) gene encoding frabin (FGD4), 
which is a guanine nucleotide exchange factor (GEF) for the 
Rho GTPase cell division cycle-42 (CDC42) [85]. The inheri-
tance is autosomal recessive. Specifically, FGD4 shows actin 

filament (F-actin)-binding activity. Its onset occurs before the 
age of 2 years. Although its genetic heterogeneity, this sub-
type is severe and usually begins in patients’ feet and legs. 
Furthermore, while distal lower limb muscle weakness and 
atrophy are frequently found, upper limb involvement may 
only be described with disease progression. The main symp-
toms associated with CMT4H include ‘Waddling’ gait, distal 
sensory impairment, hyporeflexia, areflexia, pes cavus, pes 
equinovarus, delayed motor development, and scoliosis. Fi-
nally, while the motor NCV is reduced, nerve biopsy shows 
demyelination/remyelination, onion bulb formation, and 
loss of myelinated fibers.

CMT4J 
CMT4J is caused by compound heterozygous mutations in 
the FIG4 phosphoinositide 5-phosphatase (FIG4) gene on 
chromosome 6q21 [86]. The inheritance is autosomal reces-
sive. Although its onset usually occurs during early child-
hood, adult onset is also possible. In this subtype, motor im-
pairment is more significant than sensory impairment. Fur-
thermore, CMT4J is progressive and traumas may accelerate 
its symptoms, also leading to disability in some patients, 
who become wheelchair-bound. Both proximal and distal 
asymmetric muscle weakness is found in the upper and low-
er limbs. The main symptoms are gait difficulties, frequent 
falls, areflexia, muscle amyotrophy, ankle contractures, distal 
sensory impairment, and delayed motor development in the 
CNS. Finally, while the motor NCVs and nerve amplitudes are 
decreased, sural nerve biopsy shows axonal loss, thinly my-
elinated nerve fibers, onion bulb formation, demyelination, 
and remyelination.

CMT4K 
CMT4K is caused by either a homozygous or a compound 
heterozygous mutation in the cytochrome c oxidase assem-
bly factor (SURF1) gene on chromosome 9q34 [87]. The in-
heritance is autosomal recessive. Specifically, the SURF1 
gene encodes an assembly factor of the mitochondrial com-
plex IV (COX), the terminal component of the mitochondrial 
respiratory chain. Disease onset occurs in the first decade of 
life and has a slow progression. Three patients from two un-
related families were found to report such a mutation and 
presented differing severities. Typical symptoms include 
walking difficulties, hypo- or areflexia, kyphoscoliosis, mild 
hearing loss, and nystagmus. Furthermore, while late-onset 
cerebellar ataxia was observed in some patients, hyperin-
tense lesions in the putamina and periaqueductal white mat-
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ter lesions were described in one patient. Distal muscle 
weakness and atrophy were seen in both the upper and low-
er limbs. Additionally, mitochondrial complex IV deficiency 
can occur in patients affected by this CMT subtype. Finally, 
axonal loss and hypomyelinated fibers were identified 
through sural nerve biopsy.

Charcot-Marie-Tooth disease type 5 (CMT5, HMSN5)
CMT5, also referred to as HMSN5 is sometimes defined as 
peroneal muscular atrophy with pyramidal features. CMT5 
was originally described in patients with peroneal muscular 
atrophy and hereditary spastic paraparesis [88]. However, 
this type is pathologically heterogeneous and is not limited 
to one definite genetic cause. It was suggested a mutation 
(H165D) in the MFN2 gene, some mutations in KIF5A gene or 
chromosome 4q34.3-q35.2 as the genetic causes of this type 
(Table 2). The disease age of onset varies between 4 and 47 
years. It usually begins in patients’ feet and legs, and shows a 
slow progression. Slow paraparetic gait, mild pyramidal 
signs, brisk tendon reflexes, increased muscle tone, extensor 
plantar responses, spasticity, spastic dysphonia, and leg 
cramps and pain can occur in this subtype. Distal limb mus-
cle weakness and atrophy, walking difficulty, foot drop, fre-
quent falls, and distal sensory impairment are also observed. 
Motor NCV and sensory nerve activity potential are de-
creased. Nerve biopsy often shows the axonal neuropathic 
phenotypes.

Charcot-Marie-Tooth disease type 6 (CMT6, HMSN6)
CMT6, also known as HMSN6, is caused by a heterozygous 
mutation in the MFN2 gene on chromosome 1p36 (Table 2) 
[89]. The inheritance is autosomal dominant. This type of 
CMT sees an early onset (mean age, 2.1 years; ranging from 1 
to 10 years), whereas optic atrophy develops at a later stage 
during disease progression (mean age, 19 years; ranging 
from 5 to 50 years). However, optic atrophy is characterized 
by incomplete penetrance. CMT6 shares the phenotype with 
the CMT2A2 allelic disorder. Furthermore, autosomal reces-
sive inheritance was also identified. Most patients become 
wheelchair-bound, given the muscle weakness and atrophy 
present in their distal limbs. Common symptoms include 
steppage gait, pes cavus, lumbar hyperlordosis, positive 
Romberg sign, proximal muscle weakness, distal sensory im-
pairment of all modalities, hyporeflexia, and areflexia. While 
mild hearing loss, tinnitus, or anosmia may occur in rare cas-
es, scoliosis or vocal cord paresis are characteristic of severe 
cases of this subtype. Additionally, optic atrophy, pale optic 

disks, subacute deterioration of visual acuity, color vision de-
fects, central scotoma, abnormal visual-evoked potentials, 
cogwheel ocular pursuit, and dysmetric saccades appear in 
the eyes. However, recovery of the visual acuity occurs in 
60% of patients. Finally, axonal degeneration/regeneration 
were identified through nerve biopsy.

X-linked Charcot-Marie-Tooth disease 
Several loci and genes are considered responsible for the fol-
lowing CMTX subtypes: Xq13 (GJB1; CMTX1), Xq26 (apopto-
sis-inducing factor mitochondria-associated 1 [AIFM1]; 
CMTX4), Xq22 (phosphoribosyl pyrophosphate synthetase 1 
[PRPS1]; CMTX5), and Xp22 (pyruvate dehydrogenase kinase 
3 [PDK3]; CMTX6) (Table 3).

CMTX1
X-linked dominant CMT disease type 1 (CMTX1) is caused by 
either hemizygous or heterozygous mutations in the GJB1 
gene on chromosome Xq13. Connexins are membrane-span-
ning proteins that assemble to form gap junction channels, 
which allow the transfer of ions and small molecules be-
tween cells. Mutations in GJB1 that cause CMTX1 represent 
about 10% to 20% of CMT cases. Its onset occurs during 
childhood, usually starting from patients’ feet and legs, even-
tually extending to the upper limbs with disease progression. 
CMTX1 has both demyelinating and axonal features, showing 
variable phenotypes, slow progression, and incomplete pen-
etrance. For example, heterozygous females are more mildly 
affected than hemizygous males [90,91]. The main features 
of this subtype include muscle weakness and atrophy in the 
distal limbs, pes cavus, Achilles tendon contractures, gait dis-
turbance, toe-walking, difficulties in walking on heels, hy-
poreflexia, and distal sensory impairment. Furthermore, 
hearing loss rarely occurs, while nystagmus and the CNS in-
volvement may be found in some patients. CMTX1 is general-
ly characterized by symptoms such as delayed motor devel-
opment, transient and reversible neurologic deficits, parapa-
resis, monoparesis, numbness, motor aphasia, dysarthria, 
dysphagia, and tremor; whereas spinocerebellar ataxia, py-
ramidal signs, hyperreflexia in the lower limbs, extensor 
plantar responses, and cerebellar atrophy are identified in 
some patients only. Moreover, white matter abnormalities 
are seen on magnetic resonance imaging over time. While 
the motor NCV is reduced or in the normal range (<38 m/sec 
to normal) [92-94], a loss of myelinated fibers is described 
through nerve biopsy. Finally, axonal degeneration, regener-
ative nerve sprouting, thin myelin sheaths, and onion bulb 
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formations can also be identifies, whereas muscle biopsy 
suggest neurogenic changes, fiber size variation, type 1 fiber 
predominance, and distal muscle atrophy.

CMTX2
The causative gene of CMTX2 is yet to be defined. Its onset 
occurs during infancy, with the symptoms usually beginning 
on patients’ feet and legs, eventually extending to the upper 
extremities with disease progression. Although CMTX2 has 
both demyelinating and axonal features, common features 
can be described, including distal muscle weakness and at-
rophy, pes cavus, steppage gait, foot drop, areflexia, and 
mild-to-moderate distal sensory impairment. Furthermore, 
decreased NCVs are observed, indicating demyelination, 
while EMG findings suggest axonal involvement. Finally, 
mental retardation was reported as well [95,96].

CMTX3
Similar to CMTX2, the causative gene of CMTX3 is yet to be 
found. Its onset age varies between the age of 10 to 14 years, 
with the symptoms usually beginning on patients’ feet and 
legs, eventually extending to the upper extremities with dis-
ease progression. In concordance, CMTX2 has both demye-
linating and axonal features. However, distal limb muscle 
weakness, muscle atrophy, steppage gait, and foot drop are 
commonly found, whereas areflexia, mild-to-moderate distal 
sensory impairment, and spastic paraparesis were reported 
in some cases. This CMT subtype presents decreased NCV, in-
dicative of demyelination, while EMG findings suggest axonal 
involvement [95,96].

CMTX4
X-linked recessive CMT disease type 4 (CMTX4), also referred 

Table 3. Mutations of the intermediate Charcot-Marie-Tooth (CMT) neuropathy subtypes and other CMT-related neuropathy 

Subtype Gene Locus Heredity Protein

Intermediate Charcot-Marie-Tooth disease 
 (CMTDI or CMTRI)

CMTDIA Unknown 10q24.1-q25.1 AD Unknown

CMTDIB DNM2 19p13.2 AD Dynamin-2

CMTDIC YARS 1p35.1 AD Tyrosyl-tRNA synthetase

CMTDID MPZ/P0 1q23.3 AD Myelin protein zero

CMTDIE INF2 14q32.33 AD Inverted formin-2

CMTDIF GNB4 3q26.33 AD Guanine nucleotide-binding protein subunit beta-4

CMTDIG NEFL 8p21.2 AD Neurofilament light polypeptide

CMTRIA GDAP1 8q21.11 AR Ganglioside-induced differentiation-associated protein 1

CMTRIB KARS 16q23.1 AR Lysyl-tRNA synthetase

CMTRIC PLEKHG5 1p36.31 AR Pleckstrin homology and RhoGEF domain containing 
 protein G5

CMTRID COX6A1 12q24.31 AR Cytochrome c oxidase subunit 6A1

X-linked Charcot-Marie-Tooth disease (CMTX)

CMTX1 GJB1/Cx32 Xq13.1 XLD Gap junction beta-1 protein

CMTX2 Unknown Xq22.2 XLR Unknown

CMTX3 Unknown Xq26 XLR Unknown

CMTX4 AIFM1 Xq26.1 XLR Apoptosis-inducing factor mitochondria-associated 1

CMTX5 PRPS1 Xq22.3 XLR Phosphoribosyl pyrophosphate synthetase 1

CMTX6 PDK3 Xp22.11 XLD Pyruvate dehydrogenase kinase 3

Other CMT-related neuropathy

HNPP PMP22 17p12 AD Peripheral myelin protein 22 (deletion)

Giant axonal neuropathy GAN 16q23.2 AR Gigaxonin

AD, autosomal dominant; AR, autosomal recessive; XLD, X-linked dominant; XLR, X-linked recessive; HNPP, hereditary neuropathy with liability to 
pressure palsies.
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to as Cowchock syndrome (COWCK), is caused by a mutation 
in the AIFM1 gene on chromosome Xq26 [97]. Specifically, the 
AIFM1 gene encodes a mitochondrial flavin adenine dinucle-
otide (FAD)-dependent oxidoreductase that plays a role in ox-
idative phosphorylation (OxPhos) and redox control in 
healthy cells. While CMTX4 onset occurs between infancy and 
early childhood, it is characterized by various features which 
mostly affect the lower limbs, such as axonal motor neuropa-
thy, axonal sensory neuropathy, and distal sensory impair-
ment. Additionally, hearing loss and cognitive impairment 
were described in some patients. Moreover, T2-weighted hy-
perintensities were found in the supratentorial white matter, 
while the occurrence of distal muscle wasting and weakness 
was reported. Finally, neurogenic atrophy is seen through 
muscle biopsy, whereas the number of abnormally-shaped 
mitochondria in the subsarcolemmal areas is increased.

CMTX5
X-linked recessive Charcot-Marie-Tooth disease-5 (CMTX5) is 
caused by a LOF mutation in the PRPS1 gene on chromo-
some Xq22 [98]. However, LOF PRPS1 mutations, which re-
sult in reduced enzyme activity, can also cause Arts syn-
drome (ARTS) and X-linked deafness-1 (DFNX1). Therefore, 
both a considerable phenotypic overlap between CMTX5, 
Arts syndrome and DFNX1, and an intrafamilial variability de-
pending on gender, X-inactivation ratio, residual enzyme ac-
tivity and additional factors are found. For example, males 
tend to be more severely affected than females in all three 
disorders, although a limited number of females also shows 
severe features. These disorders are considered a phenotypic 
spectrum. While the motor disturbances onset is during 
childhood, disease severity is variable. Female carriers may 
report hearing loss and/or subclinical peripheral neuropathy. 
Furthermore, both autosomal dominant and recessive forms 
exist. The common features associated with CMTX5 include 
muscle weakness and atrophy in the distal limbs, delayed 
motor development, pes cavus, impaired gait, areflexia of 
the lower limbs, distal sensory impairment, and hearing loss. 
Additionally, progressive vision impairment, optic nerve, and 
retinitis pigmentosa may occur in some patients. While NCVs 
are normal or mildly decreased, a loss of both large and 
small myelinated fibers is seen through sural nerve biopsy. 
Finally, increased endoneurial collagen, segmental demye-
lination/remyelination, and onion bulb formation are also 
characteristic of this CMT subtype.

CMTX6
X-linked dominant CMT disease-6 (CMTX6) is caused by a 
mutation in the PDK3 gene on chromosome Xp22 [99], as re-
ported in one family. Specifically, PDK3 belongs to the family 
of pyruvate dehydrogenase (PDH) kinases, which reversibly 
inactivate the mitochondrial PDH complex through the 
ATP-dependent serine phosphorylation of the alpha subunit 
of the complex E1 component. Disease onset is in the first 
decades of life in males. The symptoms associated with 
CMTX6 include pes cavus, steppage gait, distal muscle weak-
ness and atrophy, distal sensory impairment, ankle hypore-
flexia, hand muscle weakness, hand tremor, and auditory 
brainstem responses. Furthermore, hearing loss is identified 
in some patients.

Intermediate Charcot-Marie-Tooth disease (CMTDI or 
CMTRI)
Several loci and genes are considered responsible for both the 
following autosomal dominant intermediate CMT (CMTDI) sub-
types: 10q24.1-q25.1 (CMTDIA), 19p12-13.2 (DNM2; CMTDIB), 
1p34-p35 (tyrosyl-tRNA synthetase [YARS]; CMTDIC), 1q22 
(MPZ; CMTDID), 14q.32.33 (inverted formin-2 [INF2]; CMTDIE), 
3q26.33 (G protein subunit beta 4 [GNB4]; CMTDIF), 8p21 
(NEFL; CMTDIG); and the following autosomal recessive inter-
mediate CMT (CMTRI) subtypes: 8q21 (GDAP1; CMTRIA), 16q23 
(lysyl-tRNA synthetase [KARS]; CMTRIB), 1p36 (pleckstrin ho-
mology and RhoGEF domain containing G5 [PLEKHG5]; CM-
TRIC), 12q24 (cytochrome c oxidase subunit 6A1 [COX6A1]; CM-
TRID) (Table 3). The dominant genetic intermediate CMT type 
exhibits the electrophysiological and pathological characteris-
tics of both the CMT1 and CMT2 subtypes. Finally, the motor 
NCV of the median nerve is usually between 25 and 45 m/sec.

CMTDIA
In concordance with other CMT subtypes, the causative gene 
of CMTDIA is yet to be identified. Its onset is in the second de-
cade of life, with the symptoms beginning in patients’ feet 
and legs. This type presents a rapid disease progression, 
which occurs between the age of 40 and 50 years. Features in-
termediate between demyelinating and axonal CMT are re-
ported. Although its genetic heterogeneity, the appearance of 
muscle weakness and atrophy in the distal limbs is observed, 
and the following symptoms are commonly found: pes cavus, 
muscles cramps, steppage gait, foot drop, hyporeflexia, are-
flexia, and distal sensory impairment. Furthermore, while mo-
tor NCV is low-to-normal (ranging between 25 and 45 m/sec), 
axonal degeneration/regeneration are observed through 
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nerve biopsy. Finally, segmental demyelination/remyelin-
ation and rare onion bulb formation are also described [100].

CMTDIB
Like CMT2M, CMTDIB is caused by a mutation in the DNM2 
gene on chromosome 19p13, encoding DNM2 [101]. Its onset 
age is between the first and the second decade of life, with 
the symptoms starting in patients’ feet and legs. Features in-
termediate between demyelinating and axonal CMT. Al-
though it presents genetic heterogeneity, the appearance of 
muscle weakness and atrophy in the distal limbs is charac-
teristic, while pes cavus, hyporeflexia and areflexia, and dis-
tal sensory impairment are commonly observed symptoms. 
Moreover, the motor NCV is low-to-normal (ranging between 
25 and 54 m/sec). Finally, a loss of myelinated fibers is ob-
served through nerve biopsy, whereas rare segmental demy-
elination/remyelination, onion bulb formation, and axonal 
degeneration are also present.

CMTDIC
CMTDIC is caused by a heterozygous mutation in the YARS 
gene on chromosome 1p35 [102,103]. The age of onset is 
variable, specifically between the age of 7 and 59 years, start-
ing in patients’ feet and legs. Features intermediate between 
demyelinating and axonal CMT are observed. Although its 
genetic heterogeneity, the appearance of muscle weakness 
and atrophy in the distal limbs and the following involve-
ment of upper limbs with disease progression are character-
istic. Additionally, distal sensory impairment was identified. 
Foot deformities may occur as well. The NCV in this subtype 
is low-to-normal (ranging between 30 and 40 m/sec). Finally, 
while axonal regeneration is found through nerve biopsy, 
nerve fiber density, and thickness are decreased whereas 
onion bulb formation is not found.

CMTDID
CMTDID is caused by a heterozygous mutation in the MPZ gene 
on chromosome 1q23 [104]. It begins in patients’ feet and legs, 
while upper limb involvement may occur at later stages of the 
disease. Features intermediate between demyelinating and 
axonal CMT are observed. The main features associated with 
this subtype include muscle weakness and atrophy in the dis-
tal limbs, hyporeflexia, areflexia, and distal sensory impair-
ment. While the NCV is low-to-normal (ranging between 24 and 
41 m/sec), axonal degeneration/regeneration are found 
through nerve biopsy. Additionally, segmental demyelination/
remyelination are also characteristic of the CMTDID subtype.

CMTDIE
CMTDIE with focal segmental glomerulonephritis (FSGS) is 
caused by a heterozygous mutation in the inverted formin, 
FH2 and WH2 domain containing (INF2) gene on chromo-
some 14q32 [105]. While the median onset of proteinuria is 
18 years of age (ranging from 10 to 21 years), the median on-
set of the neurological symptoms is 13 years of age (ranging 
from 5 to 28 years). This type of progressive disorder is asso-
ciated with both neurological and renal symptoms, distal 
limb muscle weakness and atrophy. The main symptoms in-
clude steppage gait, foot drop, pes cavus, hammertoes, claw 
hands, hyporeflexia, areflexia, and distal sensory impair-
ment. Furthermore, while distal amyotrophy occurs in both 
the upper and lower limbs, deafness may be found in some 
patients. While focal segmental glomerulosclerosis and pro-
teinuria can be described in patients’ kidneys, end-stage re-
nal disease may also define some cases. Finally, the motor 
NCVs are low-to-normal (ranging from 23 to 45 m/sec), 
whereas axonal loss and onion bulb formation were identi-
fied through sural nerve biopsy.

CMTDIF
CMTDIF is caused by a heterozygous mutation in the GNB4 
gene on chromosome 3q26 [106], as reported by one Chi-
nese family and an unrelated patient. Heterotrimeric G pro-
teins, comprised of an alpha, a beta (e.g., GNB4), and a gam-
ma subunit, relay signals from cell surface receptors to inter-
nal effectors. Specifically, the alpha subunit is a GTPase that 
interacts with GDP-bound beta-gamma dimers. Considering 
that disease onset occurs during adolescence in males and 
later in females, males are severely affected. This CMT sub-
type is characterized by distal muscle weakness and atrophy 
of the upper and lower limbs, while its main symptoms in-
clude steppage gait, pes cavus, hammertoes, hyporeflexia, 
and distal sensory impairment. While variable NCVs (ranging 
from 16.5 to 45.7 m/sec) can be detected in CMTDIF, the loss 
of myelinated fibers, onion bulb formation, and axonal re-
generation can be identified through sural nerve biopsy.

CMTDIG
CMTDIG is caused by a heterozygous mutation in the NEFL 
gene on chromosome 8p21 [107]. This CMT subtype presents 
highly variable phenotypes and a slow progression. Although 
its onset age is usually between the first and the second de-
cade of life, later onset was also reported. CMTDIG shows 
mixed axonal and demyelinating features. However, some 
common symptoms include pes cavus, pes calcaneovalgus, 
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claw hand deformity, distal sensory impairment, hyporeflex-
ia, and areflexia. Moreover, while distal amyotrophy and 
muscle weakness occur in both the upper and lower limbs, 
both proximal muscle weakness and the Gower sign may be 
found in some patients. Furthermore, impaired blink re-
sponse is reported in some patients whereas nystagmus and 
abnormal saccades are more frequent. Additional signs as-
sociated with this subtype are delayed motor development, 
impaired gait, waddling gait, steppage gait, extensor plantar 
responses, spasticity and loss of ambulation. In addition, cer-
ebellar ataxia was identified in one patient. CMTDIG is char-
acterized by intermediate NCVs (ranging from 30 to 45 m/sec) 
and by preserved CMAPs. In contrast, a loss of large myelin-
ated fibers is seen through sural nerve biopsy.

CMTRIA
CMTRIA is caused by a homozygous mutation in the GDAP1 
gene on chromosome 8q21 [108]. Mutations in the same 
gene result in several forms of autosomal recessive CMT dis-
ease. CMTRIA onset is in early childhood, specifically be-
tween the age of 2 and 4 years, and it is characterized by a 
severe course. The main symptoms associated with this sub-
type are lower and upper limb muscle weakness and atro-
phy, clumsy gait, steppage gait, foot drop, pes cavus, talipes 
equinovarus, claw hand deformity, scoliosis, hyporeflexia, 
areflexia, and distal sensory impairment. Furthermore, neu-
ropathic changes are seen on EMG. While the NCVs are nor-
mal-to-decreased, a loss of large myelinated fibers is seen 
through nerve biopsy. Finally, regenerating axons, demyelin-
ation, thin myelination, and occasional early onion bulb for-
mation can be observed.

CMTRIB
CMTRIB is caused by a compound heterozygous mutation in 
the KARS gene on chromosome 16q23 [109], as reported in 
one patient. Specifically, such a synthetase catalyzes the 
aminoacylation of tRNA-lys in both the cytoplasm and mito-
chondria. This CMT subtype is characterized by lower limb 
muscle weakness and atrophy, pes cavus, clumsy gait, step-
page gait, foot drop, hyporeflexia, areflexia, and distal senso-
ry impairment. Additionally, delayed development, self-abu-
sive behavior, dysmorphic features, and vestibular Schwan-
noma are frequently found. Finally, EMG findings show neu-
ropathic changes, whereas the NCVs vary from normal to de-
creased in this subtype.

CMTRIC
CMTRIC is caused by either a homozygous or a compound 
heterozygous mutation in the PLEKHG5 gene on chromo-
some 1p36 [110]. Its onset age varies between childhood and 
adulthood. CMTRIC is characterized by muscle weakness and 
atrophy in the distal limbs, which mainly affect the lower 
limbs more. Additional features associated with this CMT sub-
type include pes cavus, hammertoes, foot deformities, distal 
sensory impairment, and areflexia. While the motor NCVs are 
decreased, thin myelination and loss of large myelinated fi-
bers were identified through sural nerve biopsy. In contrast, 
neurogenic atrophy was seen through muscle biopsy.

CMTRID
CMTRID is caused by a homozygous mutation in the COX6A1 
gene on chromosome 12q24 [111]. Specifically, COX is the 
terminal enzyme of the respiratory chain and the expression 
of the mRNAs encoding all the subunits varies throughout 
development. Its onset is in early childhood, precisely be-
tween the age of 4 and 5 years. This type presents a mixed 
axonal and demyelinating neuropathy and shows a slow 
progression. The main features associated with this CMT 
subtype include distal muscle weakness and atrophy of both 
the upper and lower limbs, whereas the main symptoms are 
foot drop, steppage gait, pes cavus, clawed toes, finger con-
tractures, hyporeflexia, areflexia, and distal sensory impair-
ment. However, hearing loss was found in one adult-onset 
patient. While NCVs are either decreased or normal, a loss of 
myelinated fibers is seen through sural nerve biopsy. Finally, 
decreased myelinated axon caliber and onion bulb forma-
tion are characteristic of CMTRID.

Other CMT-related neuropathies
Both HNPP and giant axonal neuropathy (GAN) are the most 
common disorders associated with genetic neuropathy (Ta-
ble 3). Specifically, when the chromosomal 17p11.2-p12 re-
gion is deleted, HNPP, an asymmetric demyelinating neurop-
athy characterized by temporary weakness and loss of sen-
sation, is induced [112,113]. In fact, HNPP is known to occur 
due to decreased mRNA expression resulting from the dele-
tion of the PMP22 gene and it is rarely caused by a frame shift 
mutation of the PMP22 gene. Pathological findings in HNPP 
patients suggest the presence of the tomacula (i.e., an inex-
perienced herbaceous area) and a decreased structural in-
tegrity of the herpes simplex, which result in a structure 
which can be easily damaged by physical traumas.
 In contrast, GAN is an autosomal recessive genetic disorder 
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caused by a mutation of the gigaxonin, a new cytoskeletal 
protein expressed in neurons [114]. The formation of nerve 
microfibrillation around the Ranvier nodule is mainly a result 
of the swelling of the axon, which causes in turn a remark-
able increase in its diameter and an abnormal shape. Inter-
estingly, neurofibrillary tangles are also found in the brain of 
such patients, suggesting a correlation with the mental retar-
dation reported in this disease.

CONCLUSION

In the present review article, an accurate description of the 
latest clinical and genetic features related to CMT disease 
was attempted, aiming at improved diagnoses. In fact, given 
that CMT is a rare disease with different phenotypes depend-
ing on their causative mutations, understanding the genetic 
mutations behind CMT and their etiology is essential for both 
an appropriate diagnosis and future therapeutic approaches. 
Furthermore, as the approach to treatment becomes possi-
ble, the diagnosis of the causative genes assumes a crucial 
role and the recognition of the genotype-phenotype correla-
tion is required. Finally, this review article summarizes the 
necessary items needed for the patient-specific diagnosis of 
the CMT subtypes, which will be helpful to clinicians and 
CMT researchers.
 

CONFLICTS OF INTEREST

No potential conflict of interest relevant to this article was re-
ported.

ACKNOWLEDGMENT 

This work was supported by the grants from the Korean 
Health Technology R&D Project, Ministry of Health and Wel-
fare (HI16C0426) and by the NRF grants funded by the Kore-
an government (2017R1A2B2004699). 

ORCID

Soo Hyun Nam https://orcid.org/0000-0003-4421-1793
Byung-Ok Choi https://orcid.org/0000-0001-5459-1772

REFERENCES

     1. Skre H. Genetic and clinical aspects of Charcot-Ma-
rie-Tooth’s disease. Clin Genet 1974;6:98-118. 

     2. Charcot JM, Marie P. Sue une forme particulaire d’atro-
phie musculaire progressive souvent familial debutant 
par les pieds et les jamber et atteingnant plus tard les 
mains. Rev Med 1886;6:96-138.

     3. Tooth HH. The peroneal type of progressive muscular 
atrophy [thesis]. London (UK): University of Cambridge; 
1886. 

     4. Pareyson D, Marchesi C. Diagnosis, natural history, and 
management of Charcot-Marie-Tooth disease. Lancet 
Neurol 2009;8:654-67.

     5. Harding AE, Thomas PK. The clinical features of heredi-
tary motor and sensory neuropathy types I and II. Brain 
1980;103:259-80.

     6. Schroder JM. Neuropathology of Charcot-Marie-Tooth 
and related disorders. Neuromolecular Med 2006;8:23-
42. 

     7. Nicholson G, Myers S. Intermediate forms of Char-
cot-Marie-Tooth neuropathy: a review. Neuromolecular 
Med 2006;8:123-30.

     8. Rossor AM, Polke JM, Houlden H, Reilly MM. Clinical im-
plications of genetic advances in Charcot-Marie-Tooth 
disease. Nat Rev Neurol 2013;9:562-71.

     9. Saporta AS, Sottile SL, Miller LJ, Feely SM, Siskind CE, 
Shy ME. Charcot-Marie-Tooth disease subtypes and ge-
netic testing strategies. Ann Neurol 2011;69:22-33. 

  10. Rudnik-Schoneborn S, Tolle D, Senderek J, Eggermann 
K, Elbracht M, Kornak U, et al. Diagnostic algorithms in 
Charcot-Marie-Tooth neuropathies: experiences from a 
German genetic laboratory on the basis of 1206 index 
patients. Clin Genet 2016;89:34-43.

  11. Lupski JR, de Oca-Luna RM, Slaugenhaupt S, Pentao L, 
Guzzetta V, Trask BJ, et al. DNA duplication associated 
with Charcot-Marie-Tooth disease type 1A. Cell 1991;66: 
219-32.

  12. Raeymaekers P, Timmerman V, Nelis E, De Jonghe P, Hoo-
gendijk JE, Baas F, et al. Duplication in chromosome 
17p11.2 in Charcot-Marie-Tooth neuropathy type 1a (CMT 
1a). The HMSN Collaborative Research Group. Neuromus-
cul Disord 1991;1:93-7. 

  13. Lemke G, Axel R. Isolation and sequence of a cDNA en-
coding the major structural protein of peripheral my-
elin. Cell 1985;40:501-8.

  14. Xu W, Manichella D, Jiang H, Vallat JM, Lilien J, Baron P, 
et al. Absence of P0 leads to the dysregulation of myelin 
gene expression and myelin morphogenesis. J Neurosci 
Res 2000;60:714-24.

  15. Street VA, Bennett CL, Goldy JD, Shirk AJ, Kleopa KA, 



64 http://pfmjournal.org

Charcot-Marie-Tooth disease subtypes 

Tempel BL, et al. Mutation of a putative protein degra-
dation gene LITAF/SIMPLE in Charcot-Marie-Tooth dis-
ease 1C. Neurology 2003;60:22-6.

  16. Warner LE, Mancias P, Butler IJ, McDonald CM, Keppen L, 
Koob KG, et al. Mutations in the early growth response 2 
(EGR2) gene are associated with hereditary myelinopa-
thies. Nat Genet 1998;18:382-4.

  17. Topilko P, Schneider-Maunoury S, Levi G, Baron-Van 
Evercooren A, Chennoufi AB, Seitanidou T, et al. Krox-20 
controls myelination in the peripheral nervous system. 
Nature 1994;371:796-9.

  18. Nagarajan R, Svaren J, Le N, Araki T, Watson M, Milbrandt J. 
EGR2 mutations in inherited neuropathies dominant-neg-
atively inhibit myelin gene expression. Neuron 2001;30: 
355-68.

  19. Kovach MJ, Lin JP, Boyadjiev S, Campbell K, Mazzeo L, 
Herman K, et al. A unique point mutation in the PMP22 
gene is associated with Charcot-Marie-Tooth disease 
and deafness. Am J Hum Genet 1999;64:1580-93.

  20. Jordanova A, De Jonghe P, Boerkoel CF, Takashima H, 
De Vriendt E, Ceuterick C, et al. Mutations in the neurofil-
ament light chain gene (NEFL) cause early onset severe 
Charcot-Marie-Tooth disease. Brain 2003;126:590-7. 

  21. Hong YB, Joo J, Hyun YS, Kwak G, Choi YR, Yeo HK, et al. 
A mutation in PMP2 causes dominant demyelinating 
Charcot-Marie-Tooth neuropathy. PLoS Genet 2016;12: 
e1005829.

  22. Zhao C, Takita J, Tanaka Y, Setou M, Nakagawa T, Takeda 
S, et al. Charcot-Marie-Tooth disease type 2A caused by 
mutation in a microtubule motor KIF1Bbeta. Cell 2001; 
105:587-97. 

  23. Honda S, Aihara T, Hontani M, Okubo K, Hirose S. Muta-
tional analysis of action of mitochondrial fusion factor 
mitofusin-2. J Cell Sci 2005;118:3153-61.

  24. Zuchner S, Mersiyanova IV, Muglia M, Bissar-Tadmouri N, 
Rochelle J, Dadali EL, et al. Mutations in the mitochondri-
al GTPase mitofusin 2 cause Charcot-Marie-Tooth neu-
ropathy type 2A. Nat Genet 2004;36:449-51.

  25. Reilly MM. Axonal Charcot-Marie-Tooth disease: the fog 
is slowly lifting! Neurology 2005;65:186-7.

  26. Nicholson GA, Magdelaine C, Zhu D, Grew S, Ryan MM, 
Sturtz F, et al. Severe early-onset axonal neuropathy 
with homozygous and compound heterozygous MFN2 
mutations. Neurology 2008;70:1678-81.

  27. Verhoeven K, De Jonghe P, Coen K, Verpoorten N, Au-
er-Grumbach M, Kwon JM, et al. Mutations in the small 
GTP-ase late endosomal protein RAB7 cause Char-

cot-Marie-Tooth type 2B neuropathy. Am J Hum Genet 
2003;72:722-7.

  28. De Sandre-Giovannoli A, Chaouch M, Kozlov S, Vallat 
JM, Tazir M, Kassouri N, et al. Homozygous defects in 
LMNA, encoding lamin A/C nuclear-envelope proteins, 
cause autosomal recessive axonal neuropathy in hu-
man (Charcot-Marie-Tooth disorder type 2) and mouse. 
Am J Hum Genet 2002;70:726-36.

  29. Leal A, Huehne K, Bauer F, Sticht H, Berger P, Suter U, et 
al. Identification of the variant Ala335Val of MED25 as 
responsible for CMT2B2: molecular data, functional 
studies of the SH3 recognition motif and correlation be-
tween wild-type MED25 and PMP22 RNA levels in CM-
T1A animal models. Neurogenetics 2009;10:275-87.

  30. Klein CJ, Cunningham JM, Atkinson EJ, Schaid DJ, Heb-
bring SJ, Anderson SA, et al. The gene for HMSN2C 
maps to 12q23-24: a region of neuromuscular disorders. 
Neurology 2003;60:1151-6. 

  31. Klein CJ, Shi Y, Fecto F, Donaghy M, Nicholson G, McEnt-
agart ME, et al. TRPV4 mutations and cytotoxic hyper-
calcemia in axonal Charcot-Marie-Tooth neuropathies. 
Neurology 2011;76:887-94.

  32. Rebelo AP, Abrams AJ, Cottenie E, Horga A, Gonzalez M, 
Bis DM, et al. Cryptic amyloidogenic elements in the 3’ 
UTRs of neurofilament genes trigger axonal neuropa-
thy. Am J Hum Genet 2016;98:597-614.

  33. Antonellis A, Ellsworth RE, Sambuughin N, Puls I, Abel A, 
Lee-Lin SQ, et al. Glycyl tRNA synthetase mutations in 
Charcot-Marie-Tooth disease type 2D and distal spinal 
muscular atrophy type V. Am J Hum Genet 2003;72:1293-
9.

  34. Lassuthova P, Rebelo AP, Ravenscroft G, Lamont PJ, Da-
vis MR, Manganelli F, et al. Mutations in ATP1A1 cause 
dominant Charcot-Marie-Tooth type 2. Am J Hum Genet 
2018;102:505-14. 

  35. Brownlees J, Ackerley S, Grierson AJ, Jacobsen NJ, Shea 
K, Anderton BH, et al. Charcot-Marie-Tooth disease neu-
rofilament mutations disrupt neurofilament assembly 
and axonal transport. Hum Mol Genet 2002;11:2837-44.

  36. Carter J, Gragerov A, Konvicka K, Elder G, Weinstein H, 
Lazzarini RA. Neurofilament (NF) assembly; divergent 
characteristics of human and rodent NF-L subunits. J 
Biol Chem 1998;273:5101-8.

  37. Irobi J, Van Impe K, Seeman P, Jordanova A, Dierick I, 
Verpoorten N, et al. Hot-spot residue in small heat-shock 
protein 22 causes distal motor neuropathy. Nat Genet 
2004;36:597-601.



65https://doi.org/10.23838/pfm.2018.00163

Soo Hyun Nam, et al.

  38. Barhoumi C, Amouri R, Ben Hamida C, Ben Hamida M, 
Machghoul S, Gueddiche M, et al. Linkage of a new lo-
cus for autosomal recessive axonal form of Charcot-Ma-
rie-Tooth disease to chromosome 8q21.3. Neuromuscul 
Disord 2001;11:27-34.

  39. Marrosu MG, Vaccargiu S, Marrosu G, Vannelli A, Cianch-
etti C, Muntoni F. Charcot-Marie-Tooth disease type 2 as-
sociated with mutation of the myelin protein zero gene. 
Neurology 1998;50:1397-401.

  40. Senderek J, Hermanns B, Lehmann U, Bergmann C, Marx 
G, Kabus C, et al. Charcot-Marie-Tooth neuropathy type 2 
and P0 point mutations: two novel amino acid substitu-
tions (Asp61Gly; Tyr119Cys) and a possible “hotspot” on 
Thr124Met. Brain Pathol 2000;10:235-48.

  41. De Jonghe P, Timmerman V, Ceuterick C, Nelis E, De 
Vriendt E, Lofgren A, et al. The Thr124Met mutation in 
the peripheral myelin protein zero (MPZ) gene is associ-
ated with a clinically distinct Charcot-Marie-Tooth phe-
notype. Brain 1999;122:281-90.

  42. Birouk N, Azzedine H, Dubourg O, Muriel MP, Benomar A, 
Hamadouche T, et al. Phenotypical features of a Moroc-
can family with autosomal recessive Charcot-Marie-Tooth 
disease associated with the S194X mutation in the GDAP1 
gene. Arch Neurol 2003;60:598-604.

  43. Claramunt R, Pedrola L, Sevilla T, Lopez de Munain A, Ber-
ciano J, Cuesta A, et al. Genetics of Charcot-Marie-Tooth 
disease type 4A: mutations, inheritance, phenotypic vari-
ability, and founder effect. J Med Genet 2005;42:358-65.

  44. Chung KW, Kim SM, Sunwoo IN, Cho SY, Hwang SJ, Kim J, 
et al. A novel GDAP1 Q218E mutation in autosomal dom-
inant Charcot-Marie-Tooth disease. J Hum Genet 2008; 
53:360-4.

  45. Tang BS, Zhao GH, Luo W, Xia K, Cai F, Pan Q, et al. Small 
heat-shock protein 22 mutated in autosomal dominant 
Charcot-Marie-Tooth disease type 2L. Hum Genet 2005; 
116:222-4. 

  46. Fabrizi GM, Ferrarini M, Cavallaro T, Cabrini I, Cerini R, 
Bertolasi L, et al. Two novel mutations in dynamin-2 
cause axonal Charcot-Marie-Tooth disease. Neurology 
2007;69:291-5.

  47. Latour P, Thauvin-Robinet C, Baudelet-Mery C, Soichot P, 
Cusin V, Faivre L, et al. A major determinant for binding 
and aminoacylation of tRNA(Ala) in cytoplasmic Alanyl-tR-
NA synthetase is mutated in dominant axonal Charcot-Ma-
rie-Tooth disease. Am J Hum Genet 2010;86:77-82.

  48. Weedon MN, Hastings R, Caswell R, Xie W, Paszkiewicz K, 
Antoniadi T, et al. Exome sequencing identifies a DYNC1H1 

mutation in a large pedigree with dominant axonal Char-
cot-Marie-Tooth disease. Am J Hum Genet 2011;89:308-12.

  49. Weterman MA, Sorrentino V, Kasher PR, Jakobs ME, van 
Engelen BG, Fluiter K, et al. A frameshift mutation in LR-
SAM1 is responsible for a dominant hereditary polyneu-
ropathy. Hum Mol Genet 2012;21:358-70.

  50. Xu WY, Gu MM, Sun LH, Guo WT, Zhu HB, Ma JF, et al. A non-
sense mutation in DHTKD1 causes Charcot-Marie-Tooth 
disease type 2 in a large Chinese pedigree. Am J Hum Gen-
et 2012;91:1088-94.

  51. Ylikallio E, Poyhonen R, Zimon M, De Vriendt E, Hilander 
T, Paetau A, et al. Deficiency of the E3 ubiquitin ligase 
TRIM2 in early-onset axonal neuropathy. Hum Mol Gen-
et 2013;22:2975-83.

  52. Cottenie E, Kochanski A, Jordanova A, Bansagi B, Zimon 
M, Horga A, et al. Truncating and missense mutations in 
IGHMBP2 cause Charcot-Marie Tooth disease type 2. Am 
J Hum Genet 2014;95:590-601.

  53. Higuchi Y, Hashiguchi A, Yuan J, Yoshimura A, Mitsui J, 
Ishiura H, et al. Mutations in MME cause an autosomal-re-
cessive Charcot-Marie-Tooth disease type 2. Ann Neurol 
2016;79:659-72.

  54. Gonzalez M, McLaughlin H, Houlden H, Guo M, Yo-Tsen L, 
Hadjivassilious M, et al. Exome sequencing identifies a 
significant variant in methionyl-tRNA synthetase (MARS) 
in a family with late-onset CMT2. J Neurol Neurosurg 
Psychiatry 2013;84:1247-9.

  55. Tetreault M, Gonzalez M, Dicaire MJ, Allard P, Gehring K, 
Leblanc D, et al. Adult-onset painful axonal polyneurop-
athy caused by a dominant NAGLU mutation. Brain 2015; 
138:1477-83.

  56. Vester A, Velez-Ruiz G, McLaughlin HM; NISC Compara-
tive Sequencing Program, Lupski JR, Talbot K, et al. A 
loss-of-function variant in the human histidyl-tRNA syn-
thetase (HARS) gene is neurotoxic in vivo. Hum Mutat 
2013;34:191-9.

  57. Montecchiani C, Pedace L, Lo Giudice T, Casella A, Meari-
ni M, Gaudiello F, et al. ALS5/SPG11/KIAA1840 mutations 
cause autosomal recessive axonal Charcot-Marie-Tooth 
disease. Brain 2016;139:73-85.

  58. Gonzalez MA, Feely SM, Speziani F, Strickland AV, Danzi M, 
Bacon C, et al. A novel mutation in VCP causes Charcot- 
Marie-Tooth type 2 disease. Brain 2014;137:2897-902. 

  59. Sevilla T, Lupo V, Martinez-Rubio D, Sancho P, Sivera R, 
Chumillas MJ, et al. Mutations in the MORC2 gene cause 
axonal Charcot-Marie-Tooth disease. Brain 2016;139:62-
72.



66 http://pfmjournal.org

Charcot-Marie-Tooth disease subtypes 

  60. Albulym OM, Kennerson ML, Harms MB, Drew AP, Sid-
dell AH, Auer-Grumbach M, et al. MORC2 mutations 
cause axonal Charcot-Marie-Tooth disease with pyrami-
dal signs. Ann Neurol 2016;79:419-27. 

  61. Takashima H, Nakagawa M, Nakahara K, Suehara M, Mat-
suzaki T, Higuchi I, et al. A new type of hereditary motor 
and sensory neuropathy linked to chromosome 3. Ann 
Neurol 1997;41:771-80.

  62. Ishiura H, Sako W, Yoshida M, Kawarai T, Tanabe O, Goto 
J, et al. The TRK-fused gene is mutated in hereditary 
motor and sensory neuropathy with proximal dominant 
involvement. Am J Hum Genet 2012;91:320-9.

  63. Lee SS, Lee HJ, Park JM, Hong YB, Park KD, Yoo JH, et al. 
Proximal dominant hereditary motor and sensory neu-
ropathy with proximal dominance association with mu-
tation in the TRK-fused gene. JAMA Neurol 2013;70:607-
15. 

  64. Choi BO, Kang SH, Hyun YS, Kanwal S, Park SW, Koo H, et 
al. A complex phenotype of peripheral neuropathy, my-
opathy, hoarseness, and hearing loss is linked to an auto-
somal dominant mutation in MYH14. Hum Mutat 2011; 
32:669-77. 

  65. Zimon M, Baets J, Almeida-Souza L, De Vriendt E, Nikod-
inovic J, Parman Y, et al. Loss-of-function mutations in 
HINT1 cause axonal neuropathy with neuromyotonia. 
Nat Genet 2012;44:1080-3.

  66. Hong YB, Kang J, Kim JH, Lee J, Kwak G, Hyun YS, et al. 
DGAT2 mutation in a family with autosomal-dominant 
early-onset axonal Charcot-Marie-tooth disease. Hum Mu-
tat 2016;37:473-80.

  67. Roa BB, Dyck PJ, Marks HG, Chance PF, Lupski JR. Dejer-
ine-Sottas syndrome associated with point mutation in 
the peripheral myelin protein 22 (PMP22) gene. Nat 
Genet 1993;5:269-73.

  68. Warner LE, Hilz MJ, Appel SH, Killian JM, Kolodry EH, 
Karpati G, et al. Clinical phenotypes of different MPZ (P0) 
mutations may include Charcot-Marie-Tooth type 1B, 
Dejerine-Sottas, and congenital hypomyelination. Neu-
ron 1996;17:451-60.

  69. Hayasaka K, Himoro M, Sawaishi Y, Nanao K, Takahashi T, 
Takada G, et al. De novo mutation of the myelin P0 gene 
in Dejerine-Sottas disease (hereditary motor and senso-
ry neuropathy type III). Nat Genet 1993;5:266-8.

  70. Ionasescu VV, Kimura J, Searby CC, Smith WL Jr, Ross 
MA, Ionasescu R. A Dejerine-Sottas neuropathy family 
with a gene mapped on chromosome 8. Muscle Nerve 
1996;19:319-23.

  71. Boerkoel CF, Takashima H, Stankiewicz P, Garcia CA, 
Leber SM, Rhee-Morris L, et al. Periaxin mutations cause 
recessive Dejerine-Sottas neuropathy. Am J Hum Genet 
2001;68:325-33.

  72. Baxter RV, Ben Othmane K, Rochelle JM, Stajich JE, 
Hulette C, Dew-Knight S, et al. Ganglioside-induced differ-
entiation-associated protein-1 is mutant in Charcot-Ma-
rie-Tooth disease type 4A/8q21. Nat Genet 2002;30:21-2.

  73. Liu H, Nakagawa T, Kanematsu T, Uchida T, Tsuji S. Isola-
tion of 10 differentially expressed cDNAs in differentiated 
Neuro2a cells induced through controlled expression of 
the GD3 synthase gene. J Neurochem 1999;72:1781-90. 

  74. Cuesta A, Pedrola L, Sevilla T, Garcia-Planells J, Chumil-
las MJ, Mayordomo F, et al. The gene encoding ganglio-
side-induced differentiation-associated protein 1 is mu-
tated in axonal Charcot-Marie-Tooth type 4A disease. 
Nat Genet 2002;30:22-5.

  75. Bolino A, Muglia M, Conforti FL, LeGuern E, Salih MA, Geor-
giou DM, et al. Charcot-Marie-Tooth type 4B is caused by 
mutations in the gene encoding myotubularin-related 
protein-2. Nat Genet 2000;25:17-9. 

  76. Gambardella A, Bono F, Muglia M, Valentino P, Quattrone 
A. Autosomal recessive hereditary motor and sensory 
neuropathy with focally folded myelin sheaths (CMT4B). 
Ann N Y Acad Sci 1999;883:47-55.

  77. Senderek J, Bergmann C, Weber S, Ketelsen UP, Schorle H, 
Rudnik-Schoneborn S, et al. Mutation of the SBF2 gene, 
encoding a novel member of the myotubularin family, in 
Charcot-Marie-Tooth neuropathy type 4B2/11p15. Hum 
Mol Genet 2003;12:349-56.

  78. Nakhro K, Park JM, Hong YB, Park JH, Nam SH, Yoon BR, et 
al. SET binding factor 1 (SBF1) mutation causes Charcot- 
Marie-Tooth disease type 4B3. Neurology 2013;81:165-73. 

  79. Alazami AM, Alzahrani F, Bohlega S, Alkuraya FS. SET 
binding factor 1 (SBF1) mutation causes Charcot-Ma-
rie-tooth disease type 4B3. Neurology 2014;82:1665-6.

  80. Senderek J, Bergmann C, Stendel C, Kirfel J, Verpoorten N, 
De Jonghe P, et al. Mutations in a gene encoding a novel 
SH3/TPR domain protein cause autosomal recessive 
Charcot-Marie-Tooth type 4C neuropathy. Am J Hum Gen-
et 2003;73:1106-19.

  81. Hunter M, Bernard R, Freitas E, Boyer A, Morar B, Martins 
IJ, et al. Mutation screening of the N-myc downstream- 
regulated gene 1 (NDRG1) in patients with Charcot-Ma-
rie-Tooth Disease. Hum Mutat 2003;22:129-35.

  82. Guilbot A, Williams A, Ravise N, Verny C, Brice A, Sherman 
DL, et al. A mutation in periaxin is responsible for CMT4F, 



67https://doi.org/10.23838/pfm.2018.00163

Soo Hyun Nam, et al.

an autosomal recessive form of Charcot-Marie-Tooth dis-
ease. Hum Mol Genet 2001;10:415-21.

  83. Gillespie CS, Sherman DL, Blair GE, Brophy PJ. Periaxin, 
a novel protein of myelinating Schwann cells with a pos-
sible role in axonal ensheathment. Neuron 1994;12:497-
508.

  84. Hantke J, Chandler D, King R, Wanders RJ, Angelicheva 
D, Tournev I, et al. A mutation in an alternative untrans-
lated exon of hexokinase 1 associated with hereditary 
motor and sensory neuropathy: Russe (HMSNR). Eur J 
Hum Genet 2009;17:1606-14.

  85. De Sandre-Giovannoli A, Delague V, Hamadouche T, 
Chaouch M, Krahn M, Boccaccio I, et al. Homozygosity 
mapping of autosomal recessive demyelinating Char-
cot-Marie-Tooth neuropathy (CMT4H) to a novel locus 
on chromosome 12p11.21-q13.11. J Med Genet 2005; 
42:260-5.

  86. Chow CY, Landers JE, Bergren SK, Sapp PC, Grant AE, 
Jones JM, et al. Deleterious variants of FIG4, a phospho-
inositide phosphatase, in patients with ALS. Am J Hum 
Genet 2009;84:85-8.

  87. Echaniz-Laguna A, Ghezzi D, Chassagne M, Mayencon M, 
Padet S, Melchionda L, et al. SURF1 deficiency causes 
demyelinating Charcot-Marie-Tooth disease. Neurology 
2013;81:1523-30. 

  88. Gemignani F, Guidetti D, Bizzi P, Preda P, Cenacchi G, 
Marbini A. Peroneal muscular atrophy with hereditary 
spastic paraparesis (HMSN V) is pathologically heteroge-
neous. Report of nerve biopsy in four cases and review 
of the literature. Acta Neuropathol 1992;83:196-201.

  89. Zuchner S, De Jonghe P, Jordanova A, Claeys KG, Guer-
gueltcheva V, Cherninkova S, et al. Axonal neuropathy 
with optic atrophy is caused by mutations in mitofusin 
2. Ann Neurol 2006;59:276-81.

  90. Hahn AF, Bolton CF, White CM, Brown WF, Tuuha SE, Tan 
CC, et al. Genotype/phenotype correlations in X-linked 
dominant Charcot-Marie-Tooth disease. Ann N Y Acad 
Sci 1999;883:366-82.

  91. Scherer SS, Deschenes SM, Xu YT, Grinspan JB, Fisch-
beck KH, Paul DL. Connexin32 is a myelin-related pro-
tein in the PNS and CNS. J Neurosci 1995;15:8281-94. 

  92. Dubourg O, Tardieu S, Birouk N, Gouider R, Leger JM, 
Maisonobe T, et al. Clinical, electrophysiological and 
molecular genetic characteristics of 93 patients with 
X-linked Charcot-Marie-Tooth disease. Brain 2001;124: 
1958-67.

  93. Rozear MP, Pericak-Vance MA, Fischbeck K, Stajich JM, 

Gaskell PC Jr, Krendel DA, et al. Hereditary motor and 
sensory neuropathy, X-linked: a half century follow-up. 
Neurology 1987;37:1460-5.

  94. Hahn AF, Brown WF, Koopman WJ, Feasby TE. X-linked 
dominant hereditary motor and sensory neuropathy. 
Brain 1990;113:1511-25.

  95. Ionasescu VV, Trofatter J, Haines JL, Summers AM, Ion-
asescu R, Searby C. Heterogeneity in X-linked recessive 
Charcot-Marie-Tooth neuropathy. Am J Hum Genet 
1991;48:1075-83.

  96. Ionasescu VV, Trofatter J, Haines JL, Summers AM, Ionas-
escu R, Searby C. X-linked recessive Charcot-Marie-Tooth 
neuropathy: clinical and genetic study. Muscle Nerve 
1992;15:368-73.

  97. Rinaldi C, Grunseich C, Sevrioukova IF, Schindler A, 
Horkayne-Szakaly I, Lamperti C, et al. Cowchock syn-
drome is associated with a mutation in apoptosis-in-
ducing factor. Am J Hum Genet 2012;91:1095-102.

  98. Kim HJ, Sohn KM, Shy ME, Krajewski KM, Hwang M, Park 
JH, et al. Mutations in PRPS1, which encodes the phos-
phoribosyl pyrophosphate synthetase enzyme critical for 
nucleotide biosynthesis, cause hereditary peripheral neu-
ropathy with hearing loss and optic neuropathy (cmtx5). 
Am J Hum Genet 2007;81:552-8.

  99. Kennerson ML, Yiu EM, Chuang DT, Kidambi A, Tso SC, Ly 
C, et al. A new locus for X-linked dominant Charcot-Ma-
rie-Tooth disease (CMTX6) is caused by mutations in the 
pyruvate dehydrogenase kinase isoenzyme 3 (PDK3) 
gene. Hum Mol Genet 2013;22:1404-16.

100. Rossi A, Paradiso C, Cioni R, Rizzuto N, Guazzi G. Char-
cot-Marie-Tooth disease: study of a large kinship with an 
intermediate form. J Neurol 1985;232:91-8. 

101. Zuchner S, Noureddine M, Kennerson M, Verhoeven K, 
Claeys K, De Jonghe P, et al. Mutations in the pleckstrin 
homology domain of dynamin 2 cause dominant inter-
mediate Charcot-Marie-Tooth disease. Nat Genet 2005; 
37:289-94. 

102. Jordanova A, Irobi J, Thomas FP, Van Dijck P, Meer-
schaert K, Dewil M, et al. Disrupted function and axonal 
distribution of mutant tyrosyl-tRNA synthetase in domi-
nant intermediate Charcot-Marie-Tooth neuropathy. Nat 
Genet 2006;38:197-202.

103. Hyun YS, Park HJ, Heo SH, Yoon BR, Nam SH, Kim SB, et 
al. Rare variants in methionyl- and tyrosyl-tRNA synthe-
tase genes in late-onset autosomal dominant Char-
cot-Marie-Tooth neuropathy. Clin Genet 2014;86:592-4.

104. Mastaglia FL, Nowak KJ, Stell R, Phillips BA, Edmond-



68 http://pfmjournal.org

Charcot-Marie-Tooth disease subtypes 

ston JE, Dorosz SM, et al. Novel mutation in the myelin 
protein zero gene in a family with intermediate heredi-
tary motor and sensory neuropathy. J Neurol Neurosurg 
Psychiatry 1999;67:174-9. 

105. Boyer O, Nevo F, Plaisier E, Funalot B, Gribouval O, Ben-
oit G, et al. INF2 mutations in Charcot-Marie-Tooth dis-
ease with glomerulopathy. N Engl J Med 2011;365:2377-
88.

106. Soong BW, Huang YH, Tsai PC, Huang CC, Pan HC, Lu YC, 
et al. Exome sequencing identifies GNB4 mutations as a 
cause of dominant intermediate Charcot-Marie-Tooth 
disease. Am J Hum Genet 2013;92:422-30. 

107. Zuchner S, Vorgerd M, Sindern E, Schroder JM. The nov-
el neurofilament light (NEFL) mutation Glu397Lys is as-
sociated with a clinically and morphologically heteroge-
neous type of Charcot-Marie-Tooth neuropathy. Neuro-
muscul Disord 2004;14:147-57.

108. Senderek J, Bergmann C, Ramaekers VT, Nelis E, Bernert 
G, Makowski A, et al. Mutations in the ganglioside-in-
duced differentiation-associated protein-1 (GDAP1) gene 
in intermediate type autosomal recessive Charcot-Ma-
rie-Tooth neuropathy. Brain 2003;126:642-9. 

109. McLaughlin HM, Sakaguchi R, Liu C, Igarashi T, Pehlivan 
D, Chu K, et al. Compound heterozygosity for loss-of-
function lysyl-tRNA synthetase mutations in a patient 

with peripheral neuropathy. Am J Hum Genet 2010;87: 
560-6. 

110. Azzedine H, Zavadakova P, Plante-Bordeneuve V, Vaz 
Pato M, Pinto N, Bartesaghi L, et al. PLEKHG5 deficiency 
leads to an intermediate form of autosomal-recessive 
Charcot-Marie-Tooth disease. Hum Mol Genet 2013;22: 
4224-32.

111. Tamiya G, Makino S, Hayashi M, Abe A, Numakura C, Ueki 
M, et al. A mutation of COX6A1 causes a recessive axonal 
or mixed form of Charcot-Marie-Tooth disease. Am J Hum 
Genet 2014;95:294-300.

112. Chance PF, Alderson MK, Leppig KA, Lensch MW, Matsu-
nami N, Smith B, et al. DNA deletion associated with he-
reditary neuropathy with liability to pressure palsies. 
Cell 1993;72:143-51.

113. Mariman EC, Gabreels-Festen AA, van Beersum SE, Jon-
gen PJ, Ropers HH, Gabreels FJ. Gene for hereditary neu-
ropathy with liability to pressure palsies (HNPP) maps to 
chromosome 17 at or close to the locus for HMSN type 1. 
Hum Genet 1993;92:87-90.

114. Bomont P, Cavalier L, Blondeau F, Ben Hamida C, Belal S, 
Tazir M, et al. The gene encoding gigaxonin, a new 
member of the cytoskeletal BTB/kelch repeat family, is 
mutated in giant axonal neuropathy. Nat Genet 2000; 
26:370-4.


