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Analyzing clinical and genetic aspects of axonal
Charcot—Marie-Tooth disease
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Charcot-Marie-Tooth disease (CMT) is the most common hereditary motor and sensory peripheral neuropathy. CMT is usu-
ally classified into two categories based on pathology: demyelinating CMT type 1 (CMT1) and axonal CMT type 2 (CMT2)
neuropathy. CMTT can be distinguished by assessing the median motor nerve conduction velocity as greater than 38 m/s. The

main clinical features of axonal CMT2 neuropathy are distal muscle weakness and loss of sensory and areflexia. In addition,
they showed unusual clinical features, including delayed development, hearing loss, pyramidal signs, vocal cord paralysis,
optic atrophy, and abnormal pupillary reactions. Recently, customized treatments for genetic diseases have been developed,

and pregnancy diagnosis can enable the birth of a normal child when the causative gene mutation is found in CMT2. There-
fore, accurate diagnosis based on genotype/phenotypic correlations is becoming more important. In this review, we describe
the latest findings on the phenotypic characteristics of axonal CMT2 neuropathy. We hope that this review will be useful for

clinicians in regard to the diagnosis and treatment of CMT.
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Introduction

With the recent rapid development of science and technology,
the diagnosis rate of genetic diseases has gradually increased
compared to the past. In addition, whole exome sequencing
(WES) and whole genome sequencing (WGS) are now used for
diagnosis, and there is a growing interest in rare genetic diseases.
Promising progress is being made in the development of treat-
ments for rare diseases. In particular, therapeutic drugs for rare
genetic disorders, including Duchene muscular dystrophy, amy-
loidosis, and spinal muscle atrophy, have been developed and
used in patients. In this review, we describe the latest findings on
the phenotypic characteristics of axonal Charcot-Marie-Tooth

(CMT) neuropathy type 2.

CMT is the most common rare genetic disease and is a clini-
cally and genetically heterogeneous disease. To date, more than
130 causative genes for CMT have been reported. On the basis of
nerve pathology, CMT is divided into two categories: demyelin-
ating and axonal neuropathy [1,2]. 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/s, respectively [1,2]. Axonal-type CMT
represents approximately one-third of the total CMT [3-5], and
shows unusual clinical features, such as delayed motor develop-
ment, hyperreflexia, ankle contracture, pyramidal track sign, vo-
cal cord paralysis, hearing loss, optic atrophy, abnormal pupillary
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reaction, and kyphoscoliosis [6-17].

Until now, the causative gene mutation underlying CMT could
be identified in only 60% to 70% of all CMT patients, while
thatin the others could not be identified even by using WES.
Therefore, the WGS test is needed to investigate the causative
genes of those that are remaining. The cause of CMT may be a
regulatory gene in the intron, a splicing mutation, copy number
variation, structural variation, or transposal element. The clas-
sification of axonal CMT2 neuropathy may be more complicated
than if all causative gene mutations are known.

Preimplantation genetic diagnosis (PGD) can be performed
if the causative gene mutation is found in CMT2 patients. Itisa
great blessing to patients and their families to enable the birth
of a normal child through PGD in CMT2, for which there is cur-
rently no cure. Thus, accurate diagnosis based on genotype/
phenotype correlation is essential in CMT2, and PGD is, there-
fore, widely used in CMT2 patients. Here, we intend to present a
comprehensive review which would be helpful to physicians and
researchers majoring in medical genetics by investigating the
latest updated contents of CMT2 and describing the phenotypic
characteristics associated with it.

Charcot—Marie-Tooth Disease Type 2

1.CMT2A

1) CMT2A1

CMT2A1 arises from a heterozygous mutation in the kinesin
family member 1 B (K/F7B) gene on chromosome 1p36 [18] and
has an autosomal dominant inheritance pattern (Table 1). One
family with a KIF7B mutation was identified. CMT2A1 can occur
from childhood to 50 years of age. It isaccompanied by distal
muscle weakness, pes cavus, and muscle atrophy in the lower
extremities. Distal sensory impairment, hyporeflexia, and step-
page gait have also been observed. CMT2A1 is typically associ-
ated with slightly reduced motor NCV. A sural nerve biopsy can
reveal axonal atrophy, axon degeneration/regeneration, reduced
myelinated fibers, and small onion bulb formation.

2) CMT2A2A

CMT2A2A involves a defect in the MFN2 gene on chromosome
1p36.2 [19-21]. Both mitochondrial arrangement and size differ
depending on the physiologic condition, pathological state, and
cell type. MFN2 mediates mitochondrial fusion and dynamic
balance, and CMT2A2A has autosomal dominant inheritance.
CMT2A2A occurs widely in children and older adults (aged 50 or

more years), with a slow progression. Early onset of CMT2A2A
shows fatal subacute encephalopathy and has been associated
with increased severity. However, up to 25% cases of CMT2A2A
are asymptomatic or mildly affected. This indicates incomplete
penetrance. Distal muscle weakness and sensory impairments
may occur. Symptoms usually begin in the lower limbs and fi-
nally progress to the upper limbs. The other symptoms are pes
cavus, foot deformities, and hammer toes. Pyramidal signs, ex-
tensor plantar responses, increased muscle tone, or deep tendon
reflexes are rarely observed. Fatal subacute encephalopathy and
cognitive decline are rare in the central nervous system (CNS).
Spasticity and pyramidal features have also been reported. In
the early stages, scoliosis and skeletal contractures can occur,
while optic atrophy and hearing loss are less likely. Motor NCV is
normal or slightly decreased. In the sural nerve biopsy, reduced
myelinated fibers and small onion bulb formations can be seen.

3) CMT2A2B

CMT2A2B is caused by either a homozygous or a compound
heterozygous mutation in the MFN2 gene on chromosome
1p36.2. CMT2A2B has an autosomal recessive inheritance pat-
tern [22]. The onset of CMT2A2B occurs within the first year of
life. CMT2A2B shows a very wide range of severity, but most
patients may have to use a wheelchair at a later stage of the
disease. The common symptoms of CMT2A2B are distal muscle
weakness, sensory impairment, gait disturbance, and pes cavus.
Scoliosis and proximal muscle weakness may also occur. Delayed
motor development is frequently observed. Ophthalmologic
features including pale optic discs and optic nerve atrophy have
also been observed, and visual impairment occurs at a later age.
Some patients may develop hearing impairments. Sural nerve
biopsy may reveal a reduced number of large myelinated fibers.

2.CMT2B

1) CMT2B

CMT2B is caused by a heterozygous mutation in RAB7A, a
member of the RAS oncogene family (RAB7A) gene on chromo-
some 3q21 [23], which encodes small GTPases, ubiquitously ex-
pressed proteins that play a role in the regulation of trafficking,
maturation, and fusion of endocytic and autophagic vesicles.
CMT2B has an autosomal dominant inheritance. Most CMT2B
cases occur in the second decade of life and usually start in the
lower limbs. It eventually progresses to the upper limbs. CMT2B
overlaps clinical features with hereditary sensory and autonomic
neuropathy type | (HSAN1). Muscle weakness and atrophy in



85

"JUBDYIUBIS 10U ‘— 'BAISBI28) [BLUOSOINE ‘YY/ ‘JUBUILLOP [BLUIOSOINE ‘qY
"X8|Jal uopua) deap pasea.dsp ‘9 :salwIoep 100} ‘G doip 100} Jo 1eb abeddals ‘v ualiedw Alosuas [elsip ‘g Aydouie 8josnuu ‘g ‘ssauxeam ajasnw quul| [eisip ‘| :sadAjousyd ureij,

https://doi.org/10.5734/JGM.2021.18.2.83 © J Genet Med 2021;18(2):83-93

www.e-kjgm.org

BIU0JOALIOINGU ‘[BAS| BSBUIY BUIeBO P3P APIN @ @ ©® ©® O @ IhGgz-¢ yy e'ezbg LINIH
Slone| opUeofiBl Mo ‘Blxele AIOSLSS @ @ @ @@ @ @ 9pedsp IS| av  geibi clvoa
sso] Bupeay ‘AuyedoAw ‘Auedonsueisydiied @ @ @ @ @ @  POOLIINPE &Jel-pooup|iu) av eeeibel  piHAN S8AAIZLIND JBLAO
punog Jreyd [gaym ‘uoissaifoud Jsey ‘sdwield ajosnw [njured ‘JUSWISAJOAUI JUBUIUOPBWIX0)d @ @ @ @ @ @ 96k J0 19SU0 8B av FArALS n4/
9910/ payand-ybiy ‘ssoj BuLeay ‘@ausunuodul AIeuLn ‘SISoij09s ‘Spuey Mejo ‘BILUAYOAL
‘Ssauyieam [euixoud ‘subis [epituesAd ‘sanficesip bulues) Jualdoersppafepd @ € © © @ @ 3pedsp pug-1s| avy  zz2ibze 2o40N 721IND
pooyyinpe
SonIpadeed @ @ @ O @ @ a1e|-pooypiiyd Ajre3 av e'elde da/ ACLINO
§IS01|09S0UdAY ‘S8INJIRIIU0I B]UE ‘JusWIedw] sAjuBod piw ‘uojounsfpheuln @ © © O © @ 1A Ge-v o\ I'LgbglL 1194S X2.LIND
- @® © O O O o ooynpe ael-pooypiyd av £'1ebg SHVH MZLIND
SaoueqINISIp daas ‘eixere Alosuas ‘Ayredoinaufod njured @ ® 1A 19-g1 av  c'lebsL 79N NCLIND
- &6 o o o o Jayel 10 A 0G av  eelbel SHvnw NZLND
- ® 6 6 o o o 1K9G-9¢ 4y ‘av 2'Sebe I 1¢1IND
adeys anbuoj [eLiouqe ‘sisoljoos ‘snieaouinba sad ‘ssauseamapsSNewxold @ @ @ O @ @ aprIsp 1S| Wy o eelbil  cd9meY) SZ1IND
sisfeted piod [eooA ‘eloe[eWOoayae.} ‘fousolnsul Aiopelidsal ‘seunjoesuodgeuy eluclodlH @ € © @ ® @ pooyp|iya Ajreq qy ¢'1eby 241 HZ1IND
auLn
Ul ploe ojdipeoule-g g pioe aidipeojey-g Jo sjons| pasealoul ‘suoieulojew -69-euel), @ @ @ @ @ @ kG-l av vidoL  LaYIHa 0¢lND
suioggmose] @ @ © O O O MK9/-pooupiyd  HY ‘av e'eebe  LYSHT d¢LIND
Juswudojonap Jojow pakejep ‘ured ojyjedonau 'SR} UBN®Y @ @ @ O @ @ poouplIud av  1eebyL  LIHLONAG 021D
SURISSOLY @ @ @ ©® @ @ K $G-9 avy  L'gebat Neld4 NZLAD
BXEJEAIOSISS @ @ @ @ @ @ 9pedsp pug-is| av  celdsl NG NCLND
_ CCdSH/
SISO|0JS "SSoUesm BjosnWewX0ld @ @ @ @ @ O K ge-G1 av  €ebel 88dSH T2LIND
50110250y dAY ‘puey me|a ‘snieaouinba sadife) ‘ssauseam [ewixod ‘Siseledpiod BN @ @€ @ O O @ 9pRIap 1SL YV ‘QV L1'12bg 1d¥aH MZLAD
eibeydsAp [eunsajuiolised ‘uonoeas Asefjidnd jJuasge 1o mojs ‘ssojBuieay einautioslsS @ @ @ @ O @ 1K09-01 av geghy 0d/7dW M/I2LIND
"Sexa|jal [eyuswowied ‘UBIS UBLYOH ‘BixaljeliadAy ‘SeunesjepiLelld @ @€ @ © O @ 9peoap 1S Yy ggb-c1bg  umouun HZLIND
h 28dSH/
SAWEIOBOSNLI 'SUOEINISE! @ @ @ @ @ @ 1K09-G} av  €ekib. 8dSH 4¢1IND
Juswidojanap Jojolu pakejap ‘ejefed payase-ybly ‘sisold ‘sseuseam ajosnw spinoysSpLeele! @ @ O O @ @ 9pedap PIS-1S| av |zdg T4IN J2LND
sdenspsih @ @ @ ® © @ 9PeIsp PIE-ISL av Feidp LVid1lyY aacLing
SIS01|00S ‘SAWEeD pUuey paonpul-pjod ‘soueuiopaidqui-eddn @ € @ @ @ @ 9peIap PIS-puZ av ey1ds SYYH AR
$IS0.9]08 [eleje| JydoNoAWB LUIMPEI0SSY @ @ @ @ @ @ 9PeI8p Uk av  2elbze HA3N J0¢1IND
SISaJed P09 [BIOA ‘SIS01100S ‘JuBWaA0AUl Wwibelydelp ‘Asjed sasau eluelo‘'ssojfuesH @ @ @ © @ @ 1 09-uiig av  Lkvebzl Nd41 921D
- @ e O o Kzy-82 4y £g'eibel Gcain ¢d¢1IND
SIS01J00SOYdAY ‘JUSWIBAJOAUI BIOSNWBWXOd @ @ @ @ @ @ 9prIap puz I\ zehL YNAIT L921IND
S1BONJ00} 'SHPPAWORIS) @ @ © @ © @ 9peI8P pug av €'1ehe Vaskyel g4c¢1IND
S9sIp 211do afed ‘Aydosre ondo ‘ustuiredw Bulieay ‘sisoljods ‘Juswdoprsplolowpsfeel @ € © O O @ pooyp|iya Ajreq dy  22ogd] NN qeveLINg
exoljaradAy ‘auoy ejosnw paseaoul ‘subisepiueltd @ € © © @ @ A 0G-pooypiud av  ceoedl N4 Y2VY2LND
- &6 6 o o o 1K 0G-pooypiu) av  c¢c9edl gl IVZLND
VelND
9 ¢ ¥ € ¢ L
sadAousyd [euon asu fpais Snao aua adA
Jousyda [euonippy _sadfiouayd ey 19suQ JIpaioH T 9 \

aseas|p (1ND) Y1001 -aLiej\—109.eyY) Jo SadAj [BUOXE U} JO SUONBINW |gesnen *| 3|geL



86  HM Kwon and BO Choi ® Characteristics of Charcot-Marie-Tooth disease type 2, axonal neuropathy

www.e-kjgm.org

the lower limbs, distal sensory impairment, steppage gait, and
decreased deep tendon reflexes can occur. Hammer toes, pes
planus, and pes cavus may also be observed in the lower limbs. In
addition, ulcers in the distal limbs caused by sensory neuropathy
often lead to infection. Sometimes, autoamputation is neces-
sary. Moreover, osteomyelitis or necrosis can occur. Motor NCV
decreases slightly. In the sural nerve biopsy, reduced myelinated
fibers and small onion bulbs have been observed. Axonal atrophy
and degeneration and regeneration were also observed.

2) CMT2B1

CMT2B1 is caused by a homozygous mutation in the lamin A/
C (LMNA) gene on chromosome 1922 [24]. CMT2B1 has an au-
tosomal recessive inheritance pattern. The LMNA gene encodes
lamin A and lamin C. Lamins are the structural protein compo-
nents of the nuclear lamina, a network of proteins 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 have been described in mamma-
lian cells. CMT2B1 starts mainly in the second decade of life and
has a severe course. Muscle weakness and atrophy are common
symptoms of CMT2B1. In addition, sensory impairment, pes
cavus, hypo- or areflexia, and scoliosis may be observed. Small
onion bulb formation and decreased myelinated fibers can be
found, while axonal atrophy and axon degeneration/regenera-
tion are observed through nerve biopsy.

3) CMT2B2

CMT2B2 is caused by a homozygous mutation in the mediator
complex subunit 25 (MED25) gene [25], which encodes a protein
belonging to the mediator complex, an evolutionarily conserved
multisubunit RNA polymerase Il transcriptional regulator com-
plex. CMT2B2 has an autosomal recessive inheritance pattern.
CMT2B2 has been reported in only one family member. CMT2B2
begins between the ages of 28 and 42 years. The initial symp-
toms of CMT2B2 include distal muscle atrophy and weakness in
the lower limbs. It eventually progresses to the upper limbs. Mo-
tor NCV has been reported to decrease slightly.

3.CMT2C

1) CMT2C

CMT2C is caused by a heterozygous mutation in the transient
receptor potential cation channel subfamily V member 4 (TRPV4)
gene on chromosome 12024 [26,27]. CMT2C is also known as
hereditary motor and sensory neuropathy type [IC (HMSN2C)

and has an autosomal dominant inheritance pattern. The TRPV4
cation channel mediates calcium influx in response to physical,
chemical, and hormonal stimuli in ciliated epithelial cells. The
onset age of CMT2C ranges from birth to older adulthood (the
age of 60 years). Early onset was reported to be associated with
increased severity. It overlaps with the clinical features of distal
hereditary motor neuropathy type VIl (dHMN VII). This suggests
an incomplete penetrance. In the upper and lower limbs, distal
muscle weakness and early wasting of the hand muscles, along
with impaired manual dexterity are usually reported. Hand
weakness is worse with coldness, and proximal limb muscles are
affected in severe cases. Additionally, other signs include dia-
phragm involvement, intercostal muscle involvement, scoliosis,
and vocal cord paresis. Similarly, abducens or oculomotor nerve
palsy, hearing loss, stridor, intercostal muscle, and diaphragm
involvement can occur in this subtype. Urinary incontinence
and urgency may be observed in some patients. In some cases,
sloping shoulders are observed due to shoulder girdle muscle at-
rophy. Motor NCV is normal. The sensory nerve action potential
(SNAP) and compound muscle action potential (CMAP) ampli-
tudes decrease. Neurogenic atrophy can be observed in muscle
biopsy.

2) CMT2CC

CMT2CC is caused by a heterozygous mutation in the neuro-
filament heavy (VFFH) gene on chromosome 22q12 [28]. It has
an autosomal dominant inheritance pattern. In particular, three
mAl neuron-specific intermediate filaments, namely the NEFH,
NEFM, and NEFL, are the most prominent cytoskeletal compo-
nents in large myelinated axons. The onset of CMT2CC varies
from early childhood to the fourth decade of life. Two unrelated
families with variable severity have been reported. The main
features of CMT2CC are distal muscle weakness and muscle
atrophy, high-arched feet, gait disturbance, distal sensory im-
pairment, and hyporeflexia. Motor NCV is normal or decreases
slightly, and the CMAP amplitude decreases. Neurogenic and
myopathic changes have been identified using electromyogra-
phy (EMG) and muscle biopsy.

4.CMT2D

1) CMT2D

CMT2D is caused by a mutation in the glycyl-tRNA synthetase
(GARS) gene [29], which encodes an enzyme that charges tRNA
molecules with glycine through an aminoacylation reaction.
CMT2D has an autosomal dominant inheritance pattern. CMT2D
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begins during the second decade of life and progresses slowly.
Distal spinal muscular atrophy type 5A (dSMABA) is an allelic
disorder with a similar phenotype [30], but CMT2D presents
more severe distal sensory involvement. CMT2D is predominant-
ly characterized by intrinsic muscle weakness in the hand. Other
symptoms include cold-induced hand cramps. Normal motor
NCV has been observed.

2) CMT2DD

CMT2DD is caused by a heterozygous mutation in the ATPase
Na*/K* transporting subunitalpha 1 (A7TP7A7) gene on chromo-
some 1p13 [31]. It has an autosomal dominant inheritance pat-
tern. This gene encodes the alpha-1 isoform of Na*, K"-ATPase,
an integral membrane protein that is responsible for establishing
and maintaining the electrochemical gradients of Na and Kions
across the plasma membrane. The onset variants of CMT2DD
are between late childhood and an individual's fifties, but most
patients develop symptoms in the second or third decade of life.
CMT2DD shows a slow progression, and most patients main-
tain their ambulatory function, while others have a subclinical
course with minimal neurological deficits. The typical features
are atrophy of the intrinsic hand muscles, pes cavus, sensory 10ss,
steppage gait, foot drop, and hypo- or areflexia. Muscle cramps
are also observed. In addition, the motor NCV is normal. Both the
CMAP and SNAP amplitudes are reduced. A sural nerve biopsy
showed loss of large myelinated fibers, while regenerating axons
and thin myelin were observed.

5. CMT2E

CMT2E is caused by a heterozygous mutation in the NEFL gene
on chromosome 8p21 [31], which encodes a subunit of type IV
intermediate filament heteropolymers, a major component of
the neuronal cytoskeleton [32]. It has an autosomal dominant
inheritance pattern. The onset of CMT2E begins before the third
decade of life. Its severity varies widely. Muscle weakness, distal
sensory impairment, steppage gait, and decreased deep tendon
reflexes are the main features of CMT2E. In addition, pes cavus,
hammer toes, and joint contractures can be found. In severe
cases, claw hand deformities have been observed. Weakness of
the shoulder or facial muscles, ptosis, and high-arched palate
can also be found. A sural nerve biopsy showed primary axo-
nopathy, characterized by giant axons containing disorganized
neurofilaments. Fiber size variation, predominance of type 1 or
type 2 fibers, internal nuclei, and connective tissue can be found
in muscle biopsy. CMT2E patients also exhibited nemaline rods,
myofibrillar disruption, and myofiber degeneration.

6. CMT2F

CMT disease type 2F is caused by a mutation in the heat-shock
protein (HSP) family B (small) member 1 (HSPBT) gene encoding
heat-shock 27-kD protein 1 (HSPB1) [33]. It has an autosomal
dominant inheritance pattern. HSPs belong to a larger group of
polypeptides and stress proteins. HSPs are involved in various re-
sponses to environmental challenges and developmental transi-
tions. In addition, the synthesis of the small (27-kD) HSP was
shown to be correlated with the acquisition of thermotolerance.
CMT2F shows muscle weakness and muscle atrophy in the lower
limbs, progressing to the upper limbs at a later stage. Distal
sensory impairment, pes cavus, foot drop, and hyporeflexia are
common, and muscle cramps and fasciculations can be found.
In severe cases, claw hand deformities were observed. Finally,
chronic axonal neuropathy is manifested through a sural nerve
biopsy.

7.CMT2H

CMT2H maps to the same region containing the ganglioside-
induced differentiation-associated protein 1 (GDAP7) gene
[34]. It has an autosomal recessive inheritance pattern. The
symptoms of CMT2H begin in early childhood. Limb muscle
weakness and muscle atrophy, pes cavus, foot drop, steppage
gait, and areflexia may occur. The additional symptoms include
pyramidal features, abnormalities in both the brisk Hoffman's
and palmomental reflexes, and hyperreflexia in the upper limbs.
CMT2H shows a normal motor NCV. In sural nerve biopsy, myelin
sheaths are thin and axonal regeneration is rare.

8. CMT2I

CMT2l is caused by a heterozygous mutation in the myelin
protein zero (MPZ) gene on chromosome 1923 [35,36]. It has an
autosomal dominant inheritance pattern and begins between
the ages of 40 and 60 years. The first symptoms of CMT2I usually
begin in the lower limbs, even when they progress to the upper
limbsin a later stage of the disease, given its genetic heteroge-
neity. Distal muscle and sensory impairment, gait disturbance,
and pes cavus can occur in CMT2 patients. The motor NCV is
normal or slightly decreased. A sural nerve biopsy showed loss of
myelinated fibers and axonal degeneration and regeneration.

9. CMT2J

CMT2 with hearing loss and pupillary abnormalities is also re-
ferred to as CMT2J, which is caused by a heterozygous mutation
in the MPZ gene on chromosome 1g23 [35,37,38]. CMT2J has
an autosomal dominant inheritance pattern. Onset often occurs
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between the fourth and the sixth decade of life. Distal muscle
weakness has been observed in the lower limbs, and it extends
to the upper limbs. Foot drop, gait disturbance, foot deformi-
ties, sensory impairment, and decreased deep tendon reflexes
can also occur. The additional symptoms are gastrointestinal
dysphagia and sensorineural hearing loss. Both slow pupillary
reaction with slow light convergence reflex and absent pupil-
lary reaction can be found in the eyes. Finally, a normal to mildly
decreased motor NCV has been observed. Axonal degeneration
and regeneration may be observed through nerve biopsy.

10. CMT2K

Autosomal recessive axonal CMT disease type 2 Kis caused
by either a homozygous or a compound heterozygous muta-
tion in the GDAPT gene on chromosome 8q [36], which encodes
an integral membrane protein of the outer mitochondrial
membrane expressed in both the CNS and peripheral nervous
system, particularly in Schwann cells. CMT2K has an autosomal
dominant inheritance [39,40]. The onset age of CMT2K occurs
during infancy (three years old). CMT2K shows a more severe
course with an earlier onset. It usually begins in the lower limbs,
and upper limb is affected during the first decade. This subtype
shares the same phenotype as the CMT4A allelic disorder. The
main symptoms include distal muscle weakness and atrophy,
possible involvement of proximal muscles, distal sensory impair-
ment, absent deep tendon reflexes, kyphoscoliosis, claw hand
deformities, and talipes equinovarus. The motor NCV is normal
or slightly decreased. However, nerve biopsy may reveal pseudo-
onion bulb formation, axonal degeneration/regeneration, and
reduced myelinated fibers.

11. CMT2L

CMT2L is caused by a mutation in the heat shock protein
family B (small) member 8 (HSPB8) gene [41]. CMT2L has an au-
tosomal dominant inheritance pattern. Distal hereditary motor
neuronopathy type 2A (dHMN2A) is an allelic disorder with an
overlapping phenotype. The onset age of CMT2L is between 15
and 33 years. Muscle weakness and sensory impairment usually
occur in the lower extremities. Proximal muscle involvement
is rare. The additional symptoms include scoliosis. Motor NCV
is normal, and the SNAP and CMAP amplitudes are decreased.
Finally, large myelinated fibers are reduced, and thin myelinated
axons can be found through nerve biopsy. EMG shows denerva-
tion and fibrillation potentials.

12. CMT2M

CMT2M is caused by a heterozygous mutation in the dynamin
2 (DNM2) gene on chromosome 19p [42]. CMT2M has an au-
tosomal dominant inheritance pattern. DNM2 is a ubiquitously
expressed large GTPase involved in both clathrin-dependent and
-independent endocytosis and intracellular membrane traffick-
ing. This protein has a strong interaction with actin and microtu-
bule networks and may play a role in centrosome function. The
initial symptoms of CMT2M start before the third decade of life.
Although CMT2M overlaps in clinical features with intermediate
CMTDIB, this type is purely axonal CMT. Distal muscle weakness
and atrophy, distal sensory impairment, areflexia, and hypore-
flexia can occur. The motor NCV value is in the low-to-normal
range. Reduced myelin fibers, rare segmental demyelination/
remyelination, onion bulb formation, and axonal degeneration
can be observed through nerve biopsy.

13. CMT2N

CMT2N is caused by a heterozygous mutation in the alanyl-
tRNA synthetase (AARS) gene on chromosome 16q21 [43],
which encodes the amino acid synthetases responsible for the
initiation of the attachment of their respective amino acids to
the corresponding tRNA. CMT2N has an autosomal dominant
inheritance pattern. The onset of CMT2N ranges from 6 to 54
years, with fluctuating severity. Distal muscle weakness in the
lower limbs mainly occurs. Additional symptoms include foot
drop, ankle sprains, gait disturbance, foot deformities, distal sen-
sory impairment, and hypo- or areflexia. Sensorineural hearing
impairment has also been reported in a single household.

14. CMT20

CMT20 is caused by a heterozygous mutation in the dynein
cytoplasmic 1 heavy chain 1 (DYNC7HT) gene on chromosome
1432 [44]. It has an autosomal dominant inheritancepattern.
The DYNC1H 1 gene encodes a large (>530 kDa) crucial subunit
of the cytoplasmic dynein complex. Dyneins are a group of
microtubule-activated ATPases that support the conversion
of chemical energy into mechanical energy. CMT20 has been
reported in only one family member. It begins during childhood
and progresses slowly. Ambulation is usually maintained during
adulthood. The main symptom of CMT20 is recurrent falls due
to distal muscle weakness. Additional symptoms include pes
cavus, distal sensory impairment, hyporeflexia, and neuropathic
pain. Delayed motor development was observed, but learn-
ing difficulties were less frequent. The motor NCV is normal or
mildly reduced. Axonal degenerative processes are revealed in
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sural nerve biopsies.

15. CMT2P (autosomal dominant, autosomal recessive)

CMT2P is caused by either a homozygous or heterozygous
mutation in the leucine-rich repeat and sterile alpha motif-con-
taining 1 (LRSAM1) gene on chromosome 9033 [45]. LRSAM1 is
a multifunctional RING finger protein that selectively regulates
cell adhesion molecules, has ubiquitin ligase activity, and plays
arole in receptor endocytosis and viral budding. The onset of
CMT2P ranges from childhood to late adulthood, but usually oc-
cursin adulthood. It progresses slowly. The initial symptoms are
muscle weakness in the lower limbs. Those with CMT2P show
difficulty in heel-to-toe gait and lose the ability to run. Fascicu-
lations, muscle cramps, and foot deformities may also occur.
Some patients become wheelchair-bound. Finally, a reduction in
myelinated fibers is observed in the sural nerve biopsy.

16. CMT2Q

CMT2Q is caused by a heterozygous loss-of-function (LOF)
mutation in the dehydrogenase E1 and transketolase domain
containing 1 (DHTKD1) gene on chromosome 10p14 [46], as
reported in a 5-generation Chinese family. CMT2Q has an auto-
somal dominant inheritance pattern. DHTHD1 is predicted to be
a thiamine diphosphate-dependent 2-oxoacid dehydrogenase
responsible for the reduction of the protein-bound Li* group.
Muscle weakness of the distal lower limbs is the main symptom
of CMT2Q. Atrophy of the distal forearms and hand intrinsic
muscles, sensory impairment, and decreased deep tendon re-
flexes can also occur. In addition, disorganized myofilaments,
small angulated muscle fibers, mitochondrial vacuolization, and
sarcomere disappearance can be observed through muscle bi-

opsy.

17. CMT2R

CMT2R is caused by either a homozygous or a compound het-
erozygous mutation in the tripartite motif containing 2 (TRIM2)
gene on chromosome 4q [47]. CMT2R has an autosomal reces-
sive inheritance pattern. TR/M2 functions as an E3 ubiquitin
ligase that directs proteasome-mediated degradation of target
proteins. The symptoms of CMT2R begin in early childhood.
CMT2R causes distal muscle weakness and atrophy, especially
atrophy of the hand and foot muscles. Additionally, an inability
to walk on heels, broad-based gait, hypotonia, pes cavus, and pes
equinovarus can be found. Specifically, one patient presented
with knee contractures, respiratory insufficiency, tracheomala-
cia, and vocal cord paralysis. CMT2R shows slow motor NCV (<30

m/s) and decreased SNAP and CMAP amplitudes. In sural nerve
biopsy, axonal degeneration, reduced myelinated fibers, accu-
mulation of neurofilaments within axons, and swollen myelin-
ated fibers can be found.

18.CMT2S

CMT2S is caused by either a homozygous or compound het-
erozygous mutation in the immunoglobulin mu DNA binding
protein 2 ({GHMBP2) gene on chromosome 11¢13 [48]. CMT2S
has an autosomal recessive inheritance pattern. CMT2S occurs
during the first decade of life. Although CMT2S progresses slow-
ly, most patients are wheelchair-bound. The main symptoms of
CMT2S are muscle weakness and sensory impairment, hypo-
or areflexia, foot drop, and steppage gait. Some patients may
develop mild proximal muscle weakness. In addition, scoliosis,
abnormal tongue shape, and pes equinovarus are also observed.
In sural nerve biopsy, axonal degeneration, and reduced large
myelinated fibers can be observed.

19. CMT2T

CMT2T is caused by either a homozygous or compound het-
erozygous mutation in the membrane metalloendopeptidase
(MME) gene on chromosome 3q25 [49]. The MME gene encodes
a widely expressed membrane metalloendopeptidase that de-
grades several substrates with its active site facing the extracel-
lular space. CMT2T begins during late adulthood (between 36
and 56 years of age) and progresses slowly. The main features
are distal muscle and sensory impairment, gait instability, foot
drop, and hypo- or areflexia. Sural nerve biopsy reveals reduced
large myelinated fibers.

20.CMT2U

CMT2U is caused by a heterozygous mutation in the MARS
gene on chromosome 12q13 [50]. CMT2U has an autosomal
dominant inheritance pattern. CMT2U begins after the age of
50 with slow progression. Two unrelated families have also been
reported. Muscle weakness and atrophy are the main features of
the CMT2U. Additional symptoms include distal sensory impair-
ment, decreased deep tendon reflexes, and steppage gait.

21.CMT2v

CMT2V is caused by a heterozygous mutation in the N-acetyl-
alpha-glucosaminidase (VAGLU) gene on chromosome 17¢21
[51]. CMT2V has an autosomal dominant inheritance pattern.
The age of onset ranges from 18 to 61 years, which was found
in a family from French-Canadian origin. Pain in the lower limbs
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and subsequent paresthesia in the upper limbs can occur. The
additional common symptoms are tandem gait disturbances,
and patients with sensory ataxia show sleep disturbances. Motor
NCV was normal, while decreased SNAP and CMAP amplitudes
were detected.

22.CMT2W

This type of CMT is caused by a heterozygous mutation in the
histidyl-tRNA synthetase (HARS) gene on chromosome 5q31
[52]. CMT2W has an autosomal dominant inheritance pattern.
HARS catalyzes the covalent ligation of histidine to its cognate
tRNA, representing an early step in protein biosynthesis. CMT2W
begins widely during childhood to late adulthood, with highly
fluctuating severity. CMT2W shows distal muscle weakness and
lower limb atrophy, distal sensory impairment, steppage gait,
hammer toes, pes cavus, and hypo- or areflexia. Finally, the mo-
tor NCV decreases slightly.

23. CMT2X

CMT2X is caused by either a homozygous or compound
heterozygous mutation in the spatacsin vesicle trafficking as-
sociated (SPG77) gene on chromosome 15q21 [53]. CMT2X has
an autosomal recessive inheritance pattern. The SPG77 gene en-
codes the protein spatacsin, which plays a role in axonal growth,
function, and intracellular cargo trafficking. CMT2X begins at 4
to 35 years of age. CMT2X progresses slowly, and its severity var-
ies widely. The main symptoms are distal muscle weakness and
sensory impairment. Additional symptoms include decreased
deep tendon reflexes, foot drop, gait disturbance, hand deformi-
ties, ankle contractures, kyphoscoliosis, and urinary dysfunction.
CMT2Xiis also characterized by a thin corpus callosum and mild
cognitive impairment. Finally, chronic denervation/reinnerva-
tion was observed using EMG. In addition, loss of large-caliber
myelinated fibers has been observed through sural nerve biopsy.

24. CMT2Y

CMT2Y arises from a heterozygous mutation in the valosin-
containing protein (VCP) gene on chromosome 9p13 [54], which
encodes a ubiquitously expressed multifunctional protein, a
member of the AAA+ (ATPase associated with various activities)
protein family. CMT2Y has an autosomal dominant inheritance
pattern. Only one family member and one unrelated patient
have been reported. The onset age of CMT2Y varies from infancy
to late adulthood (>50 years), and its severity varies widely. Typi-
cally, the main symptom of CMT2Y is distal muscle weakness
and atrophy of both the lower and upper extremities. Additional

features include distal sensory impairment, difficulties with run-
ning and balance, and decreased deep tendon reflexes. Muscle
biopsy confirmed neurogenic atrophy in one patient.

25.CMT2Z

CMT2Z is caused by a heterozygous mutation in the MORC
family CW-type zinc finger 2 (MORC2) gene on chromosome
2212 [55,56]. CMT2Z has an autosomal dominant inheritance
pattern. MORC2 is a DNA-dependent ATPase that relaxes chro-
matin to ensure the repair of DNA double-strand breaks. Cyto-
solic MORC2 appears to be involved in lipid metabolism and ho-
meostasis. The onset age of CMT2Z ranges from infancy to early
adulthood. CMT2Z has a slow progression of disability. However,
their severity varies widely, and some patients are limited to
wheelchairs. The main symptom is asymmetric muscle involve-
ment in the upper and lower limbs. Proximal muscle weakness,
including neck flexion weakness, can also occur at a later stage
of the disease. Distal sensory impairment, hyporeflexia, and
pes cavus are frequently observed in patients. Pyramidal signs,
developmental delays, and learning disabilities may also occur
in this subtype. Other features include spontaneous muscle
activity, muscle cramps, fasciculations, increased muscle tone,
and myokymia. Furthermore, urinary incontinence, scoliosis, and
claw hands are frequently observed in some patients. Hearing
loss was observed in two members of the family. A high-pitched
voice has been reported in another family. A sural nerve biopsy
showed a loss of large myelinated fibers, while small onion bulbs
and the variable presence of regenerative clusters are occasion-
ally observed.

26. Other CMT2

HMSN-P is caused by TRK-fused gene (7G) mutations, which
can be found in a family of both Japanese and Korean popu-
lations [57,58]. CMT is usually characterized by distal muscle
weakness, while HMISN-P is associated with proximal muscle
weakness at a late onset of age. It shows a rapid progression of
AF. Peripheral neuropathy, myopathy, hoarseness, and hearing
loss (PNMHH) are caused by mutations in myosin heavy chain
14 (MYH14) [59-61] which occurs at a young age. Early symp-
toms include hearing impairment and muscle weakness, and
mutations in the histidine triad nucleotide-binding protein 1
(HINTT) have been identified as the cause of autosomal recessive
axonal neuropathy, which is mainly involved in neuroblastomas
[62]. Finally, diacylglycerol O-acyltransferase 2 (DGAT2), which
catalyzes the final step of triglyceride biosynthesis, was observed
in a Korean family with early onset dominance. It is character-
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ized by low triglyceride levels and sensory ataxia [63].

Conclusion

In this review, we identified the phenotypic characteristics
of axonal CMT2 neuropathy. CMT is the most frequent disease
among rare diseases, and in recent years, many therapeutic ap-
proaches have been developed. To date, more than 50 candidate
therapeutic chemicals have been used in clinical trials or are
being prepared for CMT. In addition, knowing the exact cause
of genetic mutations in CMT patients can make it possible to
give birth to a normal child through PGD. Currently, this is being
practiced in CMT patients to become pregnant. Therefore, ac-
curate diagnosis is essential for CMT patients. We hope that this
review of the phenotypic characteristics of axonal CMT2 neu-
ropathy will be of great help to clinicians majoring in medical
genetics.
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