
ANNALS SPECIAL EDITION: THERAPEUTIC PROSPECTS

Animal Models and Therapeutic
Prospects for Charcot–Marie–Tooth

Disease

Delphine Bouhy, PhD and Vincent Timmerman, PhD

Charcot–Marie–Tooth (CMT) neuropathies are inherited neuromuscular disorders caused by a length-dependent neu-
rodegeneration of peripheral nerves. More than 900 mutations in 60 different genes are causative of the neuropathy.
Despite significant progress in therapeutic strategies, the disease remains incurable. The increasing number of genes
linked to the disease, and their considerable clinical and genetic heterogeneity render the development of these
strategies particularly challenging. In this context, cellular and animals models provide powerful tools. Efficient motor
and sensory tests have been developed to assess the behavioral phenotype in transgenic animal models (rodent and
fly). When these models reproduce a phenotype comparable to CMT, they allow therapeutic approaches and the dis-
covery of modifiers and biomarkers. In this review, we describe the most convincing transgenic rodent and fly models
of CMT and how they can lead to clinical trial. We also discuss the challenges that the research, the clinic, and the
pharmaceutical industry will face in developing efficient and accessible treatment for CMT patients.
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Charcot–Marie–Tooth (CMT) diseases are inherited

peripheral neuropathies that cause a progressive

degeneration of the peripheral nerves. The degeneration

follows a distal to proximal pattern and results in muscle

atrophy and weakness of distal limbs associated with

motor and sensory loss. The onset of the disease varies

from childhood to late adulthood. CMT diseases are seg-

regated into a demyelinated form (CMT1), the most

common, characterized by a primary progressive demye-

lination and decreased conduction velocity of the periph-

eral nerve, and an axonal form (CMT2), characterized by

axonal degeneration and decreased amplitudes of the

nerve action potentials.1 Although these 2 main subtypes

are commonly used to classify CMT, overlapping pheno-

types exist, and CMT1 patients can show signs of sec-

ondary axonal degeneration.2 Among the different

subtypes, patients are unequally affected by motor and

sensory deficits that range from foot deformities to severe

walking disabilities and wheelchair requirement.

The heterogeneity of the phenotype is further

reflected by the heterogeneity of the genotype and the

complexity of the phenotype=genotype correlation.3 So

far, >900 mutations in 60 genes (partial list can be

found at http:==www.molgen.vib-ua.be=CMTMutations=

Home=IPN.cfm) are associated with the disease. Despite

the considerable advances allowed by progress in genetic

research, 75% of the causative genes are still unknown.

Furthermore, the various clinical groups overlap. Muta-

tions in a single gene can cause different phenotypes or

different forms (demyelinating vs axonal), and the same

phenotype can be caused by mutations in different genes.

CMT remains incurable and affects approximately 1 in

2,500 people. It concerns 50,000 people in the European

Union and probably >2.6 million worldwide.4,5

Available Therapies and Therapeutic
Strategies

Although no therapy exists for CMT, supportive care has

been developed to stabilize gait, to decrease the foot

drop, and to relieve patients from neuropathic and

mechanical pain. However, systematic analyses of the effi-

ciency of orthotics and arthrodesis surgery on motor
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function in CMT patients are lacking or reach divergent

conclusions.6–8 Most preclinical studies concern the

demyelinating form of CMT (CMT1), which is the

most common. The CMT1A, CMT1B, and CMT1X

subtypes represent 50% of CMT patients. Some of the

genes involved in CMT1, such as PMP22, GJB1, and

MPZ, are specifically expressed in Schwann cells and

affect the myelination of the nerve.

CMT1A is caused by mutations in the PMP22 gene

coding for peripheral myelin protein 22, a transmembrane

protein of Schwann cell myelin. In CMT1A patients, a

duplication of 1 of the PMP22 gene alleles induces an

increased expression of PMP22 mRNA.9 The addition of

an extra copy of the gene in rodents has allowed convinc-

ing modeling of CMT1A,10–13 reproducing the 1.6- to 2-

fold increase in PMP22 mRNA and the progressive demy-

elination and axonal loss observed in patients. PMP22 is

also subject to leucine-to-proline (L16P) and glycine-to-

aspartic acid (G150D) mutations. These point mutations

are causative of the CMT1E subtype and represent 2.5%

of the CMT cases. These mutations occur spontaneously

in Trembler (Tr) and Trembler-J (TrJ) mice, which are

therefore relevant models for CMT1E.14–16 Although the

pathomechanisms for CMT1E are not fully understood,

the mutated protein has been shown to misfold and accu-

mulate in Schwann cells.17–19 Based on these models, 1 of

the therapeutic strategies for CMT1A and CMT1E has

been to reduce the toxic effect of PMP22 overexpression.

The reduction of the toxic overexpression of PMP22 with

onapristone (an inhibitor of progesterone receptor) or

ascorbic acid (vitamin C) has given promising results in

rodent models.20,21 However, clinical studies have failed to

show improvement in CMT1A patients.22 Other strategies

aimed at promoting axonal regeneration with neurotro-

phin 3 (NT-3) or stimulating autophagy with curcumin

have been successful in the Tr and TrJ mouse models.23,24

A clinical trial using NT-3 on CMT1A patients gave miti-

gated results, as the sensory but not the motor neuropathy

score showed some improvement in treated patients.23

The divergent results between preclinical studies and clini-

cal trials can partially be explained by inadequate conclu-

sions from the experimental studies. In the Tr-J mice, the

efficiency of curcumin was demonstrated only in newborn

mice and not when the treatment was initiated in adult-

hood,24 which may have predicted the limited translation

to clinic. In the CMT1A mice, onapristone treatment

could decrease PMP22 mRNA and improve clinical phe-

notype, but had no effect on myelin pathology.25

The second most common form of the disease is

CMT1X caused by >250 mutations in the GJB1 gene

coding for connexin 32, a protein of the compact mye-

lin.26 The similarities between patient phenotype and the

phenotype developed by the mouse knockdown for Gjb1
(Gjb12=2) or expressing the R142W mutant form of the

protein suggest that the mutations induce a loss of func-

tion.27–31 Some neurological improvement is seen in

Gjb12=2 mice after dampening the inflammatory reac-

tion through downregulation of T cells32 or

macrophages.33,34

The third most common form of CMT is associ-

ated with the myelin protein zero (MPZ or P0), the

most abundant protein in peripheral myelin. More than

100 mutations in MPZ have been associated with the

demyelinating or axonal form of CMT as well as other

more severe forms of peripheral neuropathy such as

Dejerine–Sottas syndrome or congenital hypomyelina-

tion.35–37 The mutations result in dysfunctional mRNAs,

which escape the nonsense-mediated decay and accumu-

late in the endoplasmic reticulum (ER) or the myelin.38–

41 The mouse model MpzS63del mimics the distal

demyelination and reduced nerve conduction velocity

observed in CMT1B patients.41 This model could there-

fore be suitable to test the effect of ER unfolded protein

response inhibition on Schwann cell survival and

demyelination.

The axonal form of CMT concerns 20% of the

patients42 and has been linked to >15 genes. Some

CMT2-related genes such as NEFL, GAN1, and KIF1B

are involved in neuron-specific functions such as cyto-

skeleton organization or axonal transport. Many other

CMT2-related genes coding for small heat shock proteins

(HSPB1, HSPB3, HSPB8), aminoacyl-tRNA synthetases

(GARS, YARS, AARS, HARS, KARS), and proteins

involved in lipid metabolism (eg, MTMR2, RAB7,
SPTLC1, SPTLC2) are ubiquitously expressed and have

pleiotropic functions. These functions range from chaper-

one activity to autophagy, vesicular transport, or protein

and lipid biosynthesis. Why mutations in these genes

specifically affect the axonal compartment of motor neu-

rons is a challenging question that waits to be solved.

The 2 animal models of CMT2 that have been devel-

oped are the mutant mouse for the neurofilaments light

gene NEFL, which models CMT2E,43 and the mutant

mouse for the heat shock protein B1 HSPB1, which

models CMT2F.44 The latter represents the first attempt

of therapeutic strategy for CMT2.44 In the transgenic

mouse model used in this study, the mutant forms

S135F and P182L of HSPB1 depend on Thy1.2, a neu-

ronal promoter, allowing the expression of the transgene

exclusively in neurons. Remarkably, this conditional

expression is sufficient to elicit a phenotype resembling

CMT. At 6 months of age, mice develop a progressive

decline of the motor functions and axonal degeneration,

and show denervation of the neuromuscular junction and
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reduced action potential of the sciatic nerve (compound

muscle action potential).44 HSPB1 belongs to the small

heat shock protein family. These proteins are molecular

chaperones whose canonical role involves protein folding

under stress conditions, such as heat shock.45 They are

ubiquitously expressed and are involved in many essential

functions ranging from cytoskeleton regulation to apo-

ptosis, autophagy, and oxidative stress.46–49 Three mem-

bers of the small heat shock family have been associated

with CMT: HSPB1, HSPB3, and HSPB8.50–52 The

HSPB1 gene is associated with 17 CMT-causing muta-

tions.50,51,53–56 Nine of these mutations are located in

the a-crystallin domain, which is conserved among the

sHSP family and is essential for the formation of large

oligomers. Mutations located inside or outside the a-

crystallin domain have different effects on the protein

and result in different pathomechanisms. Only the muta-

tions located inside the a-crystallin domain have an

increased affinity for microtubules (MTs), resulting in an

overstabilized MT network.57,58 Interestingly, some can-

cer therapies using MT-stabilizing agents such as taxol

can eventually lead to peripheral neuropathy.59,60 In the

previously described mouse model of CMT2F, HSPB1

mutants also show an increased affinity for MT, resulting

in their overstabilization, at a presymptomatic stage.58

Stabilized MTs are often acetylated. At a postsympto-

matic stage, the MTs are deacetylated, and the acetylation

can be recovered and the CMT phenotype rescued by

using histone deacetylase inhibitors. These results suggest

that a sustained overstabilization of the MTs activates

regulatory mechanisms that eventually reverse the acetyla-

tion status of the MTs. This deacetylation would be

pathogenic.61 This is so far the only attempt at therapeu-

tic strategy and dissection of pathomechanisms for an

axonal form of CMT.

There are limits and caveats to the use of rodents

to model hereditary neuropathy. The first is the

difficulty of obtaining a good and relevant model for

the disease. This will depend on the mouse strain and

its genetic background, which cannot interfere with the

phenotype, and on the promoter of the transgene,

which should allow moderate expression of the target

protein to avoid artifacts linked to overexpression.

Second, the development of such model and their phe-

notypic assessment is time consuming. Also, the appari-

tion of the expected phenotype can never be

guaranteed. Given the numerous mutations and genes

associated with CMT, the development of a mouse

model for each of them represents a laborious strategy.

However, when an adequate model has been developed,

it becomes a powerful tool do dissect the pathomechan-

isms and assess therapeutic strategies.

Another model, Drosophila melanogaster, gains

increasing interest. Drosophila can be an efficient model

for the discovery of new therapeutics.62,63 The complete

genome of Drosophila is known, and the necessary tools

for the deletion or overexpression of any Drosophila gene

are available. The advantage of the fly model is the short

time of the reproductive cycle and the relatively limited

and costless resources needed to grow colonies. When a

fly model results in a phenotype, it can be used as a

readout to test modifier genes and drugs. Crossing the

original mutant flies with a wide range of genes (deleted

or overexpressed) allows the discovery of potential modi-

fiers. In this context, a modifier is a gene that will sup-

press or decrease the phenotype of the mutant flies.

Based on the modifiers, new potential drugs can be tar-

geted and tested. The therapeutic potential and efficiency

of large arrays of these chemical components will be

reflected by their ability to diminish or suppress the

pathological phenotype on the original mutant flies.

Because methods have been developed to properly assess

motor and sensory deficits in fly, the Drosophila model is

relevant to study CMT. The first and only published

Drosophila model of CMT concerns a dominant interme-

diate form of CMT (DI-CMTC), characterized by demy-

elination and axonal degeneration.64 DI-CMTC is

caused by 3 different mutations in the YARS gene, cod-

ing for the enzyme tyrosyl-tRNA synthetase. This ubiqui-

tous enzyme is indispensable to protein synthesis and

catalyzes the aminoacetylation of tRNA with tyrosine.

Specific expression of YARS mutants in Drosophila neu-

rons induces a progressive deficit of motor function asso-

ciated with specific degeneration of the associated axons,

forming the giant fiber.64 A Caenorhabditis elegans model

of CMT was also recently reported.65 In this model, a

sporadic mutation in HARS (hars-1 Arg137Gln) was

overexpressed in c-aminobutyric acidergic (GABAergic)

neurons of the nematode and resulted in gross morpho-

logical defects in commissural axons, denoted by failure

to reach the dorsal nerve cord, axonal beading, defascicu-

lation, and breaks in the visualized GABAergic dorsal

nerve cord. As a consequence, the worms developed a

progressive loss of motor neuron function and coordina-

tion resembling the human CMT phenotype.65 The lim-

its of these fly and worm models reside in the biological

differences between mammals and invertebrates regarding

the peripheral nervous system and peripheral glial cells.66

These differences will impact the mechanisms underlying

the phenotype but also the pharmacokinetic and pharma-

codynamic properties of potential therapeutic agents.

These differences could lead to false positives or false

negatives during a drug screening. Further validation in

mammals is therefore necessary.
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In addition to model-inspired therapeutics, gene

therapy is another promising strategy. When the severity

of the disease correlates with the level of the mutant

(overexpressed, or downregulated) protein, a gene therapy

compensating for the deficit or excess could be efficient.

Because the symptoms in inherited peripheral neuropa-

thies target the differentiated neuronal cell, the adenoviral

vector’s ability to transfer genes into differentiated post-

mitotic cells makes it advantageous for a gene delivery

system for the nervous system. A recent preclinical study

using the adeno-associated virus type 9 shows successful

and extensive transgene expression in the central nervous

system and in Schwann cells.67

Perspectives and Challenges for Future
Therapeutic Strategies

Although the range of therapeutic strategies for CMT is

expanding, the pharmaceutical industry has shown a

rather limited interest in the development of treat-

ments.68 So far, experimental studies have focused on the

pathomechanisms and therapeutic strategies for single

genes. Given the genetic heterogeneity of the diseases,

this might be an obstacle to investment by the pharma-

ceutical industry. There is a need to find common mech-

anisms toward which converge multiple mutations and

which lead to degeneration of the peripheral nerve. Some

common themes easily emerge. Cytoskeleton regulation,

axonal transport and trafficking, and key processes in the

maintenance of the axon, such as macroautophagy, mito-

chondria metabolism, and regulation of the oxidative

stress, may be potential targets. As an example, several

CMT2-causing mutations in NEFL, GAN1, and HSPB1

genes directly or indirectly affect intermediate filaments

in neurons.69–71 Interestingly, these intermediate fila-

ments can also be affected by mutation in Schwann

cells.72 Further support for common key cellular proc-

esses comes from recent evidence showing that different

CMT-causing mutations alter mitochondrial dynamics

and function or autophagy.73–80 Another challenge lies in

the phenotypic heterogeneity among the members of the

same family sharing the same mutation. This would

require predicting the efficiency of the therapeutic

approaches. The use of induced pluripotent stem cells

derived from the fibroblast of each patient is an interest-

ing but expensive technique that could allow some pre-

clinical test of efficiency. To avoid costly and lifelong

unnecessary treatment, a better prediction of the disease

severity is also needed. The development of biomarkers

will allow a more precise understanding of the pathome-

chanisms. Another challenge resides in the rare forms of

CMT for which the development of therapeutic strategies

and clinical trials may be difficult. For these rare forms,

collaboration among clinicians and institutions may need

to be increased to improve the accessibility to the patient

data and biosamples.

Conclusions

The first CMT disease mutation (the CMT1A duplica-

tion on chromosome 17p11.2) was described in

1991.81,82 Since then, >900 mutations in 60 genes have

been linked to CMT neuropathy and related disorders.

The large percentage of unsolved cases predicts an

increasing number of discoveries of CMT-causative genes

in the coming years. Paradoxically, there is a need to

focus on the therapeutic approaches. This will be

achieved through a better understanding of the common

pathomechanisms using adequate animal models. Finally,

a real improvement in the development of efficient thera-

pies in CMT cannot occur without an efficient partner-

ship between patients, clinical investigators, governmental

institutions, and the pharmaceutical industry.
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