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ABSTRACT 
 

Charcot-Marie-Tooth (CMT) disease is characterized by the degeneration of 

peripheral motor and sensory neurons, leading to progressive muscle weakness and 

wasting, and sensory loss. Electrophysiological and pathological criteria allow the 

distinction between demyelinating, axonal and intermediate forms of CMT. The disease 

is genetically heterogeneous, with currently more than 30 genes causally linked to CMT. 

The molecular underpinnings of the peripheral motor and sensory neuropathy are poorly 

understood, and there is no effective drug treatment available. In this chapter, we discuss 

the use of Drosophila melanogaster as a genetic model organism for CMT. Major 

advantages include the possibility to study the effect of CMT-associated mutant proteins 

on motor and sensory neurons in their physiological context, and its suitability to perform 

genetic screens. To illustrate the usefulness of Drosophila as a model for CMT, we 

highlight forms of CMT that are associated with mutations in tRNA synthetases. These 

enzymes ligate amino acids to their cognate tRNA, and therefore catalyze an essential 

step in protein synthesis. Mutations in the genes encoding tyrosyl-tRNA synthetase 

(YARS), glycyl-tRNA synthetase (GARS), alanyl-tRNA synthetase (AARS), and possibly 

lysyl-tRNA synthetase (KARS) and histidyl-tRNA synthetase (HARS) give rise to axonal 

and intermediate forms of CMT. Loss of aminoacylation activity per se is not the cause 

of the disease, although the possibility that altered subcellular localization of 

aminoacylation-active mutants could lead to defects in local protein synthesis cannot be 

excluded at the present moment. Current evidence suggests that the disease may be 

caused by a gain-of-toxic function mechanism, the molecular nature of which remains 

elusive. The future use of Drosophila CMT models in genetic screens for disease-

modifying genes may be of great value to unravel the molecular mechanisms of disease, 

and to identify possible therapeutic targets. 
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INTRODUCTION 
 

Charcot Marie Tooth disease (CMT) is the most common inherited neuromuscular 

disorder and has an estimated prevalence of 1 in 2500 individuals (Martyn and Hughes, 

1997). CMT is characterized by distal muscle weakness and atrophy, sensory loss, decreased 

reflexes, and foot deformities. These classical symptoms are due to degeneration of peripheral 

motor and sensory nerves, whereby the longest nerves are preferentially affected. Hence, 

CMT is also referred to as hereditary motor and sensory neuropathy. The disease usually 

occurs in the first two decades of life and is subsequently slowly progressive over decades 

(Dyck, 1993). 

CMT is both clinically and genetically heterogeneous. Traditionally, two main forms are 

distinguished, namely demyelinating and axonal forms of CMT. Clinically, the distinction is 

based on electrophysiological criteria: nerve conduction velocities (NCVs) lower than 38m/s 

are classified as demyelinating, whereas NCVs higher than 38m/s are considered axonal 

forms (Reilly et al., 2011). Demyelinating forms of CMT are pathologically characterized by 

segmental demyelination and remyelination with so called onion bulb formations - concentric 

arrangements of supernumerary Schwann cells around an incompletely remyelinated axon. 

Demyelinating forms are classified as CMT1 if the inheritance pattern is autosomal dominant, 

and CMT4 in case of autosomal recessive inheritance (Patzko and Shy, 2011). Many CMT1- 

and CMT4-associated genes are expressed in myelinating Schwann cells but not in neurons. 

However, the primary demyelination in these forms of CMT ultimately leads to (secondary) 

axonal degeneration, and the classical CMT symptoms can be mainly attributed to this axonal 

degeneration, rather than the demyelination itself (Pareyson and Marchesi, 2009). Whereas 

demyelinating CMT accounts for the majority of CMT cases, axonal forms (CMT2) give rise 

to about 20% of CMT cases (Ajroud-Driss et al., 2011). Electrophysiologically, axonal CMT 

is characterized by normal or mildly slowed NCVs, but with reduced compound action 

potential amplitudes. Pathologically, evidence of chronic axonal degeneration and 

regeneration is found. The majority of CMT2 is autosomal dominant, but autosomal recessive 

forms have been described (Pareyson and Marchesi, 2009). More recently, it has become 

evident that a clear distinction between demyelinating and axonal forms of CMT is not 

always possible, and intermediate forms between CMT1 and CMT2 are recognized. These 

forms of intermediate CMT are characterized by intermediate NCVs (25-45 m/s) and 

pathological features of both demyelination and axonal degeneration (Nicholson and Myers, 

2006). Apart from autosomal dominant and autosomal recessive forms of intermediate CMT, 

X-linked CMT often shows intermediate NCVs and pathological evidence of axonal loss and 

some demyelination, with few onion bulbs (Kleopa and Scherer, 2006). 

Further subdivision of CMT types is based on causative genes or assigned loci. To date, 

more than 30 genes have been associated with CMT (Table 1). These genes encode proteins 

with often very different molecular functions suggesting that derailment of multiple 
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molecular pathways can give rise to peripheral motor and sensory neuropathy. Molecular and 

cellular pathways that may be involved in CMT molecular pathogenesis include myelination 

and myelin maintenance, axonal transport, mitochondrial dynamics, endosomal trafficking, 

axon-Schwann cell interaction, transcriptional regulation and protein chaperone activity 

(Ajroud-Driss et al., 2011; Patzko and Shy, 2011). To increase complexity even further, 

CMT-associated proteins have very different expression patterns and subcellular localizations 

(Table 1). Indeed, some CMT gene products are selectively expressed in Schwann cells or 

neurons, whereas others are ubiquitously expressed. This raises the question why mutations in 

such ubiquitously expressed genes give rise to the specific peripheral neuropathy phenotype. 

Moreover, CMT proteins can be localized to the cytoplasm, the nucleus, mitochondria, ER, 

endosomes, the plasma membrane, myelin or neuronal cytoskeleton (Pareyson and Marchesi, 

2009). 

Thus, the exact molecular mechanisms by which CMT-associated genes lead to 

peripheral neuropathy are still enigmatic, and there is no effective drug treatment available for 

CMT. Clearly, there is an urgent need for better insights into the molecular pathogenesis of 

CMT, to identify therapeutic targets, and to test potential therapeutic agents. Animal models 

for CMT, including Drosophila models, can be instrumental to achieve these goals. 

 

 

CELLULAR AND ANIMAL MODELS FOR CMT 
 

Studies on CMT patients and patient-derived samples allow genetic analysis to identify 

causative genes, analysis of genotype/phenotype correlation, clinical trials to test the 

efficiency of candidate (drug) treatments and neuropathological analysis of post-mortem 

tissue samples. However, despite the relevance of directly conducting studies on CMT 

patients, such studies have several limitations. These include (i) the fact that invasive studies 

are not possible, so that e.g. neuropathology in early disease stages cannot be assessed, (ii) the 

often very limited number of patients with certain genetic mutations, and (iii) the fact that 

clinical trials are expensive and need to be based on good preclinical evidence in cellular or 

animal models. For these reasons, cellular and animal models are of key importance to study 

the molecular pathogenesis of CMT. 

 

 

Cellular Models for CMT 

 

Advantages of cellular models for CMT are the relative ease of studying cellular 

processes (e.g. axonal transport), and their suitability for genetic (e.g. using small interfering 

RNAs) or pharmacological manipulation and screening. An obvious drawback is that the 

physiological, in vivo context is missing when culturing cells in a dish. The use of co-

cultures, e.g. of neurons and Schwann cells, addresses, but does not solve this problem. 

Cellular CMT models can be divided into patient-derived and non-human, typically mouse 

(model) derived cells. 
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The use of patient-derived cells is obviously very relevant, because one works in the 

disease genetic background. Traditionally, blood sample-derived lymphocyte cultures or 

fibroblasts obtained from skin biopsy are used. Limitations are that these cells can only be 

used if the CMT-associated gene is expressed in lymphocytes or fibroblasts and obviously 

these cells are not the affected cell types in CMT. It recently became possible to overcome 

these limitations by the use of induced pluripotent stem cells (iPSCs). These cells can be 

derived from fibroblasts, allow unlimited proliferation, and can be differentiated into all cell 

types of the body, including motor and sensory neurons and Schwann cells (Dolmetsch and 

Geschwind, 2011; Marchetto et al., 2011). Although this technology holds great promise for 

studying molecular mechanisms of disease and identifying possible therapeutic compounds, 

the procedure to generate iPSCs and subsequent differentiation is elaborate, time-consuming, 

and technically challenging. Furthermore, at the present moment it is not yet possible to 

obtain "pure" cultures of the CMT-relevant cell types, and the obtained cells often correspond 

to "embryonic" stages, which is a disadvantage when studying adolescent or adult-onset 

diseases (Dolmetsch and Geschwind, 2011; Marchetto et al., 2011). In contrast to patient-

derived cells, derivation of cells from animal models allows the generation of primary 

neuronal or Schwann cell cultures (or co-cultures), as well as the derivation of these cell types 

from embryonic stem cells (ESCs) or iPS cells. CMT rodent models are typical sources for 

these cells. 

 

 

Animal Models for CMT 

 

CMT animal models have the major advantage that the disease-relevant cell types can be 

studied in their physiological context, and that the effect of disease-associated mutations on 

animal behaviour and physiology can be evaluated. However, the price to pay for this are the 

anatomical and genetic differences between animal models and humans, which become more 

prominent with increasing evolutionary distance. Indeed, when constructing an animal model 

for CMT, one hopes not only to recapitulate the hallmark disease phenotypes, but also the 

cellular and molecular mechanisms that lead to disease in patients. If this is not the case, 

studying the animal model in question will never allow to decipher the molecular 

pathogenesis underlying the human disease. Therefore, we think it is important that the 

animal model has an orthologue of the studied CMT-associated gene, in order to maximize 

the chances that the molecular pathways that lead to CMT in humans are conserved in the 

animal model. Obviously, even if this is the case, one should keep in mind that the CMT-

associated gene may have acquired additional functions during evolution. If alteration of this 

additional function would be the molecular cause of the disease, the animal model will not be 

suitable for cracking the "CMT code". 

The most popular animal models for neurodegenerative diseases are - with increasing 

evolutionary distance - rodent models (mouse and rat), zebrafish, Drosophila melanogaster 

and C. elegans. When modelling CMT in such animal models, the genetic approach will be 

determined by the mode of inheritance of the CMT form studied. 

 



 

Table 1. Different forms of CMT and associated genes 

 
Type Subtype OMIM Gene Inheritance Location Molecular function Atypical clinical phenotypes 

CMT1 

CMT1A 118220 PMP22 autosomal dominant compact myelin myelination, cell growth, differentiation  

CMT1B 118200 MPZ autosomal dominant compact myelin cell adhesion  

CMT1C 601098 LITAF/SIMPLE autosomal dominant Schwann cells transcription factor  

CMT1D 607678 EGR2 autosomal dominant Schwann cells transcription factor  

CMT1E 118300 PMP22 autosomal dominant compact myelin myelination, cell growth, differentiation hearing loss 

CMT1F 607734 NEFL autosomal dominant neuronal cytoskeleton regulation of axonal diameter, axonal 

transport 

 

CMT2 

CMT2A1 118210 KIF1B autosomal dominant ubiquitous axonal transport  

CMT2A2 609260 MFN2 autosomal 

dominant/recessive 

mitochondrial membrane 

and ER 

fusion of mitochondria; mitochondria-ER 

interactions 

 

CMT2B 600882 RAB7 autosomal dominant late endosomes regulates vesicular transport  

CMT2B1 605588 LMNA autosomal recessive nuclear lamina nuclear stability, chromatin structure and 

gene expression 

 

CMT2B2 605589 MED25 autosomal recessive nucleoplasm transcriptional regulation  

CMT2C 606071 TRPV4 autosomal dominant cell membrane ion channel, mediates calcium influx diaphragmatic and vocal cord paresis 

CMT2D 601472 GARS autosomal dominant cytoplasm, mitochondrial 

matrix 

protein translation  

CMT2E 607684 NEFL autosomal dominant neuronal cytoskeleton regulation of axonal diameter, axonal 

transport 

 

CMT2F 606595 HSPB1 autosomal dominant cytoplasm stress resistance, actin and intermediate 

filament organization, chaperone activity, 

anti-apoptotic activity, proteasome activation 

 

CMT2G 608591 unknown autosomal dominant    

CMT2H 607731 GDAP1 autosomal recessive outer mitochondrial 

membrane 

regulation of mitochondrial dynamics pyramidal features 

CMT2J 607736 MPZ autosomal dominant compact myelin cell adhesion hearing loss and pupillary 

abnormalities 

CMT2K 607831 GDAP1 autosomal dominant/ 

recessive 

outer mitochondrial 

membrane 

regulation of mitochondrial dynamics  

CMT2L 608673 HSPB8 autosomal dominant cytoplasm chaperone activity  

 

 



 

Table 1. (Continued) 

 
Type Subtype OMIM Gene Inheritance Location Molecular function Atypical clinical phenotypes 

 CMT2M 606482 DNM2 autosomal dominant cytoplasm endocytosis  

CMT2N 613287 AARS autosomal dominant cytoplasm protein translation  

CMT2O 614228 DYNC1H1 autosomal dominant cytoplasm axonal transport  

CMT2P 614436 LRSAM1 autosomal 

dominant/recessive 

cytoplasm E3 ubiquitin-protein ligase  

CMT3 
CMT3 145900 MPZ, EGR2, 

PMP22,PRX 

autosomal 

dominant/recessive 

Schwann cells multiple Dejerine-Sottas neuropathy 

CMT4 

CMT4A 214400 GDAP1 autosomal recessive outer mitochondrial 

membrane 

regulation of mitochondrial dynamics  

CMT4B1 601382 MTMR2 autosomal recessive cytoplasm phosphatase activity, dephosphorylates 

PI3P and PI3,5P2 

 

CMT4B2 604563 SBF2/MTMR13 autosomal recessive cytoplasm pseudophosphatase; dimerizes with 

MTMR2, thereby increasing its 

enzymatic activity 

early-onset glaucoma can occur 

CMT4C 601596 SH3TC2 autosomal recessive Schwann cell plasma 

membrane and perinuclear 

endocytic recycling 

compartment 

endocytic recycling pathway  

CMT4D 601455 NDRG1 autosomal recessive cytoplasm growth arrest and cell differentiation hearing loss 

CMT4E 605253 EGR2 autosomal recessive Schwann cells transcription factor congenital hypomyelinating neuropathy 

CMT4F 145900 PRX autosomal recessive Schwann cells myelin maintenance  

CMT4G 605285 unknown autosomal recessive    

CMT4H 609311 FGD4 autosomal recessive cytoplasm guanine nucleotide exchange factor for 

the Rho GTPase CDC42; F-actin 

binding and crosslinking activity 

 

CMT4J 611228 FIG4 autosomal recessive endosome membrane PI3,5P2 phosphatase  

CMT5 CMT5 600361 multiple autosomal dominant   pyramidal features 

CMT6 
CMT6 601152 MFN2 autosomal dominant mitochondrial membrane and 

ER 

fusion of mitochondria; mitochondria-

ER interactions 

optic atrophy 

DI-CMT 
DI-CMTA 606483 unknown autosomal dominant    

DI-CMTB 606482 DNM2 autosomal dominant cytoplasm endocytosis  

Type Subtype OMIM Gene Inheritance Location Molecular function Atypical clinical phenotypes 



 

Type Subtype OMIM Gene Inheritance Location Molecular function Atypical clinical phenotypes 

 

DI-CMTC 608323 YARS autosomal dominant cytoplasm protein translation  

DI-CMTD 607791 MPZ autosomal dominant compact myelin cell adhesion  

DI-CMTE 614455 INF2 autosomal dominant cytoplasm actin dynamics focal segmental glomerulonephritis 

RI-CMT 

RI-CMTA 608340 GDAP1 autosomal recessive outer mitochondrial 

membrane 

regulation of mitochondrial dynamics  

RI-CMTB 613641 KARS autosomal recessive cytoplasm, mitochondria protein translation developmental delay, self-abusive 

behaviour, dysmorphic features and 

vestibular Schwannoma 

CMTX 

CMTX1 302800 GJB1 (Cx32) X-linked dominant Schwann cells and 

oligodendrocytes 

gap junction protein  

CMTX2 302801 unknown X-linked recessive    

CMTX3 302802 unknown X-linked recessive    

CMTX4 310490 unknown X-linked recessive   deafness and mental retardation 

CMTX5 311070 PRPS1 X-linked recessive  purine and pyrimidine biosynthesis optic atrophy, deafness, polyneuropathy 

CMT types and subtypes, inheritance pattern, associated genes with their subcellular localization pattern and molecular function, and atypical clinical 

phenotypes are listed. 
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In case of a recessive inheritance pattern, the disease is most likely caused by partial or 

full loss of gene function. Therefore, inducing loss-of-function mutations in the orthologous 

gene may provide an animal model for CMT in these cases. In case of dominant inheritance, 

overexpression of the mutant human gene, or of the orthologous gene that carries the 

corresponding disease-causing mutation, may result in a suitable CMT animal model. For 

both modes of inheritance, "knock-in" models will best recapitulate the genetic situation in 

human patients. However, one caveat is that knock-in models carry the inherent risk that the 

introduced (often subtle) mutations may not result in CMT-associated phenotypes during the 

relatively short life span of the animal model. 

All CMT-associated genes known to date have orthologues in mice, and mouse models 

are now available for 17 genetic forms of CMT (Table 2). These mouse models often 

recapitulate several disease phenotypes, and are invaluable to study cellular and molecular 

mechanisms of disease and to evaluate potential pharmacological treatments (Fledrich et al., 

2012). However, because of the high cage costs, space requirements and life cycle duration, 

genome-wide unbiased genetic screens to identify disease-modifying genes seem practically 

impossible. Given the fact that the molecular pathogenesis of CMT is poorly understood, and 

that the disease may be caused by toxic gain-of-function mechanisms, in particular for 

dominantly inherited forms of CMT, such genetic screens may be necessary to elucidate the 

molecular mechanisms of disease. Indeed, if CMT-associated mutations cause the protein to 

interfere with molecular pathways that are distinct from the normal functions of the protein 

(e.g. when the mutant protein acquires novel protein-protein interactions), it is very unlikely 

that hypothesis-driven research will be able to uncover the disease-causing molecular 

mechanisms. Therefore, a key advantage of small non-vertebrate model organisms such as 

Drosophila melanogaster and C. elegans is that they allow conducting genetic screens for 

disease-modifying genes. Identification of these genes may not only provide insights into the 

molecular pathogenesis of CMT, but may also identify putative therapeutic targets. 

 

 

DROSOPHILA AS A MODEL FOR CMT 
 

Apart from its suitability for genetic screens, experimental advantages of working with 

Drosophila are its short life cycle (10 days at 25°C from fertilized egg to reproducing adult), 

the ease and cheapness of its culture, the large number of offspring, the ease of genetic 

manipulation and the multitude of genetic tools available (Venken and Bellen, 2005). 

Furthermore, the organisational principles of the nervous system are remarkably conserved 

between flies and vertebrates (including humans). 

The Drosophila central nervous system (CNS) consists of brain and ventral nerve cord 

(VNC), the latter being the homologous structure to the spinal cord in mammals (Figure 1). 

Lower motor neurons in Drosophila have their cell bodies in the VNC, and project axons to 

peripheral muscles, where they form neuromuscular junctions (NMJs). Sensory neurons have 

their cell bodies in the periphery, and project into the central nervous system. Basic 

neurophysiological principles (e.g. conduction of action potentials, transmission of signals by 

release of neurotransmitters packaged in synaptic vesicles, the synaptic vesicle cycle, etc.) are 

conserved. 
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Table 2. Mouse models for CMT 

 

Human Gene 

Symbol 
Subtype Human Gene 

Mouse 

Gene 

Mouse model 

for CMT 

available 

"Kind" of model 

PMP22 

CMT1A, 

CMT1E, 

CMT3 

peripheral myelin protein 22 Pmp22 YES 

PMP22 transgenic 

mice, spontaneous 

Pmp22 point 

mutations 

MPZ 

CMT1B, 

CMT2J, 

CMT3, DI-

CMTD 

myelin protein zero Mpz YES Null and knock-in 

LITAF 

(SIMPLE) 
CMT1C  

lipopolysaccharide-induced 

tumour necrosis factor 
Litaf NO 

Litaf null mice do 

not display 

peripheral 

neuropathy 

EGR2 

CMT1D, 

CMT3, 

CMT4E 

early growth response 2 Egr2 YES 

knock-out and 

conditional 

knock-out 

NEFL 
CMT1F, 

CMT2E 

neurofilament, light 

polypeptide 
Nefl YES 

NEFL(P22S) 

transgenic mice 

KIF1B CMT2A1 kinesin family member 1B Kif1b YES 

Kif1b 

heterozygous 

mice 

MFN2 
CMT2A2, 

CMT6 
mitofusin 2 Mfn2 YES 

Mfn2 T105M 

transgenic mice 

RAB7 CMT2B 
RAB7, member RAS 

oncogene family 
Rab7 NO  

LMNA CMT2B1 lamin A/C Lmna YES Null 

MED25 CMT2B2 mediator complex subunit 25 Med25 NO  

TRPV4 CMT2C 

transient receptor potential 

cation channel, subfamily V, 

member 4 

Trpv4 NO  

GARS CMT2D glycyl-tRNA synthetase Gars YES  

ENU-induced 

Gars point 

mutations 

HSPB1 CMT2F heat shock 27kDa protein 1 Hspb1 YES 
mutant HSPB1 

transgenic mice 

GDAP1 

CMT2H, 

CMT2K, 

CMT4A, 

RI-CMTA 

ganglioside-induced 

differentiation-associated-

protein 1 

Gdap1 NO  

HSPB8 CMT2L heat shock 22kDa protein 8 Hspb8 NO  

DNM2 
CMT2M, 

DI-CMTB 
dynamin 2 Dnm2 NO 

knock-in model 

for centronuclear 

myopathy 

available, but no 

peripheral 

neuropathy model 
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Table 2. (Continued) 

 

Human Gene 

Symbol 
Subtype Human Gene 

Mouse 

Gene 

Mouse 

model for 

CMT 

available 

"Kind" of 

model 

AARS CMT2N alanyl-tRNA synthetase Aars NO 

Sticky mouse 

displays 

cerebellar ataxia 

but no 

peripheral 

neuropathy 

DYNC1H1 CMT2O 
dynein cytoplasmic 1 heavy 

chain 1 
Dync1h1 YES 

missense 

mutations in 

Loa and Cra1 

mice, 9 

nucleotide 

deletion in Swl 

mice 

LRSAM1 CMT2P 
leucine rich repeat and sterile 

alpha motif containing 1 
Lrsam1 NO  

PRX 
CMT3, 

CMT4F 
periaxin Prx YES Null 

MTMR2 CMT4B1 myotubularin related protein 2 Mtmr2 YES 
Null and E276X 

knock-in 

SBF2 

(MTMR13) 
CMT4B2 SET binding factor 2 Sbf2 YES Null 

SH3TC2 CMT4C 
SH3 domain and 

tetratricopeptide repeats 2 
Sh3tc2 YES Null 

NDRG1 CMT4D 
N-myc downstream regulated 

gene 1 
Ndrg1 YES  Null 

FGD4 CMT4H 
FYVE, RhoGEF and PH 

domain containing 4 
Fgd4 NO  

FIG4 CMT4J 
FIG4 homologue, SAC1 lipid 

phosphatase domain containing 
Fig4 YES 

'pale tremor' 

mice contain a 

homozygous 

transposon 

insertion in 

intron 18 of the 

Fig4 gene 

YARS DI-CMTC tyrosyl-tRNA synthetase Yars NO  

INF2 DI-CMTE 
inverted formin, FH2 and WH2 

domain containing 
Inf2 NO  

KARS RI-CMTB lysyl-tRNA synthetase Kars NO  

GJB1 CMTX 1 
gap junction protein, beta 1, 

connexin32 
Gjb1 YES 

Null and Cx32 

R142W 

transgenic mice 

PRPS1 CMTX5 
phosphoribosyl pyrophosphate 

synthetase 1 
Prps1 NO  

Mouse homologs of CMT-associated genes and available mouse models for the different CMT 

subtypes are listed. 

 

Because of its relevance for modelling CMT, the development and anatomy of the 

Drosophila neuromuscular system is described in more detail in the next paragraphs. 
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Figure 1. A, B, The neuromuscular system in Drosophila larvae. (A) Confocal image of an abdominal 

segment of the larval body wall showing the innervation pattern of the muscle fibers by motor neurons. 

Motor neurons are labelled in magenta and muscle fibers are labelled in green. (B) Schematic diagram 

of the innervation pattern of the intersegmental nerve (ISN) and the segmental nerve (SN) pathways; 

the transverse nerve (TN) is not displayed. C, D, The adult neuromuscular system. (C) Schematic 

representation of the adult nervous system with the brain (B), ventral nerve cord (VNC) and peripheral 

nerves. (D) Schematic representation of the adult muscle system. In the head, the rostral retractor is 

labelled in orange and the pharyngeal dilators are labelled in purple. In the thorax, the dorsal 

longitudinal muscles (DLMs) are labelled in blue, the dorsoventral muscles are labelled in yellow, and 

the tergotrochanteral muscle (TTM) is labelled in green. E, Schematic drawing of a cross-section 

through a peripheral nerve (Rodrigues et al., 2011). 
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The Drosophila Neuromuscular System 
 

During Drosophila development, two distinct phases of neurogenesis occur: the first 

during embryonic development, and the second during larval life and early metamorphosis 

(Lin and Lee, 2012). Embryonic neurogenesis begins at stage 9 of 17 embryonic stages, with 

the delamination of neuronal stem cells, called neuroblasts, from the ectodermal germ layer. 

Neuroblasts subsequently produce a series of ganglion mother cells. At stage 13, the progeny 

of ganglion mother cells begins to differentiate into neurons and glial cells (Lin and Lee, 

2012). The Drosophila embryo can be subdivided into 3 thoracic (T1-T3) and 8 abdominal 

(A1-A8) segments. Each abdominal hemisegment from A1-A7 contains 30 muscle fibers, 

which can be subdivided into ventral and lateral musculature (Fernandes and Keshishian, 

1999). During embryonic development, the axons of 36 motor neurons per hemineuromer 

project through 3 principal nerves into the muscle field: two main nerves, the intersegmental 

nerve (ISN) and segmental nerve (SN), and a minor one, the transverse nerve (TN), which 

contains two motor axons and projects along the segment border (Landgraf and Thor, 2006). 

Embryonic motor neurons mediate embryonic contractions and larval hatching. 

In the larval stage, neuromuscular junctions progressively enlarge as the animal grows, so 

that by the end of the third instar the muscles are 10 times their embryonic lengths, and motor 

neurons show a significant expansion in synaptic branching and bouton number. The larval 

neuromuscular system consists of a segmentally repeated array of dorsal, ventral and lateral 

muscle fibers, with variations in specific thoracic and abdominal segments (Figure 1A and B). 

The motor neurons are segmentally repeated, and mediate larval behaviours such as crawling, 

feeding and moulting. Drosophila motor neurons are glutamatergic, whereas the presynaptic 

interneurons are predominantly cholinergic (Fernandes and Keshishian, 1999). 

During metamorphosis, almost all of the larval musculature is histolyzed and replaced by 

proliferating muscle progenitor cells that were set aside by the end of embryogenesis. In 

contrast, the vast majority of adult motor neurons derive from functional larval motor 

neurons, which are structurally re-specified to innervate adult muscle targets (Fernandes and 

Keshishian, 1999). In contrast to motor neurons, almost all larval sensory neurons degenerate 

during metamorphosis and are replaced by adult neurons, which develop from imaginal discs. 

Likewise, most adult interneurons are formed during metamorphosis, although other 

interneurons are remodelled larval interneurons, which may carry out new tasks during 

adulthood (Tissot and Stocker, 2000). 

In the adult, there are distinct sets of muscles in the head, thorax, and abdomen that 

mediate adult-specific motor functions such as flight, walking, feeding and copulation (Figure 

1). The largest muscles are located in the thorax, and are involved in walking and flight. Each 

hemithorax has about 80 muscle fibers that are divided in dorsal and ventral sets. Much of the 

dorsal thorax is occupied by the indirect flight muscles (IFMs), consisting of 13 muscle fibers 

per hemithorax. Six of these comprise the dorsal longitudinal muscles (DLMs), which are 

innervated by five identified mesothoracic motor neurons. The remaining seven fibers make 

up the dorsoventral muscles (DVMs) (Figure 1), which are mononeuronally innervated by 

seven motor neurons. DLMs are the wing depressors, whereas DVMs are the wing elevators. 

The alternative contraction and relaxation of these muscles generates the wing beat during 

flight. The other group of thoracic muscles are the direct flight muscles (DFMs), 17 in 

number. DFMs are smaller than IFMs, and are located at the base of the wing. They are 

responsible for steering functions of the wing during flight. The largest tubular muscle in the 
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thorax is the jump muscle, also known as tergotrochanteral muscle (TTM). The TTM is a 

ventral mesothoracic muscle, which executes the jump motion and is innervated by the 

tergotrochanteral motor neuron (TTMn) (Figure 1). Among the prominent muscles in the 

head are the pharyngeal dilators involved in feeding, the rostral retractors, which control 

movements of the proboscis, and the ptilinum retractors, which are used during adult 

emergence (Figure 1). In contrast to thoracic and head musculature, adult abdominal muscles 

have a simple organization and bear a closer similarity to larval musculature (Figure 1). There 

are sets of dorsal, ventral, and lateral muscle fibers in segments A1-A6. A few segment-

specific specializations of muscle fibers are also evident in the adult abdomen, including the 

male-specific muscle (MSM) in the fifth abdominal segment. The terminal abdominal 

segments also show sex-specific muscle fiber patterning variations, and there are specific 

muscles associated with the ovary and the testes. 

 

 

Which Types of CMT Can Be Modeled in Drosophila? 
 

Particularly relevant for CMT is the anatomy of Drosophila peripheral nerves. As can be 

seen in Figure 1E, axons are ensheathed by wrapping glia, considered to be analogous to 

vertebrate Schwann cells. Peripheral nerve bundles are surrounded by subperineurial and 

perineurial glia, which form the blood-nerve barrier (Stork et al., 2008). However, despite the 

similarities between Drosophila and vertebrate peripheral nerves, Drosophila peripheral 

nerves lack myelin, and do not possess saltatory nerve conduction. In accordance with that, 

Drosophila lacks close homologs of all CMT1-associated genes (PMP22, MPZ, LITAF, 

ERG2 and NEFL). For these reasons, we think that Drosophila is not a suitable model to 

study the demyelinating forms of CMT. 

However, we believe that Drosophila is well suited to model axonal and intermediate 

forms of CMT, as axonal morphology and function is conserved, and the vast majority of 

axonal and intermediate CMT-associated genes have close homologs in Drosophila (Table 3). 

Mutants of the Drosophila homologs of CMT-associated genes can provide insight into the 

endogenous function of these genes, and - in case of (occasional) recessive inheritance - may 

provide a Drosophila CMT model. Remarkably, most of the Drosophila homologs of CMT-

associated genes have not or only to a very limited extent been studied. Only for Drosophila 

homologs of LMNA, DNM2 and DYNC1H1 more than 10 original research papers are 

available (Table 3). 

In case of a dominant inheritance pattern, the disease may be caused by haplo-

insufficiency, a dominant negative mechanism, gain-of-wild-type-function or gain-of-toxic-

function. Expression of a human CMT-mutant protein in Drosophila, or overexpression of the 

homologous Drosophila protein with the CMT-associated mutations introduced in the 

homologous amino acid residues, may provide a Drosophila CMT model, except in case of a 

haplo-insufficient mechanism. Indeed, in the latter case, 50% reduction of gene dosage 

(inactivation of one allele by the CMT mutation) is sufficient to cause the disease. 

Overexpression of such a protein with a loss-of-function mutation in an otherwise wild-type 

Drosophila background (the Drosophila homolog of the disease gene is intact) may not 

induce phenotypes. 
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Table 3. Drosophila homologues of CMT-associated genes 

 

Human Gene 

Symbol 
Subtype Human gene name 

Drosophila 

homologue 
Gene name CG number 

Papers on 

gene function 

in Drosophila 

PMP22 

CMT1A, 

CMT1E, 

CMT3 

peripheral myelin 

protein 22 
NO n.a. n.a. n.a. 

MPZ 

CMT1B, 

CMT2J, 

CMT3,DI-

CMTD 

myelin protein 

zero 
NO n.a. n.a. n.a. 

LITAF 

(SIMPLE) 
CMT1C 

lipopolysaccharide

-induced tumour 

necrosis factor 

NO n.a. n.a. n.a. 

EGR2 

CMT1D, 

CMT3, 

CMT4E 

early growth 

response 2 
NO n.a. n.a. n.a. 

NEFL 
CMT1F, 

CMT2E 

neurofilament, 

light polypeptide 
NO n.a. n.a. n.a. 

KIF1B CMT2A1 
kinesin family 

member 1B 
YES unc-104 CG8566 4 

MFN2 
CMT2A2, 

CMT6 
mitofusin 2 YES 

Marf CG3869 5 

fzo CG4568 2 

RAB7 CMT2B 

RAB7, member 

RAS oncogene 

family 

YES Rab7 CG5915 6 

LMNA CMT2B1 lamin A/C YES 
Lam CG6944 41 

LamC CG10119 13 

MED25 CMT2B2 
mediator complex 

subunit 25 
YES MED25 CG12254 0 

TRPV4 CMT2C 

transient receptor 

potential cation 

channel, subfamily 

V, member 4 

YES 

nan CG5842 7 

iav CG4536 12 

GARS CMT2D 
glycyl-tRNA 

synthetase 
YES Aats-gly CG6778 1 

HSPB1 CMT2F 
heat shock 27kDa 

protein 1 
multiple multiple multiple n.a. 

GDAP1 

CMT2H, 

CMT2K, 

CMT4A,  

RI-CMTA 

ganglioside-

induced 

differentiation-

associated-protein 

1 

YES CG4623 CG4623 0 

HSPB8 CMT2L 
heat shock 22kDa 

protein 8 
multiple multiple multiple n.a. 

DNM2 
CMT2M, 

DI-CMTB 
dynamin 2 YES shi CG18102 44 

AARS CMT2N 
alanyl-tRNA 

synthetase 
YES Aats-ala CG13391 1 

DYNC1H1 CMT2O 

dynein 

cytoplasmic 1 

heavy chain 1 

YES Dhc64c CG7507 35 
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Human Gene 

Symbol 
Subtype Human gene name 

Drosophila 

homologue 
Gene name CG number 

Papers on 

gene function 

in Drosophila 

LRSAM1 CMT2P 

leucine rich repeat 

and sterile alpha 

motif containing 1 

NO n.a. n.a. n.a. 

PRX 
CMT3, 

CMT4F 
periaxin NO n.a. n.a. n.a. 

MTMR2 CMT4B1 
myotubularin 

related protein 2 
YES mtm CG9115 1 

SBF2 

(MTMR13) 
CMT4B2 

SET binding factor 

2 
YES Sbf CG6939 2 

SH3TC2 CMT4C 

SH3 domain and 

tetratricopeptide 

repeats 2 

NO n.a. n.a. n.a. 

NDRG1 CMT4D 

N-myc 

downstream 

regulated gene 1 

YES MESK2 CG15669 0 

FGD4 CMT4H 

FYVE, RhoGEF 

and PH domain 

containing 4 

YES RhoGEF4 CG8606 2 

FIG4 CMT4J 

FIG4 homolog, 

SAC1 lipid 

phosphatase 

domain containing 

YES CG17840 CG17840 0 

YARS DI-CMTC 
tyrosyl-tRNA 

synthetase 
YES Aats-tyr CG4561 0 

INF2 DI-CMTE 

inverted formin, 

FH2 and WH2 

domain containing 

YES form3 CG33556 1 

KARS RI-CMTB 
lysyl-tRNA 

synthetase 
YES aats-lys CG12141 0 

GJB1 CMTX 1 

gap junction 

protein, beta 1, 

connexin32 

NO n.a. n.a. n.a. 

PRPS1 CMTX5 

phosphoribosyl 

pyrophosphate 

synthetase 1 

YES CG6767 CG6767 0 

The number of papers on the function of the Drosophila gene listed in FlyBase are indicated. This 

number gives an indication on how well the respective Drosophila genes have been studied. 

 

As already indicated for mouse models, introducing the CMT-associated mutations in the 

endogenous locus of the Drosophila orthologue by homologous recombination (knock-in 

approach) is an alternative strategy to generate models for both dominantly and recessively 

inherited mutations. 

Apart from tyrosyl-tRNA synthetase (discussed in the next paragraph), only one other 

CMT-associated protein has been expressed in Drosophila, namely mitofusin 2 (Mfn2). 

Eschenbacher et al. studied the functional consequences of rare non-synonymous sequence 

variants within the heptad repeat 1 (HR1) domain of Mfn2, two of which are predicted to be 

potentially damaging based on bioinformatical analysis (M393I and R400Q) (Eschenbacher et 

al., 2012). Expression of these mutant Mfn2 proteins in the Drosophila eye results in reduced 

eye area, whereas expression of wild-type Mfn2 does not. Furthermore, RNAi knock-down of 

the Drosophila Mfn2 homolog Marf also results in a reduced eye area, which could be 

rescued by co-expression of wild-type Mfn2, but not by the mutant Mfn2 proteins. Although 
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these findings are interesting, the studied Mfn2 mutations have not been found in CMT 

patients, and most of the 31 Mfn2 mutations that were previously linked to CMT are located 

in the GTPase domain. It would therefore be interesting to evaluate the effect of CMT-

associated Mfn2 mutations, and not only on eye morphology but also on motor behaviour, 

axonal morphology, and electrophysiology. 

 

 

A DROSOPHILA MODEL FOR CMT ASSOCIATED WITH MUTATIONS IN 

TYROSYL-TRNA SYNTHETASE 
 

The only published bona fide Drosophila CMT model to date models dominant 

intermediate CMT type C (DI-CMTC), which is caused by mutations in the YARS gene, 

encoding tyrosyl-tRNA synthetase (TyrRS or YARS) (Storkebaum et al., 2009). This enzyme 

aminoacylates tyrosyl-tRNA (tRNA
Tyr

) with tyrosine in a two-step reaction (Figure 2A). Like 

all tRNA synthetases, YARS is expressed ubiquitously and every cell in the body depends on 

its aminoacylation activity for protein translation. YARS forms homodimers, and only the 

dimeric form is enzymatically active. Interestingly, apart from YARS, dominant mutations in 

GARS, AARS and possibly HARS, and recessive mutations in KARS also result in axonal and 

recessive intermediate forms of CMT (Abe and Hayasaka, 2009; Antonellis et al., 2003; Del 

Bo et al., 2006; Dubourg et al., 2006; James et al., 2006; Latour et al., 2010; Lin et al., 2011; 

McLaughlin et al., 2012; McLaughlin et al., 2010; Rohkamm et al., 2007; Vester et al., 2012) 

(Table 1). These 5 tRNA synthetases all contain an aminoacylation domain and an anticodon 

recognition domain, which are essential for their canonical aminoacylation function (Figure 

2B). Apart from these common domains, many tRNA synthetases have acquired additional 

functional domains during evolution, conferring non-canonical functions to these proteins 

(Brown et al., 2010; Guo et al., 2010). These non-canonical functions are, however, different 

for distinct tRNA synthetases. From a genetic point of view, the fact that 5 of the 20 

cytoplasmic tRNA synthetase genes are associated with CMT suggests that alteration of a 

common function of these enzymes - probably tRNA aminoacylation - may be the cause of 

the disease. 

 

 

Expression of Mutant Tyrosyl-tRNA Synthetase Recapitulates Features of 

Human CMT in Drosophila 
 

To generate a model for DI-CMTC, the UAS/GAL4 system was used to express human 

YARS (hYARS) in Drosophila. This binary expression system relies on UAS transgenic 

lines, which, when crossed to a specific GAL4 transgenic line, will result in transgene 

expression in the cell population in which the yeast transcription factor GAL4 is expressed 

(Brand and Perrimon, 1993). As a large number of GAL4 lines are available, this expression 

system allows transgene expression in virtually any cell type or tissue of interest. Transgenic 

lines were generated that allow expression of wild-type or three CMT-associated hYARS 

mutants: two missense mutations (hYARS_G41R and hYARS_E196K) and one in frame 

deletion that results in the deletion of 4 amino acids in the YARS protein (hYARS_153-

156delVKQV) (Jordanova et al., 2006). As random transgene insertion was used to generate 
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the transgenic lines, transgene expression levels of several wild-type and mutant hYARS 

expressing lines were determined, in order to select lines with similar expression levels for 

further studies (Storkebaum et al., 2009). More recently, it became possible to use site-

specific transgenesis, whereby attachment sites (attP/attB) are used to target UAS-transgenes 

to specific landing sites in the genome (Fish et al., 2007). 

 

 

Figure 2. A, Two-step aminoacylation reaction catalysed by tyrosyl-tRNA synthetase. In the first step, 

tyrosine is activated by ATP to form a TyrRS (Tyr-AMP) intermediate with simultaneous release of 

pyrophosphate PPi. In the second step, the activated tyrosyl moiety is transferred from AMP to tRNA
Tyr

 

to give rise to Tyr-tRNA
Tyr

 and AMP. B, Schematic representation of the 5 tRNA synthetases that have 

been implicated in CMT: tyrosyl-tRNA synthetase (YARS), glycyl-tRNA synthetase (GARS), alanyl-

tRNA synthetase (AARS), lysyl-tRNA synthetase (KARS) and histidyl-tRNA synthetase (HARS). 

CMT-associated mutations and their positions relative to the protein functional domains are shown. 

Mutations represented in green segregate with disease in a pedigree, mutations in black were found in a 

single patient, mutations in orange give rise to dominant peripheral neuropathy phenotypes in mice, and 

mutations in blue were detected in compound heterozygous state in a single patient with intermediate 

CMT. *The AARS E778A mutation was found in a family with rippling muscles and cramps, and also 

in one patient with axonal CMT (McLaughlin et al., 2012).**The AARS D893N mutation was found in 

a family with dominant distal hereditary motor neuropathy (dHMN) (Zhao et al., 2012). 
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This strategy eliminates confounding influences of the surrounding genomic DNA 

environment on transgene expression levels and patterns, making it ideally suited to evaluate 

the phenotypic effect of subtle mutations in the transgene (structure/function analysis). 

Strong ubiquitous expression of mutant - but not wild-type - hYARS resulted in 

developmental lethality, with no or reduced numbers of adult flies eclosing from their pupal 

cases. This mutant-selective toxicity was transgene dosage-dependent, so that flies with lower 

expression levels could be tested for motor performance. Mutant hYARS expressing flies 

displayed motor deficits in a negative geotaxis climbing assay, as well as in a jump and flight 

assay. These motor performance deficits were progressive over time. Also neuron-selective 

expression of mutant - but not wild-type - hYARS induced motor performance defects, 

showing that mutant hYARS is intrinsically toxic to neurons (Storkebaum et al., 2009). As 

DI-CMTC is characterized by both demyelination and axonal degeneration (Jordanova et al., 

2003), this finding indicates that the axonal degeneration is not just secondary to 

demyelination, as is the case in many demyelinating forms of CMT. 

 

 

Figure 3. Schematic representation of the Drosophila giant fiber system. For reasons of simplicity, the 

representation is unilateral. The giant fiber neuron (GF) has its cell body in the brain, and projects 

through the cervical connective to the VNC, where it synapses with the tergotrochanteral motor neuron 

(TTMn) and the peripherally synapsing interneuron (PSI). The TTMn innervates the tergotrochanteral 

jump muscle (TTM), whereas the PSI synapses in the periphery with the dorsal longitudinal motor 

neurons (DLMns), which innervate the dorsal longitudinal muscles (DLMs). The position of 

stimulation and recording electrodes for electrophysiological evaluations are indicated. Brain 

stimulation activates the GF, which then activates motor neurons. Thoracic stimulation excites the 

TTMn and DLMn directly (Godenschwege et al., 2002). 



Drosophila as a Model for CMT Peripheral Neuropathy 139 

Finally, expression of hYARS transgenes in the giant fiber (GF) system was used to 

assess the effect of hYARS expression on axonal morphology and to evaluate the occurrence 

of electrophysiological defects. The GF system mediates an escape response consisting of a 

jump and subsequent flight (Allen et al., 2006). It consists of the GF neurons, which are 2 

symmetrical neurons in the fly CNS that have their cell bodies in the brain and project their 

giant axon to the VNC (Figure 3). In the VNC, the GF axons synapse with the peripherally 

synapsing interneuron (PSI) and the tergotrochanteral motor neuron (TTMn). The PSI in turn 

synapses with the dorsal longitudinal motor neurons that innervate the dorsal longitudinal 

flight muscles. The TTMn synapses with the tergotrochanteral "jump" muscle in the legs of 

the fly. This organisation of the network ensures that, when a shadow (e.g. of an approaching 

predator) falls over the eye of the fly, the visual input will activate the GF neurons, what will 

result in a jump followed by flight. 

The GF system is ideally suited to study the effects of CMT-associated (mutant) proteins, 

as the giant fiber neurons have particularly long axons, the system is well characterized, and 

GAL4 driver lines are available that allow expression in all GF system neurons (A307-

GAL4), as well as selective expression in the GF neurons (C17-GAL4) or the TTMn (ShakB-

GAL4). Furthermore, it allows evaluation of GF morphology, either by expressing marker 

transgenes, or - preferentially - by dye filling approaches. Finally, it also allows 

electrophysiological approaches that evaluate the response latencies between activation of the 

GF neurons (by brain stimulation) and the tergotrochanteral or dorsal longitudinal muscles. If 

the synapse between the GF neurons and the TTMn or PSI are dysfunctional, the response 

latencies will be increased. Similarly, the ability to follow high-frequency (100 Hz) stimuli 

one-to-one can be evaluated (Allen et al., 2006). Expression of mutant hYARS proteins in the 

GF system was found to induce both terminal axonal degeneration and electrophysiological 

defects (Storkebaum et al., 2009). As selective expression in the GF neurons was sufficient to 

induce these phenotypes, one can conclude that mutant hYARS has cell-autonomous toxic 

effects in neurons. In conclusion, expression of mutant - but not wild-type - hYARS in 

Drosophila resulted in progressive motor performance defects, terminal axonal degeneration 

and electrophysiological defects. Thus, several hallmarks of human CMT are recapitulated in 

the fly model. 

The Drosophila genome contains a single gene encoding cytoplasmic tyrosyl-tRNA 

synthetase (Aats-tyr, further referred to as dYARS). The dYARS protein is 68% identical and 

80% similar at the amino acid level to human YARS (hYARS), and all amino acid residues 

that are mutated in DI-CMTC are identical between dYARS and hYARS. Importantly, 

overexpression of dYARS transgenes containing the DI-CMTC mutations induced similar 

phenotypes as the hYARS transgenes, indicating that the hYARS phenotypes are not simply 

the consequence of expressing a human protein in Drosophila (Storkebaum et al., 2009). 

Interestingly, the Drosophila DI-CMTC model has been shown to be useful to predict the 

pathogenicity of newly identified mutations in the YARS gene. This was illustrated by a novel 

K265N substitution in the YARS anti-codon recognition site, which was identified in one 

CMT patient and one control individual. Ubiquitous or pan-neuronal expression of a dYARS 

transgene carrying the corresponding amino acid change (UAS-dYARS_K264N) did not 

induce motor performance defects or developmental lethality, showing that this substitution is 

a benign polymorphism (Leitao-Goncalves et al., 2012). 
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Peripheral Neuropathy Phenotypes are Independent of Aminoacylation 

Activity of Mutant YARS Proteins 
 

The Drosophila DI-CMTC model was further used to assess the effect of the CMT-

associated mutations on aminoacylation activity. A genetic complementation experiment was 

performed, whereby an RNAi transgene targeting dYARS was expressed in sensory organ 

precursor (SOP) cells (scabrous-GAL4). These cells give rise to the sensory organs, including 

bristles, which are sensory hairs that cover the body of the fly and detect the direction of the 

airflow during flight. Expression of dYARS-RNAi in SOPs induced shortening or loss of the 

four scutellar bristles on the posterior part of the thorax, which are always long in control 

flies. To assess the effect of CMT mutations on aminoacylation activity, hYARS transgenes 

were expressed in the dYARS-RNAi background. Expression of wild-type hYARS fully 

rescued the bristle phenotype, indicating that dYARS and hYARS are functional homologs. 

This again underscores the relevance of expressing hYARS in Drosophila, and is conform 

with the observation that dGARS and hGARS are functional homologs (Chihara et al., 2007). 

Expression of hYARS_E196K in the Sca-GAL4>dYARS-RNAi background also fully rescued 

the bristle phenotype, suggesting that this mutant has retained aminoacylation activity. In 

contrast, expression of hYARS_G41R or hYARS_153-156delVKQV did not rescue the 

bristle phenotype, which is suggestive for loss of aminoacylation activity. These findings 

were confirmed by an in vitro aminoacylation assay and by genetic complementation in S. 

cerevisiae (Storkebaum et al., 2009), as well as by a biochemical study (Froelich and First, 

2011). From this it was concluded that hYARS_E196K retains aminoacylation activity, 

hYARS_153-156delVKQV has severely reduced activity, and hYARS_G41R displays loss of 

enzymatic activity. These findings indicate that loss of aminoacylation activity is not 

necessary to cause peripheral motor and sensory neuropathy. 50% loss of aminoacylation 

activity is also not sufficient to induce peripheral neuropathy phenotypes, as dYARS 

hemizygous flies did not develop motor performance defects (Storkebaum et al., 2009). 

These findings were rather unexpected, as all identified disease-causing YARS mutations 

are located in the aminoacylation domain of the protein, raising the possibility that the disease 

could be due to partial loss of aminoacylation activity (Figure 2). Furthermore, the fact that 

mutations in 5 different tRNA synthetase genes all give rise to CMT suggests that (partial) 

loss of a common function (probably the canonical aminoacylation function) could be the 

cause of the disease. However, the findings are consistent with the fact that for both GARS 

and AARS, some CMT-associated mutations result in loss of aminoacylation activity, 

whereas others do not alter enzymatic activity (Achilli et al., 2009; Antonellis et al., 2006; 

Cader et al., 2007; McLaughlin et al., 2012; Nangle et al., 2007; Seburn et al., 2006; Xie et 

al., 2007). However, the fact that loss of aminoacylation activity per se is not necessary to 

cause the disease does not exclude the possibility that aminoacylation-active mutants may be 

mislocalised in peripheral motor and sensory neurons, hence resulting in defects in local 

protein translation and terminal axonal degeneration. 

Indeed, mislocalisation of mutant YARS and GARS proteins has been reported in mouse 

neuroblastoma (N2A), human neuroblastoma (SH-SY5Y) and mouse motor neuron (MN-1) 

cell lines (Antonellis et al., 2006; Jordanova et al., 2006; Nangle et al., 2007). However, 

another study reports no alterations in subcellular localization of mutant GARS proteins in 

ESC-derived motor neurons and spinal cord sections of Gars
P234KY/+

 mice, as well as in teased 

fiber preparations of sciatic nerves of Gars
C201R/+

 mice (Stum et al., 2011). Also, 
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AARS_E778A displays a similar subcellular localization as wild-type AARS in MN-1 cells 

(McLaughlin et al., 2012). Finally, although HARS_R137Q - but not wild-type HARS - 

induces axonal morphology defects and locomotor defects when expressed in C. elegans 

motor neurons, HARS_R137Q displays a similar subcellular localization as wild-type HARS. 

Thus, further studies are needed to clarify the potential role of subcellular mislocalisation of 

mutant tRNA synthetases in CMT pathogenesis. Ultimately, direct assessment of neuronal 

protein translation rates in an animal model would be the best way to evaluate the effect of 

tRNA synthetase mutations on (local) protein translation in vivo. 

Another caveat when interpreting the available data on aminoacylation activity of mutant 

tRNA synthetases is that these studies have been performed either in vitro, using purified 

proteins, or in Drosophila or S. cerevisiae in vivo, where the endogenous orthologous tRNA 

synthetase is either missing or its levels are strongly reduced. As a consequence, these studies 

have evaluated the aminoacylation activity of homodimers of mutant tRNA synthetases. 

However, since for YARS, GARS and AARS the disease is dominantly inherited, 

heterodimers between WT and mutant tRNA synthetase subunits can be formed (Jordanova et 

al., 2006). At this moment, no data on aminoacylation activity of such heterodimers has been 

reported. A possible involvement of (hetero-)dimerization is also suggested by the fact that all 

pathogenic GARS mutations reported so far all localize near the dimer interface (He et al., 

2011; Nangle et al., 2007). The effect of the mutations on dimer formation has been 

investigated, and although some mutations do not alter dimer formation, others either 

strengthen or weaken dimer formation (He et al., 2011; Marchetto et al.; Nangle et al., 2007). 

Overall, the potential role of heterodimers in disease pathogenesis is currently not clear and 

deserves further investigation. 

Finally, both Drosophila and mouse models for CMT associated with mutations in tRNA 

synthetases can be used to study the genetic mechanisms of disease. The fact that dYARS 

hemizygous flies or GARS heterozygous mice do not develop peripheral neuropathy 

phenotypes argues against haplo-insufficiency as the disease mechanism (Seburn et al., 2006; 

Storkebaum et al., 2009). Furthermore, mice heterozygous for ENU-induced P234KY and 

C201R mutations in the murine GARS gene display a peripheral neuropathy phenotype, 

which is not modified by overexpression of wild-type GARS (Motley et al., 2011). This 

argues against both dominant negative and gain-of-wild-type-function mechanisms. 

Furthermore, wild-type GARS transgenic mice that are homozygous or transheterozygous for 

the GARS mutant alleles have a more severe phenotype than heterozygous mice, indicating 

that the phenotypic strength depends on mutant allele dosage (Motley et al., 2011). 

Overall, these genetic findings suggest a gain-of-toxic function as the basis of the disease. 

The molecular mechanism of such a gain-of-toxic function is currently unknown, but novel, 

mutation-induced protein-protein interactions may well be involved. In this respect, the 

finding that each of five spatially dispersed GARS mutations induce the same conformational 

opening of a consensus area that is mostly buried in the wild-type protein may provide a 

structural basis for newly acquired protein-protein interactions (He et al., 2011). Along with 

other approaches, genetic screens in Drosophila models for mutant YARS- and GARS-

associated CMT would be ideally suited to unravel the molecular nature of the gain-of-toxic 

function mechanism. 
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CONCLUSION 
 

Drosophila may be of great value to model forms of CMT that involve axonal 

degeneration. Arguments in favor of Drosophila are that (i) the basic organizational 

principles and functional properties of the neuromuscular system are conserved, (ii) 

Drosophila homologs for most forms of axonal and intermediate CMT exist, and (iii) the 

effect of CMT mutant proteins on neurons can be studied in their physiological context, 

whereby behavioral phenotypes, neuronal morphology and electrophysiology can be 

evaluated. Finally, the fact that Drosophila CMT models can be used in genetic screens for 

disease modifying genes raises the hope that these models may be instrumental in deciphering 

the molecular pathogenesis of this incurable disease, and in the identification of possible 

therapeutic targets. 

As a Drosophila model for CMT associated with mutations in tyrosyl-tRNA synthetase is 

the only published Drosophila CMT model to date, there is a window of opportunity to 

generate models for many other forms of CMT and to study the function of the Drosophila 

homologs of CMT-associated genes in more detail. Thus, the use of Drosophila as a model 

for CMT is only in its initial stages, and future expansion and broadening of this field is 

expected. 

 

 

ACKNOWLEDGMENTS 
 

We would like to thank Brigitte Sass for help with the figures, Daniel Banovic and 

Hermann Aberle for providing the figure panels illustrating the larval neuromuscular system, 

and Tanja Godenschwege for providing the figure illustrating the giant fiber system. We 

thank Arzu Celik and Christian Klämbt for critical reading of the manuscript. E.S. is funded 

by the state North Rhine Westphalia and supported by a grant from the Frick Foundation for 

ALS Research, SFB629 programm project grant from the German Research Council (DFG), 

and a Minna-James-Heineman-Stiftung Minerva research grant. 

 

 

ABOUT THE AUTHORS 
 

Georg Steffes graduated in Biology at the University of Muenster, Germany, and 

performed his doctorate research at the same university in the Institute of Neurobiology and 

Behavioural Biology. He did postdoctoral research at Sanger Institute in Cambridge, UK, and 

at the Max Planck Institute for Molecular Biomedicine, Muenster, Germany. His research 

interests are the genetics of sensory systems and neurodegenerative disease modelling. 

Erik Storkebaum graduated in Pharmaceutical Sciences at the University of Leuven, 

Belgium, and obtained his Ph.D. at the Vesalius Research Center, VIB, Leuven, Belgium. He 

has been working as a postdoctoral researcher in the Laboratory for Developmental Genetics, 

University of Leuven, Belgium. Since 2010 he is an independent research group leader at the 

Max Planck Institute for Molecular Biomedicine, Muenster, Germany. His research aims at 

deciphering the molecular pathogenesis of the motor neurodegenerative disorder amyotrophic 

lateral sclerosis (ALS) and CMT peripheral neuropathy. 



Drosophila as a Model for CMT Peripheral Neuropathy 143 

REFERENCES 
 

Abe, A., and K. Hayasaka. 2009. The GARS gene is rarely mutated in Japanese patients with 

Charcot-Marie-Tooth neuropathy. J. Hum. Genet. 54:310-312. 

Achilli, F., V. Bros-Facer, H. P. Williams, G. T. Banks, M. AlQatari, R. Chia, V. Tucci, M. 

Groves, C. D. Nickols, K. L. Seburn, R. Kendall, M. Z. Cader, K. Talbot, J. van Minnen, 

R. W. Burgess, S. Brandner, J. E. Martin, M. Koltzenburg, L. Greensmith, P. M. Nolan, 

and E. M. Fisher. 2009. An ENU-induced mutation in mouse glycyl-tRNA synthetase 

(GARS) causes peripheral sensory and motor phenotypes creating a model of Charcot-

Marie-Tooth type 2D peripheral neuropathy. Dis. Model. Mech. 2:359-373. 

Ajroud-Driss, S., H. X. Deng, and T. Siddique. 2011. Recent advances in the genetics of 

hereditary axonal sensory-motor neuropathies type 2. Curr. Neurol. Neurosci. Rep. 

11:262-273. 

Allen, M. J., T. A. Godenschwege, M. A. Tanouye, and P. Phelan. 2006. Making an escape: 

development and function of the Drosophila giant fibre system. Semin. Cell Dev. Biol. 

17:31-41. 

Antonellis, A., R. E. Ellsworth, N. Sambuughin, I. Puls, A. Abel, S. Q. Lee-Lin, A. 

Jordanova, I. Kremensky, K. Christodoulou, L. T. Middleton, K. Sivakumar, V. 

Ionasescu, B. Funalot, J. M. Vance, L. G. Goldfarb, K. H. Fischbeck, and E. D. Green. 

2003. Glycyl tRNA synthetase mutations in Charcot-Marie-Tooth disease type 2D and 

distal spinal muscular atrophy type V. Am. J. Hum. Genet. 72:1293-1299. 

Antonellis, A., S.Q. Lee-Lin, A. Wasterlain, P. Leo, M. Quezado, L. G. Goldfarb, K. Myung, 

S. Burgess, K. H. Fischbeck, and E. D. Green. 2006. Functional analyses of glycyl-tRNA 

synthetase mutations suggest a key role for tRNA-charging enzymes in peripheral axons. 

J. Neurosci. 26:10397-10406. 

Brand, A. H., and N. Perrimon. 1993. Targeted gene expression as a means of altering cell 

fates and generating dominant phenotypes. Development. 118:401-415. 

Brown, M. V., J. S. Reader, and E. Tzima. 2010. Mammalian aminoacyl-tRNA synthetases: 

cell signaling functions of the protein translation machinery. Vascul. Pharmacol. 52:21-

26. 

Cader, M. Z., J. Ren, P. A. James, L.E. Bird, K. Talbot, and D. K. Stammers. 2007. Crystal 

structure of human wildtype and S581L-mutant glycyl-tRNA synthetase, an enzyme 

underlying distal spinal muscular atrophy. FEBS Lett. 581:2959-2964. 

Chihara, T., D. Luginbuhl, and L. Luo. 2007. Cytoplasmic and mitochondrial protein 

translation in axonal and dendritic terminal arborization. Nat. Neurosci. 10:828-837. 

Del Bo, R., F. Locatelli, S. Corti, M. Scarlato, S. Ghezzi, A. Prelle, G. Fagiolari, M. Moggio, 

M. Carpo, N. Bresolin, and G. P. Comi. 2006. Coexistence of CMT-2D and distal SMA-

V phenotypes in an Italian family with a GARS gene mutation. Neurology. 66:752-754. 

Dolmetsch, R., and D. H. Geschwind. 2011. The human brain in a dish: the promise of iPSC-

derived neurons. Cell. 145:831-834. 

Dubourg, O., H. Azzedine, R. B. Yaou, J. Pouget, A. Barois, V. Meininger, D. Bouteiller, M. 

Ruberg, A. Brice, and E. LeGuern. 2006. The G526R glycyl-tRNA synthetase gene 

mutation in distal hereditary motor neuropathy type V. Neurology. 66:1721-1726. 

Dyck, P. J. 1993. Peripheral Neuropathy. Saunders Company, Philadelphia. 1094-1136 pp. 



Georg Steffes and Erik Storkebaum 144 

Eschenbacher, W. H., M. Song, Y. Chen, P. Bhandari, P. Zhao, C.C. Jowdy, J. T. Engelhard, 

and G. W. Dorn, 2nd. 2012. Two rare human mitofusin 2 mutations alter mitochondrial 

dynamics and induce retinal and cardiac pathology in Drosophila. PLoS One. 7:e44296. 

Fernandes, J. J., and H. Keshishian. 1999. Development of the adult neuromuscular system. 

Int. Rev. Neurobiol. 43:221-239. 

Fish, M. P., A. C. Groth, M. P. Calos, and R. Nusse. 2007. Creating transgenic Drosophila by 

microinjecting the site-specific phiC31 integrase mRNA and a transgene-containing 

donor plasmid. Nat. Protoc. 2:2325-2331. 

Fledrich, R., R. M. Stassart, and M. W. Sereda. 2012. Murine therapeutic models for Charcot-

Marie-Tooth (CMT) disease. Br. Med. Bull. 102:89-113. 

Froelich, C. A., and E. A. First. 2011. Dominant Intermediate Charcot-Marie-Tooth disorder 

is not due to a catalytic defect in tyrosyl-tRNA synthetase. Biochemistry. 50:7132-7145. 

Godenschwege, T. A., H. Hu, X. Shan-Crofts, C. S. Goodman, and R. K. Murphey. 2002. Bi-

directional signaling by Semaphorin 1a during central synapse formation in Drosophila. 

Nat. Neurosci. 5:1294-1301. 

Guo, M., P. Schimmel, and X. L. Yang. 2010. Functional expansion of human tRNA 

synthetases achieved by structural inventions. FEBS Lett. 584:434-442. 

He, W., H. M. Zhang, Y. E. Chong, M. Guo, A. G. Marshall, and X. L. Yang. 2011. 

Dispersed disease-causing neomorphic mutations on a single protein promote the same 

localized conformational opening. Proc. Natl. Acad. Sci. U S A. 108:12307-12312. 

James, P.A., M. Z. Cader, F. Muntoni, A.M. Childs, Y.J. Crow, and K. Talbot. 2006. Severe 

childhood SMA and axonal CMT due to anticodon binding domain mutations in the 

GARS gene. Neurology. 67:1710-1712. 

Jordanova, A., J. Irobi, F.P. Thomas, P. Van Dijck, K. Meerschaert, M. Dewil, I. Dierick, A. 

Jacobs, E. De Vriendt, V. Guergueltcheva, C. V. Rao, I. Tournev, F. A. Gondim, M. 

D'Hooghe, V. Van Gerwen, P. Callaerts, L. Van Den Bosch, J. P. Timmermans, W. 

Robberecht, J. Gettemans, J. M. Thevelein, P. De Jonghe, I. Kremensky, and V. 

Timmerman. 2006. Disrupted function and axonal distribution of mutant tyrosyl-tRNA 

synthetase in dominant intermediate Charcot-Marie-Tooth neuropathy. Nat. Genet. 

38:197-202. 

Jordanova, A., F. P. Thomas, V. Guergueltcheva, I. Tournev, F. A. Gondim, B. Ishpekova, E. 

De Vriendt, A. Jacobs, I. Litvinenko, N. Ivanova, B. Buzhov, P. De Jonghe, I. 

Kremensky, and V. Timmerman. 2003. Dominant intermediate Charcot-Marie-Tooth 

type C maps to chromosome 1p34-p35. Am. J. Hum. Genet. 73:1423-1430. 

Kleopa, K. A., and S. S. Scherer. 2006. Molecular genetics of X-linked Charcot-Marie-Tooth 

disease. Neuromolecular Med. 8:107-122. 

Landgraf, M., and S. Thor. 2006. Development of Drosophila motoneurons: specification and 

morphology. Semin. Cell Dev. Biol. 17:3-11. 

Latour, P., C. Thauvin-Robinet, C. Baudelet-Mery, P. Soichot, V. Cusin, L. Faivre, M. C. 

Locatelli, M. Mayencon, A. Sarcey, E. Broussolle, W. Camu, A. David, and R. Rousson. 

2010. A major determinant for binding and aminoacylation of tRNA(Ala) in cytoplasmic 

Alanyl-tRNA synthetase is mutated in dominant axonal Charcot-Marie-Tooth disease. 

Am. J. Hum. Genet. 86:77-82. 

Leitao-Goncalves, R., B. Ermanoska, A. Jacobs, E. De Vriendt, V. Timmerman, J. R. Lupski, 

P. Callaerts, and A. Jordanova. 2012. Drosophila as a platform to predict the 



Drosophila as a Model for CMT Peripheral Neuropathy 145 

pathogenicity of novel aminoacyl-tRNA synthetase mutations in CMT. Amino. Acids. 

42:1661-1668. 

Lin, K. P., B. W. Soong, C. C. Yang, L. W. Huang, M. H. Chang, I. H. Lee, A. Antonellis, 

and Y. C. Lee. 2011. The mutational spectrum in a cohort of Charcot-Marie-Tooth 

disease type 2 among the Han Chinese in Taiwan. PLoS One. 6:e29393. 

Lin, S., and T. Lee. 2012. Generating neuronal diversity in the Drosophila central nervous 

system. Dev. Dyn. 241:57-68. 

Marchetto, M. C., K. J. Brennand, L. F. Boyer, and F. H. Gage. 2011. Induced pluripotent 

stem cells (iPSCs) and neurological disease modeling: progress and promises. Hum. Mol. 

Genet. 20:R109-115. 

Martyn, C. N., and R. A. Hughes. 1997. Epidemiology of peripheral neuropathy. J. Neurol. 

Neurosurg. Psychiatry. 62:310-318. 

McLaughlin, H. M., R. Sakaguchi, W. Giblin, T.E. Wilson, L. Biesecker, J.R. Lupski, K. 

Talbot, J. M. Vance, S. Zuchner, Y.C. Lee, M. Kennerson, Y. M. Hou, G. Nicholson, and 

A. Antonellis. 2012. A recurrent loss-of-function alanyl-tRNA synthetase (AARS) 

mutation in patients with Charcot-Marie-Tooth disease type 2N (CMT2N). Hum. Mutat. 

33:244-253. 

McLaughlin, H. M., R. Sakaguchi, C. Liu, T. Igarashi, D. Pehlivan, K. Chu, R. Iyer, P. Cruz, 

P. F. Cherukuri, N. F. Hansen, J. C. Mullikin, L. G. Biesecker, T. E. Wilson, V. 

Ionasescu, G. Nicholson, C. Searby, K. Talbot, J. M. Vance, S. Zuchner, K. Szigeti, J. R. 

Lupski, Y. M. Hou, E. D. Green, and A. Antonellis. 2010. Compound heterozygosity for 

loss-of-function lysyl-tRNA synthetase mutations in a patient with peripheral neuropathy. 

Am. J. Hum. Genet. 87:560-566. 

Motley, W. W., K. L. Seburn, M. H. Nawaz, K. E. Miers, J. Cheng, A. Antonellis, E. D. 

Green, K. Talbot, X. L. Yang, K. H. Fischbeck, and R. W. Burgess. 2011. Charcot-

Marie-Tooth-linked mutant GARS is toxic to peripheral neurons independent of wild-

type GARS levels. PLoS Genet. 7:e1002399. 

Nangle, L. A., W. Zhang, W. Xie, X.L. Yang, and P. Schimmel. 2007. Charcot-Marie-Tooth 

disease-associated mutant tRNA synthetases linked to altered dimer interface and neurite 

distribution defect. Proc. Natl. Acad. Sci. U S A. 104:11239-11244. 

Nicholson, G., and S. Myers. 2006. Intermediate forms of Charcot-Marie-Tooth neuropathy: a 

review. Neuromolecular Med. 8:123-130. 

Pareyson, D., and C. Marchesi. 2009. Diagnosis, natural history, and management of Charcot-

Marie-Tooth disease. Lancet Neurol. 8:654-667. 

Patzko, A., and M. E. Shy. 2011. Update on Charcot-Marie-Tooth disease. Curr. Neurol. 

Neurosci. Rep. 11:78-88. 

Reilly, M. M., S. M. Murphy, and M. Laura. 2011. Charcot-Marie-Tooth disease. J. Peripher. 

Nerv. Syst. 16:1-14. 

Rodrigues, F., I. Schmidt, and C. Klambt. 2011. Comparing peripheral glial cell 

differentiation in Drosophila and vertebrates. Cell Mol. Life Sci. 68:55-69. 

Rohkamm, B., M. M. Reilly, H. Lochmuller, B. Schlotter-Weigel, N. Barisic, L. Schols, G. 

Nicholson, D. Pareyson, M. Laura, A.R. Janecke, G. Miltenberger-Miltenyi, E. John, C. 

Fischer, F. Grill, W. Wakeling, M. Davis, T. R. Pieber, and M. Auer-Grumbach. 2007. 

Further evidence for genetic heterogeneity of distal HMN type V, CMT2 with 

predominant hand involvement and Silver syndrome. J. Neurol. Sci. 263:100-106. 



Georg Steffes and Erik Storkebaum 146 

Seburn, K. L., L. A. Nangle, G. A. Cox, P. Schimmel, and R. W. Burgess. 2006. An active 

dominant mutation of glycyl-tRNA synthetase causes neuropathy in a Charcot-Marie-

Tooth 2D mouse model. Neuron. 51:715-726. 

Stork, T., D. Engelen, A. Krudewig, M. Silies, R. J. Bainton, and C. Klambt. 2008. 

Organization and function of the blood-brain barrier in Drosophila. J. Neurosci. 28:587-

597. 

Storkebaum, E., R. Leitao-Goncalves, T. Godenschwege, L. Nangle, M. Mejia, I. Bosmans, 

T. Ooms, A. Jacobs, P. Van Dijck, X. L. Yang, P. Schimmel, K. Norga, V. Timmerman, 

P. Callaerts, and A. Jordanova. 2009. Dominant mutations in the tyrosyl-tRNA synthetase 

gene recapitulate in Drosophila features of human Charcot-Marie-Tooth neuropathy. 

Proc. Natl. Acad. Sci. U S A. 106:11782-11787. 

Stum, M., H. M. McLaughlin, E. L. Kleinbrink, K. E. Miers, S.L. Ackerman, K. L. Seburn, 

A. Antonellis, and R. W. Burgess. 2011. An assessment of mechanisms underlying 

peripheral axonal degeneration caused by aminoacyl-tRNA synthetase mutations. Mol. 

Cell Neurosci. 46:432-443. 

Tissot, M., and R.F. Stocker. 2000. Metamorphosis in drosophila and other insects: the fate of 

neurons throughout the stages. Prog. Neurobiol. 62:89-111. 

Venken, K. J., and H. J. Bellen. 2005. Emerging technologies for gene manipulation in 

Drosophila melanogaster. Nat. Rev. Genet. 6:167-178. 

Vester, A., G. Velez-Ruiz, H. M. McLaughlin, J. R. Lupski, K. Talbot, J.M. Vance, S. 

Zuchner, R. H. Roda, K. H. Fischbeck, L.G. Biesecker, G. Nicholson, A. Beg, and A. 

Antonellis. 2012. A loss-of-function variant in the human histidyl-tRNA synthetase 

(HARS) gene is neurotoxic in vivo. Hum. Mutat. 

Xie, W., L. A. Nangle, W. Zhang, P. Schimmel, and X. L. Yang. 2007. Long-range structural 

effects of a Charcot-Marie-Tooth disease-causing mutation in human glycyl-tRNA 

synthetase. Proc. Natl. Acad. Sci. U S A. 104:9976-9981. 

Zhao, Z., A. Hashiguchi, J. Hu, Y. Sakiyama, Y. Okamoto, S. Tokunaga, L. Zhu, H. Shen, 

and H. Takashima. 2012. Alanyl-tRNA synthetase mutation in a family with dominant 

distal hereditary motor neuropathy. Neurology. 78:1644-1649. 

 


