
INTRODUCTION

Aminoacyl�tRNA synthetases (aaRSs) have been

found in all domains of life. These enzymes function at

the initial stage of protein biosynthesis by conjugating

amino acids with the corresponding tRNAs in cytoplasm

and mitochondria. A growing body of evidence indicates

that mutations in the aaRS genes are associated with var�

ious neurodegenerative disorders, including the incurable

neurodegenerative neuropathy known as the Charcot–

Marie–Tooth disease (CMT) [1].

In 2003, it was found that mutations in the human

glycyl�tRNA synthetase (GlyRS or GARS) are associated

with the distal spinal muscle atrophy type V (dSMA�V)

and CMT. This discovery has initiated the search for asso�

ciation between mutations in the aaRS genes and heredi�

tary diseases of motor neurons [2]. By now, mutations in

seven aaRSs (GlyRS, TyrRS, AlaRS, HisRS, TrpRS,

MetRS, and LysRS) associated with the axonal and inter�

mediate CMT forms have been identified [2�9].

CHARCOT–MARIE–TOOTH DISEASE

CMT is a heterogenous group of hereditary neurode�

generative disorders of the peripheral nervous system.

The disease was named after the three doctors who first

described it in 1886. Clinical picture of CMT can vary

significantly, but the common symptoms include progres�

sive motor dysfunction, muscle weakness, wasting of dis�

tal muscles, loss of sensation, skeletal deformations, and

loss of tendon reflexes.

Population and epidemiological studies of hereditary

diseases provide information on variations in the preva�

lence of the pathologies in populations, which indicates

the necessity for investigating regional features in the

occurrence of hereditary diseases.

In various populations, CMT (all types) affects from

0.1 to 41.0 individuals in 100,000 people (average, 4.0�

15.0 in 100,000 people) [10].
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CMT is traditionally classified into three types based

on electrophysiological and neuropathological criteria as

well as inheritance pattern, which can be determined

from the family medical history. Type 1 CMT (CMT1)

involves abnormal myelination of peripheral axons. The

average nerve conduction velocity (NCV) in this case is

below 35 m/s. CMT1 affects 15 individuals in 100,000

people (https://neuromuscular.wustl.edu/).

The symptoms first appear in patients of 5 to 25 years

old. Typical clinical manifestations (weakness and atro�

phy of distal muscles and loss of touch sensation) slowly

progress and are often accompanied with the develop�

ment of foot deformities such as high arch (pes cavus) and

foot drop in both feet. Life expectancy is not affected by

this type of disease and less than 5% of affected individu�

als become disabled.

Type 2 or not demyelinating (axonal) CMT (CMT2)

is characterized by the damage of the axon itself; the NCV

remains unaffected or decreases only slightly (> 45 m/s).

The prevalence of CMT2 is 7 individuals per 100,000

people (https://neuromuscular.wustl.edu/).

Clinical manifestations of CMT2 (axonal peripheral

neuropathy) are similar to those of CMT1 (demyelinating

peripheral neuropathy). CMT2 patients rarely experience

loss of sensation and rarely become disabled.

The dominating intermediate CMT (DI�CMT) is a

CMT variant with the features typical for both CMT1 and

CMT2. In DI�CMT, the NCV is 35 to 45 m/s; hence, the

disease is difficult to classify based on traditional electro�

physiological criteria. The NCV values can vary signifi�

cantly, and affected members of the same family can

demonstrate NCVs typical for either axonal or demyeli�

nating peripheral neuropathy [11�13].

As more information on the genetic features of the

CMT forms became available it was suggested to use let�

ters for designation of the CMT types based on the

involved genes (e.g., CMT1A). More than 90 genes have

been found, mutations in which are associated with CMT

(https://neuromuscular.wustl.edu/). However, many

patients demonstrate similar neuropathy features and

inheritance patterns, which made the letter/number clas�

sification too cumbersome [13]. In 2018, a new CMT

classification based on the CMT�related genes was intro�

duced [14]. One of the advantages of this classification is

the possibility for describing the disease in terms of inher�

itance patterns, neuropathy type, and genes involved [15].

The CMT diagnostics is also complicated because of

the involvement of the same genes in the phenotypically

different distal hereditary motor neuropathies (dHMNs)

and CMT2. For this reason, it was suggested to change

the classification to include dHMNs as a subcategory of

CMT.

Nevertheless, the mechanism(s) of gene involvement

in the CMT development are poorly studied for most of

the related genes [16, 17]. Inherited peripheral neu�

ropathies are associated with more than 75 genes with the

autosomal dominant, autosomal recessive, and X�linked

inheritance patterns. CMT1 with the dominant inheri�

tance pattern is the most common and easy�to�diagnose

type of disease (since the associated genes are known in

80% cases). Association of CMT2 with mutations has

been shown in 25% of cases only, which might be

explained by the lack of information on the genetic basis

of this type of neuropathy [18].

CLASSES OF AMINOACYL�tRNA SYNTHETASES

AND THEIR FUNCTIONS

Protein biosynthesis is one of the essential cell

processes. The first stage of protein biosynthesis is

aminoacylation reaction, i.e., formation of the ester bond

between an amino acid and its specific tRNA with gener�

ation of the aminoacylated (charged) tRNAs. This reac�

tion is catalyzed by the enzymes from the aminoacyl�

tRNA synthetase (aaRS) family that includes 20 enzymes

(one for each proteinogenic amino acid and the corre�

sponding tRNA) [19].

The aminoacylation reaction occurs in two stages. At

the first stage, the amino acid is activated by ATP in the

aaRS active site with formation of aminoacyl�AMP. Two

out of the three ATP phosphates are released in the form

of inorganic pyrophosphate (PPi). At the second stage,

the complex of aaRS and aminoacyl�AMP interacts with

the corresponding tRNA molecule. The amino acid binds

to the CAA end of tRNA, followed by the release of AMP

and, later, aminoacyl�tRNA [20].

Depending on the structural properties of the cat�

alytic domain and the tRNA�recognizing sites, all aaRSs

could be divided in two classes (I and II) with each class

containing ten enzymes. The classes are subdivided into

three subclasses (a, b, and c) each, based on the enzyme

structure [21, 22]. Most class I enzymes are monomers

(except dimeric TyrRS and TrpRS); their catalytic

domains are structurally conserved. Class I aaRSs contain

the Rossmann fold – six parallel β�strands alternating

with α�helices [19]. This class is also characterized by the

presence of two conserved motifs: HIGH (His�Ile�Gly�

His) and KMSKS (Lys�Met�Ser�Lys�Ser) [23]. The

HIGH motif is required for positioning of the ATP ade�

nine and enzyme interaction with the phosphates. The

KMSKS motif stabilizes transition state in the aminoacy�

lation reaction via the second Lys residue. The open state

of the KMSMS motif ensures amino acid recognition and

binding; the KMSKS loop closes after the aminoacyl�

AMP formation [24].

Class II aaRSs are multimeric enzymes. Most of

them are homodimers, although some function as

tetramers (Phe�aaRS, Ala�aaRS, and bacterial Gly�

tRNA synthetase) [25]. The catalytic site in these

enzymes is formed by seven antiparallel β�sheets sur�

rounded by α�helices [20].
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Human aaRSs could be divided into cytoplasmic,

mitochondrial, and dual�localized enzymes. Human

genome contains 37 genes for aaRSs: 18 genes for cyto�

plasmic only aaRSs; 17 genes for mitochondrial only

aaRSs, and 2 for the dual�localized enzymes (aaRSs

found in both the cytoplasm and the mitochondria) [19].

All mitochondrial aaRSs are synthesized in the cytosol

and then are imported to mitochondria due to the pres�

ence of the N�terminal mitochondrial targeting sequence

that is cleaved off after the enzyme translocation [26].

The dual�localized enzymes are glycyl�tRNA synthetase

(GARS) and lysyl�tRNA synthetase (KARS). Besides, no

mitochondrial glutamyl�tRNA synthetase (QARS) has

been found. Instead, it was suggested that the glutamyl�

tRNA is formed when tRNAGln is mistakenly charged

with glutamic acid by the mitochondrial GluRS, which is

then converted into Gln by an aminoacyl�tRNA amino�

transferase [19]. It must be mentioned that the mitochon�

drial aaRSs are designated with number 2 after the name

(e.g., YARS1 for the cytoplasmic tyrosyl�tRNA syn�

thetase and YARS2 for its mitochondrial form).

Some mammalian aaRSs function as single proteins

(WARS, HARS, SARS, FARS, YARS, NARS, TARS,

GARS, CARS, AARS, VARS). The other are active as

components of the multimeric multi�tRNA synthetase

complex (MSC). MSC consists of several aaRSs and

three aaRS�interacting multifunctional proteins

(AIMP1, AIMP2, and AIMP3) that act as a scaffold in

the MSC assembly and participate in various signaling

pathways. Although the structure and functions of MCS

have been studied insufficiently, it is evident that it con�

tributes to the systemic control and homeostasis mainte�

nance in higher eukaryotes [24].

In additions to their main activity (aminoacylation),

some aaRSs have noncanonical functions and play a role

in the translation initiation, transcription regulation,

apoptosis, ribosomal RNA biogenesis, angiogenesis, and

cell signaling [27�32].

MUTATIONS IN AMINOACYL�tRNA

SYNTHETASES

Histidyl�tRNA synthetase. Histidyl�tRNA synthetase

(HisRS or HARS) is one of the seven aaRSs associated

with the CMT2W also known as AD�CMTax [33]. HARS

consists of the N�terminal WHEP domain, catalytic

domain, and C�terminal anticodon�binding domain. All

known mutations in the HARS gene are located in the cat�

alytic domain around the active site (figure). The

Arg137Gln mutation was found in 2013 in a patient with

sporadic motor and sensory peripheral neuropathy char�

acterized by the distal motor and sensory disfunctions.

Although this is so far a single case of neuropathy associ�

ated with this particular mutation, its importance was

confirmed by the functional studies in yeast and the

observed toxic effect of this mutation on neurons in

Caenorhabditis elegans expressing the mutant protein [6].

Discovery of the Arg137Gln mutation has prompted the

search for other HARS mutations, resulting in identifica�

tion of Thr132Ili, Pro134His, Asp175Glu, and Asp364Tyr

substitutions [18]. In 2018, three more missense mutations

(Val155Gly, Tyr330Cys, Ser356Asn) were found that are

also located in the HARS catalytic domain. It should be

noted that the evidence in favor of the Ser356Asn muta�

tion involvement in the CMT phenotype is less convinc�

ing, since the mother of the patient with the Ser356Asn

substitution was heterozygous by the same mutation but

did not manifest any CMT symptoms [34].

Asparaginyl�tRNA synthetase. Asparaginyl�tRNA

synthetase (AspRS or NARS) belongs to the subtype a of

class II aaRSs. Similarly to the majority of aaRSs, there

are the cytoplasmic (NARS1) and mitochondrial

(NARS2) isoforms of the enzyme. NARS1 consists of

three domains: unique N�terminal extension (UNE�N),

anticodon�binding domain (ABD), and catalytic domain.

NARS2 is composed of the ABD and catalytic domain

only. Missense mutations in both NARS isoforms result

in various neurodegenerative diseases, but unlike most

aaRSs mutations, mutations in NARS can be located in

domains other than the catalytic one (figure).

The study involving 21 families with 32 members

manifesting delayed development, seizures, peripheral

neuropathy, and ataxia reveal association of these disor�

ders with some heterozygous and biallelic mutations in

NARS1 [35]. In seven patients with microcephaly and

delayed development from three unrelated families, the

NARS1 gene contained biallelic Thr17Met, Asp356Ala,

Arg545Cys mutations and frameshift mutations. Content

of the NARS1 protein in these patients was decreased, the

activity of NARS1 was suppressed, and the total protein

synthesis was impaired [36]. The homozygous Val213Phe

mutation in NARS2 causes nonsyndromic hearing loss

(DFNB94), while the compound heterozygous mutations

Tyr323* + Asn381Ser result in the mitochondrial respira�

tory chain deficiency and Leigh syndrome, (neurodegen�

erative disease characterized by the symmetrical lesions in

the basal ganglia, thalamus, and brainstem) [37].

Tyrosyl�tRNA synthetase. Tyrosyl�tRNA synthetase

(TyrRS or YARS) is a class I aaRS. Together with trypto�

phanyl�tRNA synthetase (WARS or TrpRS), it belongs to

the subtype c enzymes, and contains the AIDQ motif typ�

ical for the ATP�binding site [38]. YARS consists of three

domains: evolutionary conserved catalytic domain, ABD,

and C�terminal EMAPII (endothelial monocyte�activat�

ing polypeptide II)�like domain. Unlike other aaRSs,

human YARS is processed by elastase with formation of

the N�terminal TyrRS (also known as mini�TyrRS) and

the C�terminal EMAPII�like domain [39].

YARS is the second aaRSs, whose role in the CMT

was demonstrated. There are at least five mutations in the

YARS catalytic domain associated with the intermediate
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Domain structure of aaRSs. Red arrows, mutations associated with human neurodegenerative diseases; pink arrows, mutations found in mice

(numbering according to the corresponding human protein). (Color version of the figure is available in online version of the article and can

be accessed at: https://www.springer.com/journal/10541)
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CMT form (DI�CMTC/AD�CMTin�YARS) (Fig. 1):

Originally, heterozygous Gly41Arg and Glu196Lys muta�

tions and Δ153�156 (VKQV) deletion were identified [3],

pathogenicity of which was confirmed in the transgenic

Drosophila models [40]. All three mutations were charac�

terized in detail both in vitro and in vivo. Not all mutant

enzymes displayed a decreased amino acylating activity,

and none of the mutations altered the protein stability or

secondary structure (Gly41Arg and Glu196Lys caused

slight conformational changes) [41]. Later, the Asp81Ile

mutation was found in an adult patient. According to the

family medical history, the parents of this patient were

healthy and carried no other CMT�associated mutations

[42]. The fifth mutation in the YARS gene (Glu196Gln)

was identified in a family, in which representatives of

three generations had intermediate CMT type. The

Glu196Gln mutation was inherited by two children from

the affected mother [43].

Tryptophanyl�tRNA synthetase. Human trypto�

phanyl�tRNA synthetase (WARS or TrpRS) consists of

the N�terminal WHEP domain, catalytic domain, and C�

terminal ABD. The His257Arg mutation was first discov�

ered in two unrelated Taiwanese families, and then in a

European family in Belgium (figure). All affected individ�

uals demonstrated phenotypical manifestations of

dHMN. The His257 residue is evolutionary conserved

from fish (Danio rerio) to humans [8].

Methionyl�tRNA synthetase. Methionyl�tRNA syn�

thetase (MetRS or MARS) belongs to the subtype a of

class I aaRSs. It consists of the N�terminal glutathione S�

transferase (GST) domain, catalytic domain, ABD, and

C�terminal WHEP domain. MARS is the only CMT�

associated aaRS that does not form a dimer. Mutations in

MARS rarely cause CMT [7]. There are four mutations

known to be associated with the type 2U CMT

(CMT2U/AD�CMTax�MARS) (figure): three of them

are in the ABD and one in the catalytic domain.

Mutations in the MARS gene can cause autosomal reces�

sive spastic paraplegy [44]. The first discovered mutation

(Arg618Cys) was found in two CMT2 patients from the

same family (45� and 67�year�old males) [7]. The

Pro800Thr mutation was identified in several unrelated

Korean families [42, 45] and in a 71�year�old Japanese

female [46]. CMT2U is a sensory and motor neuropathy

manifestations of which rise with aging. However, two

individuals with the Pro800Thr mutation from a Korean

family were found that developed the disease in an early

age [45]. In 2018, a new missense mutation (Arg737Trp)

was identified in a 13�year�old girl. The Arg73 residue is

conserved from bacteria to humans. The patient inherited

this gene variant from a 60�year�old mother, who demon�

strated slightly diminished leg reflexes, especially in the

Achilles tendon. No cavus foot or other foot abnormali�

ties were observed [47].

Recently, the Ala397Thr mutation was found in an

11�year�old girl with a progressing CMT that started in

the early childhood. Sanger sequencing revealed absence

of this mutation in the genome of the healthy mother

(healthy father was not tested). The Ala397 residue is

highly conserved (up to yeast) [48].

Structure modeling showed that Arg618 and Pro800

are important for the anticodon recognition and correct

functioning of MARS, while Ala397 is located near the

Zn2+�binding site and is essential for catalytic activity of

the enzyme [48].

Mutations Arg618Cys and Arg737Trp were also

found in non�symptomatic patients and patients with

weakly manifested symptoms. All the patients with the

Pro800Thr mutation displayed significant neurological

symptoms [47].

Alanyl�tRNA synthetase. Alanyl�tRNA synthetase

(AARS or AlaRS) belongs to the class II aaRSs and con�

sists of four domains: N�terminal catalytic domain,

tRNA�binding domain, editing domain, and C�terminal

domain involved in oligomerization (dimerization or

tetramerization). The tRNA�Ala has the unique G3: U70

base pair in the acceptor stem which determines its affin�

ity for AARS [49]. At the same time, AASR can activate

wrong amino acid because of the structural similarity

between alanine and some other amino acids (e.g., ser�

ine), which requires hydrolytic editing activity of the

enzyme to provide aminoacylation of the correct tRNA

[19]. So far, all mutations discovered in AARS are associ�

ated with the subtype 2N CMT (CMT2N/AD�CMTax�

AARS). The average age for the first manifestations of this

disease is 28 years (from 2 to 60 years). The most studied

mutation in the AARS is Arg329His (figure) that was dis�

covered in 17 patients with the axonal form of CMT

(CMT2) [4]. The Asn71Tyr mutation was found in 36

unrelated Taiwanese patients. It has been believed for a

long time that this mutation is the major Asian mutation

in CMT2N [50, 51]. Another missense heterozygous

mutation, Gly102Arg, was found in the catalytic domain.

All patients with this mutation demonstrated a mild

axonal neuropathy; three out of four patients exhibited

lower extremity hyperreflexia, indicating superimposed

myelopathy [52].

Three more mutations were discovered when study�

ing larger cohorts of the affected individuals. Two of

these mutations (Arg326Trp and Glu337Lys) are located

in the catalytic domain; the third one is in the editing

domain (Ser627Leu) [53]. Another mutation in the

AARS gene (Asp893Asn) was found in a Chinese family.

The mutation had the autosomal dominant inheritance

pattern. Clinical features included mild weakness and

wasting of the distal muscles of the lower limb and foot

deformity, without clinically detected sensory disrup�

tions [54].

Very recently, a novel mutation (Gln855Arg) was dis�

covered in a CMT2 patient, but its pathogenic role has

not been confirmed yet (variant of uncertain significance,

VUS) [55].
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The Glu778Ala mutation was revealed in an

Australian family. Unlike the abovementioned mutations,

the substituted amino acid is not evolutionary con�

served [5].

The Glu688Gly mutation in the editing domain was

found in a family of Irish origin during studying four

British and two Irish families with neuropathy [56].

Lysyl�tRNA synthetase. Lysyl�tRNA synthetase

(LysRS or KARS) is a dual�localization aaRS of the

class II, subtype b. It consists of the N�terminal helical

domain, ABD, and C�terminal catalytic domain.

Mutations associated with the recessive intermediate

CMT type (CMTRIB) were first identified in two patients.

One of these patients had the Ile302Met mutation in a

heterozygous state. The studies of the pedigree of this

patient indicated the autosomal dominant type of inheri�

tance. The Leu133His substitution and Tyr173Serfs*7

frameshift were identified in another patient that were

phenotypically manifested as the intermediate CMT,

delayed development, self�deprecation, dysmorphia,

neurinoma of the auditory nerve [9], and nonsyndromic

hearing loss [57, 58]. The study published in 2019

described a patient with severe neurological and neu�

rosensory disfunctions who had two new mutations:

Pro228Leu and Phe291Val (Pro200Leu and Phe263Val in

the cytoplasmic enzyme) (figure). The patient exhibited

atypical optical neuropathy that has not been reported

before [59].

Glycyl�tRNA synthetase. Glycyl�tRNA (GlyRS or

GARS) belongs to the subtype of class II aaRSs. Similar

to KARS, GARS is a dual�localized aaRS. It consists of

the WHEP domain, catalytic domain, and ABD. The

mitochondrial enzyme also contains targeting sequence

for the import to mitochondria.

CMT is the most common hereditary peripheral

neuropathy. So far, there is no effective treatment of this

disease [60]. Autosomal dominant mutations in GARS

cause the 2D subtype of CMT (CMT2D).

Although most of the CMT2D�related mutations are

located in the catalytic domain, autosomal recessive

mutations in the ABD domain have been found in

patients with the mitochondrial disease phenotype. For

example, a child homozygous by the Arg635Trp substitu�

tion exhibited strong neonatal cardiomyopathy and

deficit of cytochrome c oxidase (the child died at 10 days

of age) [61]. Another child heterozygous by the

Ser581Leu and Arg542Gln mutations displayed myalgia,

cardiomyopathy, periventricular lesions, and persistent

elevation of blood lactate [62].

A 40�year�old patient living in the United Kingdom,

but originally from Ghana experienced difficulties with

writing, as he has noticed weakening of his hands since

the age of 12. His symptoms worsened when he was badly

beaten at the age of 34 in Ghana. When the plaster was

removed three weeks later, both hands were more wasted

than previously. His lower limbs were normal. Genetic

studies of this patient revealed the presence of the earlier

undescribed Ala57Val mutation in GARS [63].

Out of eight studied families, three families of

Algerian Sephardic Jewish origin (16 patients) had the

Glu526Arg mutation. The clinical phenotype consisted of

a slowly progressive motor distal neuropathy that started

in the hands in most patients, although four mutation

carriers were still asymptomatic, two of whom were

already 49 years of age [64].

The Ser211Phe mutation was discovered in a

Chinese family with CMT2D patients, adding to the vari�

ety of GARS mutations observed in the Chinese popula�

tion [65]. The Asp146Asn and Ser211Phe mutations

located in the highly conserved regions of the catalytic

domain were found in Korean patients with CMT2D.

Both mutations have the dominant inheritance pattern

and were found in parents, as well as in children. These

mutations were missing from the databases on human

genomic polymorphisms [66]; they are the first GARS

mutations discovered in Koreans. Both mutations corre�

spond to the dHMN�V phenotype. The Glu71Gly and

Pro244Leu mutations have been found in the Asian

patients only [2, 67].

The majority of GARS mutations result in deteriora�

tion of upper extremities with the clinical manifestations

staring at puberty. Mutations in the ABD mostly affect the

lower limbs with the first clinical manifestation appearing

in the early age [68, 69].

Mutations in GARS are atypical for dHMN�V

patients in China. However, a new autosomal dominant

mutation (Leu74Arg) was recently discovered and char�

acterized in a Chinese family with dHMN�V. An 11�year�

old girl had difficulties with writing and walking on her

heels but was still able to ambulate. No sensory problems

or tremor were present. Another five members from three

successive generations of the family (grandparent, father,

aunt, elder female cousin, and younger sister) showed

similar symptoms. All the above individuals with dHMN�

V (but not their healthy relatives) had the Leu74Arg

mutations. The mutation is absent in the polymorphism

databases; it is pathogenic, as has been demonstrated in

several in silico experiments. Clinical symptoms of

dHMN�V include atrophy of leg muscle caused by

peripheral motor neuropathy. No sensory disfunctions

were registered in the family, thus excluding the CMT�

related neuropathy. Hence, mutations in GARS cause

purely motor neuropathies [70].

As of today, over 10 dominant mutations in GARS

have been described that cause motor rather than sensory

neuropathies [71].

Recently, the new Gly273Arg mutation was found in

an 18�year�old young woman that had problems with

ankles during running and in a 22�year�old woman with

the weakness in arms and legs. This mutation was discov�

ered by sequencing and was absent in the genomes of the

patients’ relatives. The phenotype of the affected women
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was similar to that of other patients with the dominant

GARS mutations (Glu71Gly, Leu129Pro, Asp146Asn,

Ser211Phe, Leu218Gln, Pro244Leu, Ile280Phe,

His418Arg, Gly526Arg, Gly598Ala). The Gly273 residue

is conserved between yeast and mammals. The mutant

protein (Gly327Arg) did not support yeast growth in the

complementation assay, showing pathogenicity of this

mutation [71]. The recently discovered recessive muta�

tions in the catalytic domain were found to cause the

multisystem developmental syndrome that includes

severe growth retardation, thinning of the corpus callo�

sum, decrease in the cerebral white matter volume, and

atrophy of the brain stem, but not peripheral neuropathy

[72]. Children with the recessive mutations do not present

neuropathies, although it cannot be excluded that such

neuropathies will develop in future.

Mutations in GARS also result in the reduction of

aminoacylation activity, changes in the axon location,

and alterations in the neuropilin 1 (Nrp1) path�

way [3, 73, 74].

However, the role of mitochondrial GARS and its

effects on the phenotypical manifestations of the disease

are still poorly studied. It was demonstrated that muta�

tions in GARS lead to the tissue�specific mitochondrial

defects in neurons that develop via different mechanisms

in patients with autosomal dominant and recessive muta�

tions.

Dominant mutations in the GARS gene are associat�

ed with hereditary neuropathies, while recessive muta�

tions cause severe childhood disorders affecting various

muscles (including cardiac muscle). The mechanisms for

the tissue�specific character of disease manifestation and

relations between the genotype and the phenotype still

remain unknown.

It was shown that GARS mutants can bind Nrp1,

which is a direct antagonist of the signaling pathway

essential for survival of the motor neurons. Nrp1 is a

membrane�bound co�receptor of the tyrosine kinase

receptor for the vascular endothelial growth factor

(VEGF). It is involved in the VEGF�induced angiogene�

sis, axon guidance, and cell survival, migration, and

metastasis [74]. Aberrant interaction between the GARS

mutants and Nrp1 prevents VEGF binding to Nrp1. A

decrease in the Nrp1 level exacerbates neuropathy, while

upregulation of the VEGF expression restores motor

functions. Although this suggests the pathological effects

of GARS mutant proteins secreted by the neurons, it does

not explain all the pathologies associated with the muta�

tions in GARS.

Downregulation or complete absence of GARS lead

to the decline in the mitochondrial translation [75].

Suppression of GARS biosynthesis with siRNAs results in

the reduction of mitochondrial translations in neurons

and myoblasts (but not in fibroblasts), which suggests that

mutant GARS proteins cause tissue�specific defects in the

mitochondrial translation because of the loss of function.

Besides, the observed changes in the mitochondrial

metabolism cannot be fully explained by the defects in the

cytoplasmic and mitochondrial translation and suggest

existence of additional noncanonical GARS functions in

neurons [76, 77].

GARS colocalizes with the mitochondrial RNA

granules that act as the centers of post�translational pro�

cessing and biogenesis of mitochondrial ribosomes, as

well as a platform for RNA maturation, ribosome assem�

bly, and translation initiation. This fact confirms the pos�

sibility of the effects of the mutant forms on these

processes. However, RNA granules are not typical for

neurons and cannot explain the tissue�specificity of the

pathological effects of mutations in GARS [75].

RNA sequencing and comparative proteomic studies

have shown that both dominant and recessive GARS

mutations lead to the significant alterations in the mito�

chondrial transcriptome and proteome, including

changes in the respiratory chain subunits, Krebs cycle

enzymes, and mitochondrial transport proteins.

Moreover, the recessive GARS mutations noticeably

affect the metabolism of fatty acid. These data correlate

well with the fact that patients with recessive GARS

mutations display exercise intolerance, as well as myopa�

thy and cardiomyopathy commonly observed in the tis�

sues with defective fatty acid oxidation.

The neuropathy�associated GARS mutations are

accompanied by the decrease in the content of the vesi�

cle�associated membrane protein B (VAPB) and changes

in the mitochondrial and cellular calcium homeostasis,

which might explain tissue specificity of their clinical

manifestations. VAPB is a component of a structural

complex that binds to the plasma membrane and mem�

branes of the endoplasmic reticulum (ER) and mitochon�

dria. Modulation of the VAPB activity is manifested by

the changes in the mitochondrial�ER contacts and can

affect calcium metabolism in these organelles [78].

More than 20 GARS mutations related to various

neurodegenerative diseases have been described (figure),

Glu71GLy, Leu129Pro, and GLy240Arg being the most

strongly associated with the diseases. Only few mutations

affect aminoacylation insignificantly. Mice with one copy

of the GARS gene (and therefore, 50% GARS activity)

present no symptoms [79]. Moreover, overexpression of

the wild�type GARS in the CMT2D mice does not cure

neuropathy [80], as the disease is caused by impairments

of the GARS functions other than aminoacylation, as

suggested earlier.

Most class II aaRSs function as dimers (including

GARS). All CMT2D�associated mutations are located in

the region of subunit contact [81]. Some of these muta�

tions lead to the conformational opening and exposure of

the protein surfaces normally inaccessible to the solvent

[74, 82], which might result in attainment of the ability

for binding of an unusual partners. Thus, the wild�type

GARS binds Nrp1 very poorly (with the binding constant
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of 1 mM), while binding constant of the Leu129Pro

mutant is 29.8�66.3 nM [74, 82].

Mutations in GARS result in the its subcellular

redistribution and can lead to the loss of additional func�

tions at the cellular level, even if the aminoacylating

activity is retained [83].

Despite the fact CMT is a commonly occurring dis�

ease, it is rarely reported in the sub�Saharan Africa.

Mutations resulting in CMTD2 have been found in very

few families, mostly of Caucasian ancestry. Until recent�

ly, no CMTD2 cases have been registered in Africa.

Recently, an African family was found in Mali, whose

members presented the CMT phenotype due to the novel

GARS mutation [84]. Two out of five siblings were found

to be affected (35�year�old male and 19�year�old female);

the symptoms started in their teenage years with muscle

weakness and atrophy in hands. Later, distal involvement

of the lower limbs was noticed. The affected individuals

experienced insignificant loss of sensation. Genetic stud�

ies revealed the novel Ser211Tyr mutation in GARS. The

same mutation was identified in the 58�year�old mother,

who presented no symptoms [84]. More phenotypical and

genetic studies in Africa might provide additional infor�

mation that will help to distinguish between the CMT2D

and distal spinal muscular atrophy type V (dSMA�V).

Spinal muscle atrophy (SMA) is a disease character�

ized by the symmetric proximal muscle weakness and

atrophy, resulting in the progressive degeneration and loss

of neurons in the ventral horns of the spinal cord. Unlike

CMT patients, most individuals with SMA carry dele�

tions in the chromosome 5; however, 5% of SMA cases

are associated with other mutations. These patients often

exhibit the damage of proximal muscles, including respi�

ratory system dysfunctions and type V distal SMA

(dSMA�V). Both CMT2D and dSMA�V are caused by

heterogenous mutations in GARS. Multiple cases of

childhood SMA related to GARS mutation have been

described recently [68, 69, 85].

GARS is the most commonly analyzed gene in the

genetic screening of patients with suspected CMT2D and

dSMA�V. However, these tests are conducted mainly in

adults, while in newborns and babies, the diseases associ�

ated with mutations in GARS can be easily missed.

Very recently, three patients with mutations in the

GARS gene were found to developed early neuropathy

with respiratory distress that mimicked the childhood

SMA [86]. All three patients were born full�term, without

visible pathologies. Two of the them were from the

Hispanic families. The mother of the third patient was

French Canadian, and the farther was Caucasian. No

hereditary neurodegenerative diseases have been reported

in the patients’ families. The first manifestations of neu�

ropathy were observed 1.5 to 2 months after birth in two

patients and within the first days after birth in the third

patient. The first two patients had the Ile280Asn mutation

in the catalytic domain, while the third child had the

Gly598Arg substitution in the ABD. Both Ile280 and

Gly598 are conserved in eukaryotes (from nematodes to

humans). Another mutation at position 598 (Gly598Ala)

has been described before. This substitution results in

CMT and distal SMA in children and newborns [68, 69].

It is believed that mutations in the ABD disturb the enzy�

matic function of GARS more than mutations in any

other domain.

All three patients presented the symptoms of SMA

and associated dysfunctions and had problems with sen�

sation, which is typical of CMT2D. Based on the pro�

nounced weakness of distal muscles and breathing prob�

lems, it is likely that these patients had SMARD1 (spinal

muscular atrophy with respiratory distress type 1).

Making correct diagnosis is essential, since many

degenerative diseases have similar symptoms [87, 88].

Genomic screening in combination with analysis of clin�

ical manifestations might be helpful in the revision of the

existing disease classification. Thus, previously, GARS

mutations had been linked to CMT2D and dSMA�V

only; at present, they are also associated with early man�

ifestations of SMA.

Yeasts are commonly used for verifying the ability of

mutant forms of human GARS to restore cell growth in

the complementation assay that uses haloid yeast strain

deficient in the GARS1 gene. The GARS gene can be

introduced into the cells with the URA3 plasmid [89].

Expression of the full�size enzyme or its truncated form

lacking the mitochondrial targeting signal and the WHEP

domain (GARS ΔMTSΔWHEP) restored rapid yeast

growth on the selective medium that caused spontaneous

loss of the URA3 vector. This proved that human GARS

complemented the loss of the endogenous GARS1 locus

[72, 90]. Expression of the GARS ΔMTSΔWHEP

Ile280Asn mutant did not restore the growth of yeast

cells, indicating the loss of function by the mutant

enzyme [86].

Another neurodegenerative disease that should be

mentioned is amyotrophic lateral sclerosis (ALS), which

is a progressive neurological disorder characterized by the

damage of motor neurons in the brain and spinal cord.

More than 30 ALS�associated genes have been identified

[91]. Previously, no association between the defects in the

GARS gene and motor neuron disorders had been con�

sidered. However, genetic screening of a 70�year�old

female with the classical bulbar ALS revealed the pres�

ence of the heterozygous GARS mutation Val665Leu in

the cytoplasmic enzyme (Val719Leu in its mitochondrial

form), that most probably was the cause of the disease.

No mutations in the ALS�associated genes were found

[92]. The discovered mutation has not been described

before. It is located in the ABD, mutations in which are

known to cause the most pronounced symptoms.

More than ten mutations in GARS have been associ�

ated with the development of CMT and dHMN [93], and

this number continues to increase. We believe that GARS
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should be added to the list of genes that are sequenced in

ALS because of the newly discovered association of this

gene with various neurodegenerative diseases.

In addition to the above�described GARS�related

disorders, there are cases of the multisystem developmen�

tal syndrome. Genome sequencing of these patients

revealed the presence of the heterozygous Glu83Ilefs*6

frameshift and Arg310Gln mutation. In vivo and in vitro

experiments showed that both mutations resulted in the

GARS loss of function via reduction in the protein level

(frameshift) or decrease in the aminoacylating activity

(missense mutation).

A girl born prematurely at 36�weeks gestation with a

birth weight of 1.52 kg increased the weight poorly and

showed cephalofacial disproportion, low�normal bone

mineralization, and loss of hearing. No infections were

found. She continued to suffer from atopic dermatitis and

recurrent rhinitis. Developmentally, she rolled at

4 months, sat at 16 months, started to hold a pencil and

feed herself at 5 years, and walked at 6 years. Her verbal

skills included 20�25 single words with poor intelligibility.

At the age of 2 years and 9 months, her weight was 7.6 kg,

height was 72 cm, and head circumference was 43 cm

[72]. She did not show signs of lower motor neuron disor�

der or neuropathy and her sensation to temperature was

normal. To reveal the possible cause of the observed

symptoms, her genome and genomes of her healthy par�

ents were sequenced. The sequencing identified two

mutations in the child’s GARS gene: heterozygous

Glu83Ilefs*6 frameshift and Arg310Gln mutation. The

mother had the Glu83Ilefs*6 frameshift in a heterozygous

form, and the father had heterozygous Arg310Gln substi�

tution. The frameshift affected both the core domain and

the ABD, while substitution Arg31 (residue conserved

between worms and humans) affected the core domain

only. The frameshift resulted in the emergence of prema�

ture stop codon and, consequently, cause a decrease in

the content of the full�size GARS (synthesized from the

second allele). The Arg310Gln substitution resulted in

the loss of the aminoacylating activity (by ~99%); the

mutant protein did not restore yeast growth in the yeast

complementation assay [72]. The presence of both muta�

tions led to multiple dysfunctions typical for the defective

aaRSs. Interestingly, none of the three examined individ�

uals with the Arg310Gln mutation presented CMT symp�

toms.

CONCLUSION

Correct diagnosis is one of prerequisites for success�

ful treatment. The discovery that mutations in GARS

might results in the development of diseases other than

CMT and dSMA (e.g., ALS, SMA, and multisystem

developmental syndrome) prompts the scientists to add

the GARS gene to the list of genes tested for the presence 
of mutations involved in the development of neurodegen� 
erative disorders. In recent years, new methods for the 
treatment of neuropathies (especially, their early stages in 
children) using antisense oligonucleotides have been 
under development. However, antisense oligonucleotides 
and even more advanced adenoviral vectors should be 
used only after the underlying causes of the disease (chro� 
mosomal deletion, mutations in aaRS genes, etc.) has 
been elucidated.

The molecular mechanisms of selective neuronal 
susceptibility in neurodegenerative diseases might be 
related to the newly acquired activities of the incorrectly 
folded proteins (aaRSs) interacting with the signaling 
proteins in a particular type of cells. Studying these addi� 
tional activities of aaRSs may be helpful in understanding 
the mechanisms of development of neurodegenerative 
disorders and searching for new approaches and effective 
drugs to treat these diseases.
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