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Protein synthesis is a fundamental process that underpins almost every aspect 
of cellular functioning. Intriguingly, despite their common function, recessive 
mutations in aminoacyl-tRNA synthetases (ARSs), the family of enzymes that 
pair tRNA molecules with amino acids prior to translation on the ribosome, 
cause a diverse range of multi-system disorders that affect specific groups of 
tissues. Neurological development is impaired in most ARS-associated disorders. 
In addition to central nervous system defects, diseases caused by recessive 
mutations in cytosolic ARSs commonly affect the liver and lungs. Patients with 
biallelic mutations in mitochondrial ARSs often present with encephalopathies, 
with variable involvement of peripheral systems. Many of these disorders 
cause severe disability, and as understanding of their pathogenesis is currently 
limited, there are no effective treatments available. To address this, accurate in 
vivo models for most of the recessive ARS diseases are urgently needed. Here, 
we discuss approaches that have been taken to model recessive ARS diseases 
in vivo, highlighting some of the challenges that have arisen in this process, 
as well as key results obtained from these models. Further development and 
refinement of animal models is essential to facilitate a better understanding of 
the pathophysiology underlying recessive ARS diseases, and ultimately to enable 
development and testing of effective therapies.
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1. Introduction

1.1. Canonical function of ARSs

Accurate and efficient protein synthesis is integral to cellular survival and functioning. At 
the ribosome, tRNA molecules act as ‘adaptors’ between mRNA codons and corresponding 
amino acids, enabling translation of mRNA sequences into polypeptides. Aminoacyl-tRNA 
synthetases (ARSs) are a family of ubiquitously expressed enzymes that play a crucial role in 
facilitating this process. ARSs are responsible for ligating tRNA molecules to their cognate amino 
acids, in a two-step reaction known as aminoacylation. In the first step, ATP is hydrolyzed within 
the active site of the ARS and an aminoacyl adenylate intermediate is formed (amino acid 
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‘activation’). The activated amino acid residue is then transferred to the 
3′ acceptor end of a corresponding tRNA molecule (‘tRNA charging’), 
and AMP is released. Charged tRNA molecules are chaperoned to the 
ribosome by elongation factor thermally unstable (EF-Tu) in bacteria, 
or by eukaryotic translation elongation factor 1 alpha (eEF1A) in 
eukaryotes, where the tRNA anticodons are paired with 
complementary mRNA codons. ARSs are divided into two classes (I 
and II) based on structural differences in their catalytic domain, which 

influence their modes of substrate and ATP binding and the kinetics 
of the aminoacylation reaction (Ribas de Pouplana and Schimmel, 
2001; Rubio Gomez and Ibba, 2020). These primary classes are further 
divided into three subclasses (a, b, and c), summarized in Table 1.

tRNA aminoacylation occurs separately in both the cytosol and 
mitochondria of cells. In eukaryotes, there are a total of 36 ARSs, 
comprising 17 that exclusively function within the cytosol, 17 within 
the mitochondria, and two bifunctional ARSs, which work in both 

TABLE 1 The aminoacyl-tRNA synthetases.

Synthetase Abbreviation Gene(s) Classification

Alanyl-tRNA synthetase AlaRS AARS1
Class IIa

Mitochondrial alanyl-tRNA synthetase mt-AlaRS AARS2

Cysteinyl-tRNA synthetase CysRS CARS1
Class Ia

Mitochondrial cysteinyl-tRNA synthetase mt-CysRS CARS2

Aspartyl-tRNA synthetase AspRS DARS1
Class IIb

Mitochondrial aspartyl-tRNA synthetase mt-AspRS DARS2

Glutamyl-prolyl-tRNA synthetase GluProRS EPRS1

Class Ib (GluRS domain) Class IIa (ProRS domain)Mitochondrial glutamyl-tRNA synthetase mt-GluRS EARS2

Mitochondrial prolyl-tRNA synthetase mt-ProRS PARS2

Phenylalanyl-tRNA synthetase PheRS FARSA, FARSB
Class IIc

Mitochondrial phenylalanyl-tRNA synthetase mt-PheRS FARS2

Glycyl-tRNA synthetase GlyRS GARS1 Class IIa

Histidyl-tRNA synthetase HisRS HARS1
Class IIa

Mitochondrial histidyl-tRNA synthetase mt-HisRS HARS2

Isoleucyl-tRNA synthetase IleRS IARS1
Class Ia

Mitochondrial isoleucyl-tRNA synthetase mt-IleRS IARS2

Lysyl-tRNA synthetase LysRS KARS1 Class Ib and Class IIb

Leucyl-tRNA synthetase LeuRS LARS1
Class Ia

Mitochondrial leucyl-tRNA synthetase mt-LeuRS LARS2

Methionyl-tRNA synthetase MetRS MARS1
Class Ia

Mitochondrial methionyl-tRNA synthetase mt-MetRS MARS2

Asparaginyl-tRNA synthetase AsnRS NARS1
Class IIb

Mitochondrial asparaginyl-tRNA synthetase mt-AsnRS NARS2

Glutaminyl-tRNA synthetase GlnRS QARS1
Class Ib

Mitochondrial glutaminyl-tRNA synthetase mt-GlnRS QARS2

Arginyl-tRNA synthetase ArgRS RARS1
Class Ia

Mitochondrial arginyl-tRNA synthetase mt-ArgRS RARS2

Seryl-tRNA synthetase SerRS SARS1
Class IIa

Mitochondrial seryl-tRNA synthetase mt-SerRS SARS2

Threonyl-tRNA synthetase ThrRS TARS1
Class IIa

Mitochondrial threonyl-tRNA synthetase mt-ThrRS TARS2

Valyl-tRNA synthetase ValRS VARS1
Class Ia

Mitochondrial valyl-tRNA synthetase mt-ValRS VARS2

Tryptophanyl-tRNA synthetase TrpRS WARS1
Class Ic

Mitochondrial tryptophanyl-tRNA synthetase mt-TrpRS WARS2

Tyrosyl-tRNA synthetase TyrRS YARS1
Class Ic

Mitochondrial tyrosyl-tRNA synthetase mt-TyrRS YARS2
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compartments (Ognjenovic and Simonovic, 2018). Each ARS 
corresponds to one of the 20 proteinogenic amino acids, except for the 
fused cytosolic glutamyl-prolyl-tRNA synthetase (GluProRS), which 
catalyzes the aminoacylation reaction for both glutamic acid and 
proline in the cytosol. Furthermore, mitochondrial glutaminyl-tRNA 
synthetase (GlnRS) has not been identified in mammals, with 
aminoacylation of mammalian mitochondrial tRNAGln achieved 
through an indirect pathway involving transamidation of mischarged 
Glu-tRNAGln through the glutamyl-tRNA amidotransferase 
(Echevarría et al., 2014).

Each ARS is encoded by a single nuclear gene, apart from the 
cytosolic phenylalanyl-tRNA synthetase (PheRS), which has two 
separate genes encoding its alpha and beta subunits. For ARS gene 
nomenclature, a single letter is used to represent the relevant amino 
acid, followed by ‘ARS1’ for the bifunctional and cytosolic ARSs, or 
‘ARS2’ for their mitochondrial counterparts. For example, the 
aspartyl-tRNA synthetase (AspRS) encoded by DARS1 is responsible 
for charging cytosolic tRNAAsp molecules, while mitochondrial 
(mt)-AspRS encoded by DARS2 performs the equivalent function in 
mitochondria. While most cytosolic and mitochondrial ARS pairs are 
encoded by separate genes, the cytosolic and mitochondrial forms of 
the bifunctional glycyl-tRNA synthetase (GlyRS) and lysyl-tRNA 
synthetase (LysRS) are encoded by single genes.

Accurate pairing of tRNAs with their cognate amino acids by 
ARSs is critical for implementation of the genetic code. ARSs bind 
specific tRNAs and amino acids based on their structural and 
physicochemical properties (Giege et al., 1998; Kaiser et al., 2020). 
However, strong structural similarities between certain amino acids 
can make them difficult to discriminate based on their binding site 
affinity alone. To help overcome this challenge, more than half of the 
ARSs (AlaRS, IleRS, LeuRS, LysRS, MetRS, PheRS, ProRS, SerRS, 
ThrRS, and ValRS) are capable of proofreading and hydrolyzing 
erroneously activated amino acids, either within the active site itself 
prior to tRNA charging, or after misacylation of tRNAs has occurred, 
using an appended editing domain (Perona and Gruic-Sovulj, 2014; 
Rubio Gomez and Ibba, 2020).

1.2. Secondary functions of ARSs

Throughout evolution, most ARSs have acquired diverse 
secondary functions. While some of these non-translational functions 
utilize the ARSs canonical substrate binding sites, or arise from 
alternative splicing (Lo et al., 2014), much of this functional expansion 
has been driven by the addition of novel protein domains (Guo and 
Schimmel, 2013; Pang et  al., 2014). Examples of these functions 
include modulation of immune and inflammatory responses (Park 
et  al., 2005; Ofir-Birin et  al., 2013; Lee et  al., 2016), regulation of 
angiogenesis (Mirando et al., 2014), as well as ageing and lifespan 
(Zhou et al., 2021). In mammals, eight of the cytosolic ARSs (ArgRS, 
AspRS, GlnRS, Glu-ProRS, IleRS, LeuRS, LysRS, and MetRS) come 
together with three Aminoacyl-tRNA synthetase Interacting 
Multifunctional Proteins (AIMP1, AIMP2, and AIMP3) to form a 
multi-synthetase complex (MSC). In response to specific molecular 
signals, individual ARSs and AIMPs within the complex undergo 
post-translational modifications and are released from the MSC to 
carry out their non-translational functions (Guo and Schimmel, 2013; 
Pang et al., 2014). Formation of the MSC appears dispensable for 

protein translation, suggesting that its primary role is to support or 
regulate secondary ARS functions (Kim et al., 2003; Cui et al., 2021).

1.3. ARSs and disease

Mutations in all ARS genes have been linked to diseases, the 
majority of which affect the nervous system. Despite their shared 
fundamental role in translation, the consequences of mutations in 
different ARS genes are remarkably heterogeneous, affecting distinct 
combinations of tissues. Genotype-phenotype correlations have been 
challenging to establish due to the broad disease spectrum associated 
with mutations in individual ARS genes, with reported cases of high 
intrafamilial variability (Riley et  al., 2013; Ardissone et  al., 2018; 
Muthiah et al., 2020; Ong et al., 2020; Ait-El-Mkadem Saadi et al., 
2022). ARS mutations were first formally associated with human 
disease in 2003, with identification of dominant mutations in GARS1 
as the cause of Charcot-Marie-Tooth disease type 2D (CMT2D) and 
spinal muscular atrophy type V (SMAV; Antonellis et  al., 2003). 
Dominant mutations in six other ARS1 genes (AARS1, HARS1, 
MARS1, WARS1, SARS1, and YARS1) have since also been linked to 
peripheral neuropathies (Wei et al., 2019). ARS2 genes have not yet 
been associated with dominant disease.

In contrast, recessive mutations in each of the cytosolic and 
mitochondrial ARSs have been connected to a broad range of 
multisystem diseases that often affect development of the central 
nervous system (CNS) (Ognjenovic and Simonovic, 2018; Fuchs et al., 
2019). The recessive inheritance pattern of these disorders excludes 
haploinsufficiency as the disease mechanism. Interestingly, peripheral 
neuropathy is not a common clinical feature among patients with 
recessive ARS variants, suggesting that the pathophysiology 
underlying these two sets of diseases differs. This review focuses on 
the group of recessive ARS diseases, which broadly affect the CNS and 
other systems.

Key disease presentations associated with biallelic ARS1 and 
ARS2 mutations are summarized in Supplementary Tables 1, 2. 
Recessive ARS2 mutations most commonly cause encephalopathies, 
leukoencephalopathies, sensorineural hearing loss, and cardiovascular 
disease (Sissler et al., 2017; Zou et al., 2021; Del Greco and Antonellis, 
2022). Diseases caused by recessive mutations in ARS1 genes often 
affect neurodevelopment and CNS myelination, but can also impact 
other systems, including the liver and lungs (Fuchs et  al., 2019). 
Recently, novel variants in AARS1 and NARS1 have been associated 
with dominantly inherited CNS diseases (Sundal et al., 2019; Manole 
et  al., 2020). These cases represent an exception to the generally 
recessive inheritance of ARS-related CNS pathologies; however, it is 
possible that dominant variants in other ARS genes may similarly 
be implicated in CNS or multisystem diseases in the future.

Recent studies have shown therapeutic benefits of bespoke 
interventions for individual recessive ARS1 disease cases. For example, 
multiple patients with recessive ARS1 diseases have experienced 
improvements following personalized amino acid and protein 
supplementation to compensate for reduced aminoacylation efficiency 
(Hadchouel et al., 2015; Kopajtich et al., 2016; Das et al., 2020; Lenz 
et al., 2020b; Kok et al., 2021). Improvements were also observed in a 
patient with biallelic KARS2 mutations following multivitamin 
supplementation and adherence to a ketogenic diet (Murofushi et al., 
2022), and in a patient with DARS2 mutations following treatment 
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with a derivative of succinic acid to support mitochondrial function 
(Bedova et  al., 2020). Larger-scale clinical studies and further 
exploration of whether therapeutic benefits can similarly be achieved 
for other recessive ARS diseases are important next steps. Additionally, 
the development of curative treatments such as gene therapies that 
address the underlying disease causes are lacking and are 
urgently needed.

A question central to the pathophysiology of ARS dysfunction is 
how mutations in these essential, ubiquitously expressed enzymes 
preferentially affect specific tissues. Existing hypotheses include 
differing cellular energy and translational demands throughout 
development (Fuchs et  al., 2019; González-Serrano et  al., 2019), 
variations in tRNA and amino acid concentrations across different 
tissues (Kuo and Antonellis, 2020), and varied ARS expression levels 
across specific tissues and cell types (Fröhlich et  al., 2017, 2018). 
Broader disruptions in translational efficiency and fidelity have been 
robustly linked to neurological disease, possibly reflecting a specialized 
need for rapid protein synthesis to support neuroplasticity, or 
difficulties in clearing misfolded proteins that arise from the unique 
morphology of neuronal cells (Kapur and Ackerman, 2018; 
Ognjenovic and Simonovic, 2018). Additionally, neurons are highly 
reliant on mitochondrial function to support axonal development, 
function, and regeneration (Devine and Kittler, 2018; Cheng et al., 
2022), making them particularly sensitive to mitochondrial 
dysfunction that may be  triggered by impaired 
mt-tRNA aminoacylation.

These explanations focus on loss of canonical ARS activity; 
however, it is possible that pathogenic ARS mutations also 
compromise secondary enzyme functions or have toxic gain-of-
function effects, which may account for the heterogeneity of ARS 
disease phenotypes. An important and ongoing task is to identify the 
relative contributions of these mechanisms to the different diseases. A 
related point of importance is determining the extent to which their 
etiologies are distinct or shared. Better understanding of these key 
issues is essential for designing appropriately targeted therapies for 
this group of diseases.

2. Animal model systems for studying 
recessive ARS diseases

The establishment of in vivo models for each of the recessive ARS 
diseases is crucial to advance the understanding of their pathogenesis 
and is a prerequisite to developing novel treatments. Protein structural 
analyses, in vitro aminoacylation assays, and yeast complementation 
assays have been widely used to investigate the effects of pathogenic 
ARS mutations on enzyme stability and activity (Meyer-Schuman and 
Antonellis, 2017; Oprescu et al., 2017), to help determine the extent 
to which loss of enzyme function may contribute to ARS disease 
pathogenesis. However, these assays are of limited value for 
establishing the contributions of toxic gain-of-function effects or loss 
of secondary functions, particularly where non-canonical functions 
remain unknown. Additionally, the performance of mutant ARSs in 
aminoacylation assays is not always reflective of their pathogenicity in 
vivo (van Berge et al., 2013; González-Serrano et al., 2019; Schuch 
et  al., 2021). Despite the high costs and ethical considerations 
associated with conducting animal research, functional in vivo studies 
are vital as they facilitate comprehensive investigation into the 

downstream consequences of pathogenic ARS mutations within the 
context of an entire organism (Figure 1). While several studies have 
modelled ARS dysfunction in vivo (Figure 2; Supplementary Tables 1, 2), 
accurate pre-clinical models are still lacking for most ARS-associated 
diseases, particularly in mammals. This class of diseases has proven to 
be particularly challenging to model in vivo due to species-dependent 
penetrance and severity of the underlying ARS mutations, the essential 
and ubiquitous function of ARSs in protein synthesis, and the lack of 
redundancy amongst ARSs.

Equivalence of ARS function between species can be  tested 
through overexpression of the wildtype human gene in knockout or 
knockdown animals, where ability of the wildtype human ARS to 
compensate for loss of the endogenous ARS is indicative of 
functional conservation. Once this has been established, rescue 
experiments using mutant ARSs on a loss-of-function background 
can inform on residual enzymatic activity of specific ARS variants. 
Additionally, overexpression of pathogenic mutant human genes on 
a wild-type or heterozygous gene knockout background can inform 
on toxic gain-of-function or dominant-negative effects (Oprescu 
et al., 2017).

Phenotyping of ARS knockout or knockdown animals can reveal 
aspects of ARS-associated diseases which arise from loss of enzyme 
function. Precision gene editing tools such as CRISPR/Cas9 can also 
be used to introduce specific disease-causing point mutations into 
endogenous ARS genes to replicate the disease. Both gene knockout 
and transgene expression can be spatially and temporally controlled, 
using cell type-specific promoters and inducible site-specific 
recombinase systems, including Cre-loxP and Flp-FRT technologies 
(Branda and Dymecki, 2004). Viral vectors may be used to deliver 
transgenes or to silence genes via RNA interference (RNAi) in distinct 
cell populations at predetermined time points, including specific cell 
populations within the nervous system (von Jonquieres et al., 2013, 
2016). Combining these techniques enables substantial flexibility in 
gene manipulation.

2.1. Species for modelling ARS diseases

Due to their essential role in protein synthesis, ARSs have been 
highly conserved throughout evolution, allowing for translational 
studies across multiple species (Figure 2).

Invertebrate species such as Caenorhabditis (C.) elegans and 
Drosophila melanogaster provide relatively low cost, high-throughput 
platforms for assessing the downstream consequences of pathogenic 
ARS mutations, as well as for screening the therapeutic potential of 
candidate drugs and interventions. Many fundamental physiological 
processes are conserved between humans, C. elegans and Drosophila, 
and both species have successfully been used to model multiple 
neurodegenerative diseases (Lu and Vogel, 2009; Caldwell et al., 2020). 
These invertebrate transgenic animal models facilitate analysis of 
survival, morphological defects, as well as behavioral abnormalities 
using basic tests of sensory and motor function. A particular 
advantage of C. elegans is their transparency, which enables 
longitudinal visualization of nervous system development 
or degeneration.

Vertebrate species that have been used to model ARS diseases 
include zebrafish (Danio rerio), Xenopus laevis, and mouse (Mus 
musculus). Zebrafish have high fecundity, develop rapidly, and are less 
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expensive to maintain than mice, making them well suited for early 
investigations into the in vivo effects of ARS gene manipulations. The 
external fertilization of zebrafish means that they are easily accessible 
for early genetic manipulation through microinjections of expression 
plasmids, transcription activator-like effector nuclease (TALEN) 
mRNA, or CRISPR/Cas9 reagents into early (e.g., one-cell stage) 
embryos (Köster and Sassen, 2015). Additionally, the transparency of 
zebrafish during development, and the recent creation of a zebrafish 
mutant that retains transparency in adulthood enables observation of 
zebrafish neuromorphology, neuronal activity, and cellular processes 
such as axonal transport in vivo (Stewart et al., 2014; Antinucci and 
Hindges, 2016; Atkins et al., 2022). Zebrafish brain structures are 
readily imaged in situ (Stewart et  al., 2014), and their chemical 
permeability makes them well suited for rapidly screening water-
soluble chemical compounds for their therapeutic efficacy and toxicity 
(Veldman and Lin, 2008). Unlike invertebrate models, it is possible to 
investigate the effects of ARS mutations on myelination in zebrafish 
(Preston and Macklin, 2015). The experimental paradigms available 
for the behavioral phenotyping of zebrafish have also expanded in 
recent years, to include tests of social and anxiety-related behaviors, 
in addition to basic tests of locomotor function (Stewart et al., 2014).

Use of Xenopus to study ARS disease has been less common than 
zebrafish, however, this species shares many of the advantages of 
zebrafish for disease modelling, including rapid production of large 
numbers of offspring, and the ability to precisely manipulate gene 

expression during the early stages of development through 
intracellular microinjections. The Xenopus model also enables 
selective unilateral manipulation of gene expression in the embryo 
through one-sided injections at the 2-cell stage of development, with 
the contralateral side of the body serving as an internal control (Lasser 
et  al., 2019). Embryonic development of Xenopus has been well 
characterized, and this model system has been widely used to study 
abnormal development of multiple systems including the nervous 
system (Borodinsky, 2017; Lee-Liu et al., 2017; Choi et al., 2022) and 
the heart (Hoppler and Conlon, 2020).

As mammals, mice have a higher level of anatomical and 
physiological similarity to humans than zebrafish, Xenopus, or 
invertebrate species. It is therefore important that results from 
non-mammalian studies are validated in mammals. Mice are the most 
widely used species for modelling human diseases, and many 
genetically identical inbred strains of mice are readily available for use 
in studies of gene function, including existing transgenic mouse 
models for a range of diseases (Amos-Landgraf et al., 2022). Many 
tools for gene manipulation and other experimental techniques, 
including comprehensive behavioral test batteries have also been 
extensively validated in this species (Sukoff Rizzo and Crawley, 2017).

Online databases are available for each of these species, providing 
comprehensive genomic data, protocols, and information on existing 
transgenic lines and reagents to facilitate research with these model 
organisms (Consortium A.O.G.R, 2022).

FIGURE 1

Key methodological approaches for modelling ARS pathology in vivo, and their potential theoretical relevance. This figure was created with BioRender.
com.
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2.2. ARS knockout and knockdown studies

Recessive ARS diseases are thought to be primarily caused by 
impairments in tRNA aminoacylation (Meyer-Schuman and 
Antonellis, 2017). In vitro studies with patient cells, yeast 
complementation assays, and aminoacylation assays are consistent 
with a loss of canonical enzyme function, and the pathogenicity of 
ARS variants can generally be predicted by these assays (Oprescu 
et al., 2017). Initial attempts to model recessive ARS diseases have 
therefore focused on ARS knockout or knockdown. Heterozygous 
ARS knockout in mice does not lead to nervous system dysfunction, 
whereas homozygous knockout of cytosolic or mitochondrial ARS 
genes is embryonically lethal (Seburn et al., 2006; Dogan et al., 2014; 
Dickinson et al., 2016; Akaike et al., 2017; Fröhlich et al., 2017; Cheong 
et al., 2020; Hines et al., 2021; Xu et al., 2021; Chen et al., 2022). While 
this precludes the use of ARS knockout mice to model recessive ARS 
disease, it demonstrates that cytosolic and mitochondrial ARSs are 
non-redundant and are each essential for embryonic development and 
survival. Consistent with this, human patients may be homozygous 
for hypomorphic alleles, or compound heterozygous for a functional 
null allele and a hypomorphic allele, but never carry two functional 
null alleles. This suggests that the threshold at which loss of ARS 
function triggers major disease phenotypes lies below 50% of wildtype 
enzyme function. While this poses a challenge for accurately 
modelling this group of diseases, it also implies that restoration of 

enzyme function to 50% may be  sufficient to confer significant 
therapeutic benefits.

While homozygous ARS knockouts in mice are not viable, 
numerous studies have successfully characterized the consequences of 
ARS1 and ARS2 knockout and knockdown in C. elegans, Drosophila, 
and zebrafish, since these organisms are oviparous and undergo a 
larval stage in which early development is supported by maternal 
mRNA. These models recapitulate key aspects of the human diseases, 
supporting the loss-of-function hypothesis and enabling investigation 
into the downstream consequences of ARS knockout. In addition to 
general ARS gene knockout, cell type-specific ARS knockout models 
have so far been produced in Drosophila and mice. Summaries of 
ARS1 and ARS2 knockout models that have been generated to date 
are provided in Supplementary Tables 1, 2.

2.2.1. Common phenotypic features of ARS 
knockout and knockdown

While ARSs are ubiquitously expressed, their expression is 
enriched within specific tissues during development, particularly 
within the CNS, eyes, muscles, and digestive system (Wang Z et al., 
2018; Siekierska et al., 2019; Lin et al., 2021). Individual ARSs also 
appear to be differentially expressed across individual organs and cell 
types, possibly reflecting a higher requirement for incorporation of 
their corresponding amino acids in cell type-specific proteins, or cell 
type-specific secondary functions (Zhang et al., 2014; Fröhlich et al., 

FIGURE 2

Overview of animal model systems employed to characterize aminoacyl-tRNA synthetases associated with recessive ARS disorders. A detailed list of 
animal studies including corresponding references is provided in Supplementary Tables 1, 2. Mouse ARS knockout models phenotyped by the 
International Mouse Phenotyping consortium (IMPC) that have not been published are listed in grey. This figure was created with BioRender.com.
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2017, 2018; Wang Z et al., 2018; Siekierska et al., 2019; Inoue et al., 
2021; Lin et al., 2021, 2022).

Consistent with the comparatively high levels of ARS expression 
in the nervous system, multiple ARS1 knockout studies, primarily 
conducted in zebrafish, have demonstrated that loss of ARS1 gene 
function profoundly impairs nervous system development. 
Zebrafish knockout models have so far been created for kars1, lars1, 
qars1, vars1, and wars1 (Zhang et al., 2014; Wang Z et al., 2018; 
Siekierska et al., 2019; Inoue et al., 2021; Lin et al., 2021, 2022). 
Complete loss of any of these enzymes is lethal during larval 
development. Up to 2 days post fertilization (dpf), levels of ARS 
mRNA in knockout animals are comparable to wildtypes due to 
contribution of maternal mRNA. From 3 dpf, ARS expression drops 
off and there is rapid functional deterioration, including severe 
morphological defects predominantly affecting the brain, eyes, and 
heart, as well as locomotor dysfunction. Death of ARS1 knockout 
zebrafish occurs within 8-12 dpf. Knockdown of iars1 and cytosolic 
hars1 expression in zebrafish similarly affect brain and eye 
development in a dose-dependent manner (Kopajtich et al., 2016; 
Waldron et  al., 2019). In line with these zebrafish results, 
morpholino knockdown of endogenous kars1 expression in 
Xenopus leads to abnormal development of the head and eyes, and 
a lack of myelination in the ventral side of the brain (Itoh et al., 
2019). Brain and eye development were more severely affected in 
Xenopus following selective knockdown of the cytosolic isoform of 
kars1 compared to its mitochondrial isoform (Itoh et al., 2019). The 
impact of ARS1 knockout and knockdown on the eyes and brain is 
consistent with the frequent occurrence of microcephaly, brain 
atrophy, and visual impairments amongst patients with biallelic 
ARS1 mutations. Given that these defects are common across the 
different ARS1 knockout models, they are likely to result from loss 
of canonical ARS1 function and impaired translation.

Studies examining loss of ARS2 function in Drosophila and 
zebrafish have similarly demonstrated highly detrimental effects on 
early development and survival. The effects of gene knockout or 
knockdown have directly been tested for mt-CysRS, mt-PheRS, 
mt-ArgRS, mt-SerRS, mt-ThrRS, mt-ValRS, mt-TrpRS, and 
mt-TyrRS. As was observed for ARS1 knockdown animals, severity 
of the phenotype corresponds to the level of gene knockdown, with 
complete ARS2 knockout being lethal during early development in 
both zebrafish and Drosophila (Kasher et al., 2011; Maffezzini et al., 
2019; Fan et al., 2021; Jin et al., 2021; Chen et al., 2022; Mo et al., 
2023). Central nervous system development and cardiac function 
appear to be particularly vulnerable to loss of ARS2 function, likely 
due to their high metabolic demands. Morpholino knockdown of 
endogenous rars2 in zebrafish leads to underdevelopment and 
structural abnormalities within the brain, mirroring morphological 
defects induced by knockdown of the tsen54 gene that encodes 
tRNA-splicing endonuclease complex, which like RARS2, has been 
linked to pontocerebellar hypoplasia (PCH) in human patients 
(Kasher et  al., 2011). Transient knockdown of vars2 expression 
during zebrafish embryonic development causes cerebral oedema 
(Kayvanpour et  al., 2022), and homozygous knockout of yars2 
disrupts development of the retina (Jin et al., 2021). Knockdown of 
vars2 in zebrafish additionally causes heart failure (Kayvanpour 
et  al., 2022), and wars2 knockdown causes pericardial oedema, 
impaired angiogenesis, and cardiac contractile failure (Wang 
et al., 2016).

2.2.2. General (whole-body) ARS knockout and 
knockdown recapitulate key disease phenotypes

Despite some overlapping features, the consequences of knocking 
out different ARS genes vary, consistent with the heterogeneity of 
diseases caused by mutations in these genes (Supplementary Tables 1, 2).

In humans, homozygous mutations in KARS1, which encodes 
bifunctional LysRS, are associated with particularly heterogeneous 
clinical manifestations, with no clear genotype–phenotype correlation 
(Ardissone et al., 2018). The most common disease features include 
non-syndromic hearing loss, neurodevelopmental delay, 
leukoencephalopathy, microcephaly, and seizures (Lin et al., 2021). In 
zebrafish, knockout of kars1 produces phenotypic features reminiscent 
of the human pathology; specifically, knockout larvae exhibit 
sensorineural hearing loss, visual impairments, and susceptibility to 
seizures (Lin et al., 2021). Patients with KARS1 mutations have also 
been reported to exhibit neuromuscular dysfunction, a phenotype that 
is recapitulated in kars1 knockout animals.

Mutations in LARS1 have been associated with infantile liver 
failure syndrome type 1 (ILFS1) (Lenz et  al., 2020a). The most 
common symptoms reported in the literature so far include growth 
abnormalities, neurodevelopmental delay, recurrent elevation of liver 
transaminases, liver failure, failure to thrive, seizures, blood 
abnormalities (microcytic anemia), abnormality of the musculature 
(hypotonia), and hypoalbuminemia (Lenz et al., 2020a). In zebrafish, 
cytosolic LeuRS is encoded by two genes, larsa and larsb, with larsb 
being more homologous to the human LARS1 gene. Knockout of larsb 
(larsb−/−) in zebrafish most severely affected the liver, with a marked 
decrease in liver size starting from 3 dpf (Wang Z et al., 2018; Inoue 
et al., 2021). Like ILFS1 patients, the larsb−/− zebrafish also exhibited 
anemia and microcephaly (Inoue et al., 2021).

Similarly, mutations in VARS1 cause Neurodevelopmental 
Disorder with Microcephaly, Seizures, and Cortical Atrophy 
(NDMSCA; Siekierska et al., 2019). Consistent with the occurrence of 
epilepsy in NDMSCA patients, vars1 knockout zebrafish exhibit 
seizure activity from 5 dpf (Siekierska et  al., 2019). Key clinical 
features observed in patients with biallelic WARS1 mutations are 
recapitulated in zebrafish wars1 knockouts, including facial 
abnormalities, muscular defects, and hearing deficits (Lin et al., 2022). 
Knockdown of cars2 in zebrafish has been shown to impair migration 
of gonadotropin-releasing hormone (GnRH) neurons during 
embryonic development, consistent with the association between 
CARS2 mutations and hypogonadotropic hypogonadism in humans 
(Wang et al., 2015).

Dysfunction of the heart and central nervous system in ARS2 
knockout models reflects the common involvement of these systems 
in recessive ARS2 diseases. For example, biallelic missense mutations 
in FARS2 have been linked to hereditary spastic paraplegia (Vantroys 
et al., 2017). In keeping with this phenotype, morpholino knockdown 
of fars2 expression in zebrafish has been shown to cause impaired 
motor axon development and significant locomotor dysfunction 
(Chen et al., 2022). In another study, a distinctive phenotype of yars2 
knockout zebrafish was abnormal development of the retina (Jin et al., 
2021). While biallelic YARS2 mutations have not yet been reported to 
cause vision impairments, mutations in YARS2 have been found to 
interact with mutations in a mitochondrial gene linked to Leber’s 
hereditary optic neuropathy, worsening cellular respiration in patient 
cells, and exacerbating associated visual impairments (Jiang 
et al., 2016).
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The reproduction of characteristic pathological features in ARS1 
and ARS2 knockout and knockdown animals supports the hypothesis 
that a loss-of-function underlies the pathogenesis of these disorders. 
It is important to note that existing studies may have preferentially 
screened for abnormalities that align with the clinical presentations of 
patients, which can make it difficult to determine whether certain 
phenotypes are uniquely triggered by knockdown or knockout of 
individual ARSs. Application of standardized procedures for 
comprehensive phenotyping of novel ARS disease models are required 
for such comparisons. Phenotypes observed in animal models not yet 
reported in patient cases may lead to the discovery of novel disease 
markers that are relevant in the clinical setting.

2.2.3. Conditional (cell type-specific) knockout 
and knockdown

Conditional knockout of ARS function enables investigation into 
how dysfunction in specific cell types contribute to the ARS disease 
phenotypes. For example, neuronal knockout of PheRS-m in 
Drosophila causes a milder level of developmental delay compared to 
Drosophila with generalized PheRS-m knockout, indicating that loss 
of mitochondrial PheRS function within the nervous system partially 
contributes to this phenotype (Fan et al., 2021). Neuronal PheRS-m 
knockout flies also exhibit susceptibility to seizures, mirroring the 
epileptic phenotype of patients with fars2 deficiency (Fan et al., 2021). 
Selective RNAi knockdown of SerRS-m in either the muscle or 
neurons of Drosophila caused a significant reduction in lifespan, with 
muscle specific SerRS-m depletion also impairing locomotor function 
(Guitart et al., 2013). Understanding which cell populations are most 
affected by loss of ARS function can guide treatment strategies such 
as gene replacement, by identifying target cell types for therapeutic 
transgene expression.

Mammalian cell type-specific ARS1 knockout models have not yet 
been characterized, however, results obtained from conditional 
knockouts of Dars2 in mice suggest that this may similarly be  a 
promising strategy for circumventing the embryonic lethality of 
generalized ARS1 knockout in mice. Oligodendrocyte- and neuron-
specific Dars1 knockout mouse models are currently under 
investigation in the authors’ lab. Mutations in the mitochondrial 
DARS2 gene cause Leukoencephalopathy with Brainstem and Spinal 
cord involvement and Lactate elevation (LBSL) (Scheper et al., 2007; 
Muthiah et al., 2020). Despite LBSL being a white matter disease, a 
direct comparison between the effects of oligodendrocyte and 
neuronal Dars2 knockout in mice demonstrates that neurons are more 
susceptible to loss of mt-AspRS function than oligodendrocytes 
(Aradjanski et  al., 2017). While oligodendrocyte-specific Dars2 
knockout from 4 weeks of age does not impact oligodendrocyte 
survival or CNS myelination, selective loss of Dars2 function in 
CamKIIα-expressing forebrain cortical and hippocampal neurons 
from postnatal day (P) 14 causes severe mitochondrial dysfunction 
and neuroinflammation, leading to widespread neuronal apoptosis by 
6 months of age (Aradjanski et al., 2017). As noted by the authors of 
this study, oligodendrocytes may be more sensitive to loss of Dars2 at 
an earlier timepoint, during myelination of the developing brain.

A subsequent neuronal Dars2 knockout model created using a 
different CamKIIα-Cre line similarly showed substantial hippocampal 
and cortical neurodegeneration, as well as neuroinflammation, 
activation of immune signaling, and induction of the integrated stress 
response (ISR) (Nemeth et al., 2020). Interestingly, some differences 

were observed between the two CamKIIα-Cre Dars2 knockout 
models. Where the mice characterized by Aradjanski et al. (2017) 
exhibited significant mitochondrial dysfunction and low weight gain 
relative to controls, mice characterized by Nemeth et al. (2020) had an 
increased number of mitochondria within axons of the corpus 
callosum, which retained their normal morphology. These mice also 
had higher body mass than controls. Behaviorally, mice characterized 
in the first study showed a progressive decline in motor function, 
including tremors, ataxia, and kyphosis, whereas the second group of 
Dars2 knockout mice showed a progressive increase in locomotor 
activity relative to control animals. The different results produced in 
these two studies, despite using the same promoter for Cre-mediated 
Dars2 knockout, highlight the sensitivity of phenotypical outcomes to 
factors such as genetic background or environmental conditions. 
These factors are therefore important to take into consideration when 
evaluating and comparing results obtained from different studies and 
research groups.

In another LBSL model, knockout of Dars2 in mouse Purkinje 
neurons between P5 and P7 similarly resulted in mitochondrial 
dysfunction, neuroinflammation, impaired cellular connectivity, and 
substantial loss of Purkinje cells, highlighting the importance of Dars2 
for supporting neuronal function (Rumyantseva et al., 2020). Notably, 
even among neuronal cell populations, there are differences in 
vulnerability to loss of Dars2, with cortical neurons appearing more 
sensitive to Dars2 depletion than hippocampal neurons (Aradjanski 
et al., 2017). Together, these conditional knockout studies suggest that 
neuronal dysfunction likely contributes to LBSL pathology and have 
provided mammalian models of neuronal mt-AspRS deficiency, which 
can be  employed in drug efficacy studies to test novel LBSL 
treatment strategies.

The tissue-specific consequences of loss of mt-AspRS function 
were similarly highlighted in another conditional knockout mouse 
model, where Dars2 expression was knocked out in cardiac and 
skeletal muscle by embryonic day (E) 15.5, with skeletal muscle 
showing a greater capacity to compensate for the consequent loss of 
mitochondrial function than cardiomyocytes (Dogan et al., 2014). 
Mitochondrial stress responses, which were not observed in skeletal 
muscle even at the peak of mitochondrial dysfunction at 6 weeks of 
age, were initiated in cardiomyocytes as early as at 1 week of age, prior 
to detectable mitochondrial respiratory chain deficiency. These early 
stress responses included initiation of the mitochondrial unfolded 
protein response (UPR) and increased expression of fibroblast growth 
factor 21 (FGF21), leading to upregulation of peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC1-α), which 
stimulates mitochondrial biogenesis. Increased FGF21 expression in 
Dars2 knockout mice led to systemic metabolic changes including 
decreased fat mass and lower blood glucose levels.

Mutations in FARS2 are similarly linked to neurological disease 
including infantile-onset mitochondrial encephalopathy and spastic 
paraplegia (Almannai et  al., 2018). Neuronal Fars2 knockout 
(Fars2-cKO) was recently tested in mice, with gene knockout in 
nestin-expressing cells initiated by E11 (Chen et al., 2022). Fars2-cKO 
mice exhibit severe structural abnormalities within the brain during 
subsequent embryonic development, including enlargement of the 
ventricles and cortical degeneration, consistent with the occurrence 
of brain atrophy in multiple human patients with biallelic FARS2 
mutations (Vantroys et al., 2017; Chen et al., 2022). Analysis of brain 
tissue from Fars2-cKO embryos revealed reduced translation and 
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assembly of mitochondrial respiratory chain subunit complexes, 
mitochondrial degeneration, and progressive apoptotic cell death 
within the cortex. Fars2-cKO mice are stillborn or die shortly after 
birth, indicating that mt-PheRS function in neurons is essential to 
support embryonic development. It is possible that viable Fars2-cKO 
offspring may be produced if neuronal Fars2 knockout is initiated at 
a later timepoint.

Hearing loss is a common feature of recessive diseases caused 
by mutations in several ARSs, including EPRS1, HARS1, HARS2, 
IARS2, KARS1, LARS2 and NARS2 (Pierce et al., 2011; Puffenberger 
et al., 2012; Pierce et al., 2013; Santos-Cortez et al., 2013; Simon 
et al., 2015; Soldà et al., 2016; Sun et al., 2019; Jin et al., 2022). A 
recent study investigated the consequences of selective Hars2 
knockout (Hars2-cKO) in the inner hair cells (IHC) and outer hair 
cells (OHC) of the cochlea in mice using the Cre-loxP system, with 
Cre recombinase expression driven by the promoter for the hair 
cell-selective transcription factor Gfi1 (Xu et  al., 2021). 
Phenotypically, Hars2-cKO mice exhibited hearing loss from P30, 
despite displaying no significant loss of hair cells until ~P45, after 
which loss of both IHCs and OHCs rapidly progressed. Increasing 
numbers of morphologically abnormal mitochondria were observed 
in the hair cells of Hars2-cKO mice from P14, with a concomitant 
accumulation of reactive oxygen species (ROS) and mitochondrial 
apoptosis. Whole-cell patch clamping of IHCs revealed impaired 
synaptic transmission in IHCs due to a reduction in calcium influx, 
likely underlying the early hearing loss in Hars2-cKO mice. Deficits 
in synaptic transmission preceding the progressive loss of hair cells 
may similarly be caused by loss-of-function of other ARSs that have 
been linked to hearing loss; a possibility that can be explored in 
future studies through the generation of appropriate conditional 
knockout models.

2.2.4. Rescue experiments
Rescue experiments with wildtype human ARS mRNA 

consistently improve the phenotypes of knockout animals, 
demonstrating conservation of ARS function and validating their use 
for modelling ARS diseases. As monogenic diseases, recessive ARS 
disorders may be amenable to gene replacement therapy; a treatment 
strategy that can be explored using ARS knockout models.

ARS knockout models may also be used for screening pathogenic 
ARS variants, as multiple studies across Drosophila, Xenopus, and 
zebrafish have demonstrated the ability of wildtype, but not mutant 
human ARS mRNA to rescue knockout phenotypes. A recent study 
demonstrated that the phenotype caused by loss of vars1 in zebrafish 
could be rescued effectively by wildtype, but not by mutant human 
VARS1 mRNA (Siekierska et al., 2019). Zebrafish wars1 and wars2 
knockouts could be  rescued with wildtype human WARS1 and 
WARS2 mRNA, respectively, however mutant WARS1 mRNA failed 
to rescue wars1 knockout zebrafish (Bögershausen et al., 2022; Lin 
et al., 2022). Similarly, developmental defects induced by morpholino 
knockdown of kars1 in Xenopus could partially be rescued through 
delivery of wildtype, but not pathogenic human KARS1 mRNA (Itoh 
et al., 2019). LysRS is known to have a phosphorylation-dependent 
secondary function where it is released from the MSC, translocates to 
the nucleus, and activates the microphthalmia-associated transcription 
factor (MITF) to regulate the immune response in mast cells (Ofir-
Birin et al., 2013). Interestingly, blocking nuclear localization of the 
pathogenic human KARS1 variant resulted in rescue of the knockdown 

phenotype similar to the wildtype KARS1 variant (Itoh et al., 2019), 
possibly by preventing a toxic gain-of-function within the nucleus, or 
increasing the bioavailability of LysRS outside the nucleus to perform 
the canonical aminoacylation function.

Many recessive ARS disease patients are compound heterozygous 
carriers of two different variants. In this instance, rescue experiments 
can inform on the contribution of individual variants to specific 
pathological hallmarks. In a study where multiple pathological wars1 
variants were tested for their ability to rescue zebrafish wars1 
knockout, different variants failed to rescue different aspects of the 
knockout phenotype, such as hearing deficits or head and eye 
abnormalities, seemingly consistent with clinical features exhibited by 
patients with the respective mutations (Lin et al., 2022).

Likewise, expression of a human FARS2 variant linked to epileptic 
encephalopathy exacerbated the seizure phenotype of PheRS-m 
knockout Drosophila, while expression of a pathological variant 
associated with spastic paraplegia impaired climbing activity (Fan 
et al., 2021). Worsening of the PheRS-m knockout phenotypes upon 
expression of mutant alleles implies that these variants produce toxic 
gain-of-function effects. The distinct phenotypes produced by 
mutations in the same gene suggest that separate protein functions are 
affected by the different variants; a possibility that may be further 
investigated using these models.

2.3. Expression of editing-defective ARS 
variants

Impairments in the ability of ARSs to recognize their appropriate 
substrates or to rectify errors that occur during tRNA aminoacylation 
can lead to the misincorporation of amino acids into proteins as they 
are synthesized. Protein mistranslation in the cytosol exerts stress on 
the endoplasmic reticulum, which can in turn lead to activation of the 
UPR (Walter and Ron, 2011). Prolonged activation of the UPR as a 
result of the ongoing production of misfolded proteins ultimately 
leads to the induction of pro-apoptotic signaling pathways and cell 
death (Lin et  al., 2008). Mistranslation of proteins within the 
mitochondria can trigger the mitochondrial UPR, which, like the 
cytosolic UPR, can be protective in the short-term, but damaging if 
persistently activated (Shpilka and Haynes, 2018).

Defective proteins produced due to mistranslation can have 
additional deleterious effects. For example, expression of an editing 
defective ValRS variant in zebrafish caused DNA damage, widespread 
cell death, and a reduction in lifespan, hypothesized to be  a 
consequence of malfunctioning DNA replication and repair proteins 
(Song et al., 2016).

Studies conducted in both Drosophila and mice have indicated 
that the nervous system is particularly affected by errors in protein 
translation arising from compromised fidelity in tRNA 
aminoacylation. In Drosophila, complete disruption of the 
proofreading mechanisms of PheRS is lethal during development (Lu 
et al., 2014). A partial deficit of PheRS editing activity in Drosophila 
results in growth defects, locomotor deficits, and accelerated ageing. 
Selective expression of editing-defective PheRS variants in the eye 
causes significant morphological defects of the retina, highlighting the 
reliance of neural cells on accurate tRNA aminoacylation for normal 
development. The same study demonstrated that this defect is not 
restricted to developmental stages, as the expression of proofreading 
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deficient PheRS in adult Drosophila also causes neurodegeneration 
(Lu et al., 2014).

Similar outcomes have been observed in mice expressing editing-
defective AlaRS variants. Homozygous expression of an 
aminoacylation-capable but editing-defective Aars1 variant 
(p.Ala734Glu) in mice (Aars1A734E/A734E) causes accumulation of 
misfolded proteins and progressive degeneration of Purkinje neurons 
(Lee et al., 2006). In vertebrates, proofreading is carried out by the 
protein ANKRD16, in addition to the proofreading performed by the 
AlaRS editing domain (Vo et al., 2018). Deletion of the Ankrd16 gene 
in Aars1A734E/A734E mice is embryonically lethal, and conditional 
knockout of Ankrd16 in specific neuronal cell populations of 
Aars1A734E/A734E mice results in widespread neurodegeneration within 
the corresponding cell populations, indicating that vulnerability of 
neurons to tRNAAla mischarging is not exclusive to Purkinje neurons 
(Vo et  al., 2018). In a separate study, homozygous expression of 
another Aars1 variant with more severely compromised editing 
activity (Aars1C723A/C723A) was embryonically lethal, but expression of 
this variant in trans to the p.Ala734Glu allele (Aars1C723A/A734E) resulted 
in mice that exhibit loss of cardiomyocytes in addition to Purkinje cell 
degeneration, revealing the sensitivity of another cell population to 
errors in protein synthesis (Liu et al., 2014).

In vivo consequences of mitochondrial mistranslation due to an 
ARS editing deficiency have so far been investigated for mt-AlaRS. Two 
editing domain mutations in Aars2 (Aars2V760E, equivalent to the 
Aars1A734E variant, and Aars2C749A) have been shown to increase the 
misacylation of tRNAAla with serine in vitro, without significantly 
compromising mt-AlaRS aminoacylation activity (Hilander et  al., 
2018). Mice heterozygous for either of these variants are phenotypically 
unaffected, and embryonic fibroblasts cultured from mice expressing 
the more severe Aars2C749A variant are capable of sustaining normal 
mitochondrial protein synthesis in serine-enriched media, 
demonstrating the ability of the wildtype allele to compensate for the 
editing defect (Hilander et al., 2018). In contrast, homozygosity for 
either of these variants in mice is lethal during embryonic 
development, highlighting the necessity of mt-AlaRS proofreading 
activity for supporting mitochondrial function. Whether editing 
deficiencies in other mitochondrial ARSs are equally deleterious is yet 
to be tested in vivo.

2.4. Expression of human patient ARS 
variants

Another approach for creating ARS disease models is to introduce 
specific mutations, which cause the respective disease in human 
patients, into the endogenous ARS gene of the model species. As 
previously mentioned, it is possible for different mutations within a 
single ARS gene to cause different diseases, possibly by perturbing 
residues that are important for separate functions of the enzyme 
(Sissler et al., 2017). Comparison between the downstream effects of 
individual pathogenic ARS variants may provide insights into the 
specific pathways that contribute to distinct disease phenotypes.

Biallelic mutations in the DARS1 gene cause the leukodystrophy 
Hypomyelination with Brainstem and Spinal cord involvement and 
Leg spasticity (HBSL; Taft et al., 2013; Wolf et al., 2015; Muthiah 
et  al., 2020). The introduction of HBSL-causing mutations 
[p.Asp367Tyr (Fröhlich et  al., 2020), p.Met256Leu (Klugmann 

et al., 2022)] into the mouse Dars1 gene were recently evaluated as 
candidate models for HBSL. In contrast to HBSL patients, mice 
homozygously expressing these variants (Dars1D367Y/D367Y, Dars1M256L/

M256L) do not show any severe nervous system dysfunction (Fröhlich 
et al., 2020; Klugmann et al., 2022). Neurological abnormalities 
were only observed upon crossing these homozygous Dars1 mutant 
mice with heterozygous Dars1-null mice (Dars1D367Y/−, Dars1M256L/−), 
indicating that both variants are hypomorphic, despite an apparent 
increase in aminoacylation activity for the Dars1D367Y variant when 
assayed in vitro (Fröhlich et  al., 2020). Specifically, compound 
heterozygous Dars1D367Y/− mice have severe developmental deficits, 
with only ~18% of Dars1D267Y/− offspring surviving to birth. All 
surviving Dars1D367Y/− mice are significantly smaller and lighter than 
control littermates, and hydrocephalus and eye defects are common 
among Dars1D367Y/− mice (Fröhlich et al., 2020). Resembling aspects 
of HBSL pathology, motor dysfunction and myelin defects, 
primarily within the spinal cord, were observed in aged Dars1D367Y/− 
mice. Similarly, Dars1M256L/− mice have a reduced birth rate and 
exhibit developmental delay (Klugmann et  al., 2022). Eye 
abnormalities and hydrocephalus occur in ~20% of Dars1M256L/− 
mice. Dars1M256L/− mice do not develop significant motor deficits, 
however, vacuolization of the spinal cord white matter was also 
observed in aged mice. Interestingly, Dars1M256L/− mice show 
pronounced metabolic changes, with an overall reduction in body 
fat mass compared to wildtype littermates. A similar trend was 
observed in Dars1D367Y/− mice, albeit to a lesser extent (Fröhlich 
et al., 2020). It is unclear whether similar metabolic changes occur 
in HBSL patients, however, based on the results from these mouse 
studies, this warrants investigation.

Despite the comparatively mild phenotype shown by mice 
expressing HBSL-causing Dars1 mutations, two mouse models with 
knock-in of pathogenic ARS2 variants were more severely affected 
than their human counterparts. Homozygous expression of a Fars2 
mutation (p.Asp142Tyr), which severely compromises mt-PheRS 
aminoacylation activity and causes hereditary spastic paraplegia in 
humans, is embryonically lethal in mice during early gestation, at a 
similar timepoint to Fars2 knockout mice (Yang et al., 2016; Chen 
et  al., 2022). Similarly, homozygous or compound heterozygous 
expression of human disease-causing Sars2 variants was embryonically 
lethal in mice (Yu et al., 2022). The specific factors underlying the 
variation in phenotype severity between mouse and human carriers 
of isogenic ARS mutations are not known, however, these species 
differences should be  considered when evaluating novel ARS 
disease models.

Ectopic expression of a pathogenic ARS variant on a wildtype 
background can be informative about whether the variant exerts a 
toxic gain-of-function or a dominant-negative effect on wildtype 
enzyme function in vivo. For example, expression of mutant human 
KARS1 mRNA in Xenopus was sufficient to cause head and eye defects 
resembling animals with morpholino knockdown of endogenous 
kars1 expression, suggesting that these disease-causing variants 
interfere with an essential function of wildtype kars1 (Itoh et al., 2019). 
Similarly, injection of a human NARS1 variant mRNA into wildtype 
zebrafish led to abnormalities in embryonic development, causing 
dose-dependent cyclopia and defects in gastrulation (Manole et al., 
2020). As previously mentioned, NARS1 is unusual among the ARSs 
in that it has been associated with severe neurodevelopmental 
disorders that have both dominant and recessive modes of inheritance 
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(Manole et al., 2020), suggesting that some pathogenic NARS1 variants 
might exert toxic gain-of-function or dominant-negative effects.

2.5. Pathogenic ARS variants identified 
through genetic screens

Additional ARS mutants with phenotypes relevant to the 
associated recessive diseases have been identified via forward genetic 
screens. For example, two missense variants in the Drosophila 
MetRS-m gene (p.Val42Asp., p.Ser224Leu) were identified in a genetic 
screen (mosaic FLP-FRT eye screen) for mutations causing a 
neurodegenerative phenotype in the eye (Bayat et al., 2012). Cells 
from MetRS-m mutant Drosophila recapitulated pathological features 
of human patient cells, including mitochondrial dysfunction, 
increased ROS, and impaired cell proliferation. Abnormal lipid 
deposits were observed in neural tissue of MetRS-m mutant 
Drosophila, possibly indicative of metabolic dysfunction. MetRS-m 
mutant flies also exhibited progressive myofibril degeneration in their 
flight muscles, rendering them incapable of flight. Interestingly, 
despite apoptosis being a recurrent feature in numerous ARS loss-of-
function models, apoptosis was not observed in the brain or 
non-neural tissue tested in the study. The MetRS-m mutant phenotype 
could be completely rescued through overexpression of Drosophila or 
human wildtype mt-MetRS, indicating conservation of function 
between the species and confirming that the phenotype was due to 
loss of mt-MetRS function. The pathological phenotype of MetRS-m 
mutant Drosophila could also be attenuated through administration 
of antioxidants. Similar phenotypic improvements following 
antioxidant administration were reported in a SerRS-m deficient 
Drosophila model (Guitart et al., 2013). It is yet to be determined 
whether this approach is similarly effective in other models of ARS2 
dysfunction and in human patients.

Novel pathogenic ARS variants identified in mutagenesis screens 
can elicit additional pathological phenotypes not yet documented in 
human patients. N-ethyl-N-nitrosourea (ENU) mutagenesis has been 
used to induce biallelic hypomorphic point mutations within the 
mouse Wars2 gene, with the p.Val117Leu variant (Wars2V117L/V117L) 
identified in a screen for mutations causing age-related disease 
phenotypes (Potter et al., 2016). Mutations in Wars2 cause a range of 
clinical presentations, including neurodevelopmental disorder with 
abnormal movements, lactic acidosis with or without seizures 
(NEMMLAS), and infantile-onset Parkinsonism (Theisen et al., 2017; 
Wortmann et  al., 2017; Burke et  al., 2018; Virdee et  al., 2019). 
Expression of the p.Val117Leu variant results in a Wars2 splicing 
defect, reducing mt-TrpRS levels in mice (Agnew et al., 2018). While 
Wars2V117L/− mice are not viable, Wars2V117L/V117L mice exhibit reduced 
adiposity, progressive hearing loss, and hypertrophic cardiomyopathy 
(Agnew et al., 2018; Mušo et al., 2022). No overt brain or neurological 
abnormalities were observed in Wars2V117L/V117L mice (Agnew et al., 
2018). Mutations in WARS2 have not been directly linked to hearing 
loss in human patients, however, sensorineural hearing loss is caused 
by mutations in other ARS2 genes (Sissler et al., 2017; Del Greco and 
Antonellis, 2022). While cardiomyopathy has previously been 
documented in a NEMMLAS patient (Wortmann et al., 2017), other 
aspects of the mouse phenotype differ from the typical clinical 
presentation of human patients with recessive WARS2 mutations. The 
equivalent mutation has not yet been observed in human patients, and 

it is likely that different point mutations in WARS2 affect different 
aspects of enzyme function, given the heterogeneity of clinical 
presentations associated with recessive ARS disorders. Novel 
pathological phenotypes associated with ARS dysfunction in animal 
models may be observed in future disease cases, as more patients are 
identified with new variants.

Results from a forward genetic screen for gene variants affecting 
the dendritic and axonal morphology of Drosophila olfactory 
projection neurons suggest that the function of ARSs in protein 
translation is required to support proper development and 
maintenance of these structures (Chihara et al., 2007). Here, a loss-of-
function mutation within the predicted catalytic domain of the 
Drosophila GlyRS gene caused defective arborization of axonal and 
dendritic terminals. Normal neuronal morphology could be  fully 
restored through transgenic expression of wildtype GlyRS. Given that 
GlyRS is a bifunctional enzyme, the authors sought to differentiate 
between the contributions of cytosolic and mitochondrial protein 
translation to this phenotype. Loss-of-function mutations introduced 
into TrpRS and GlnRS, which act exclusively in the cytosol, produced 
similar morphological defects, while selective disruption of 
mitochondrial protein synthesis did not affect the development of 
axonal and dendritic terminals. Drosophila with compromised 
mitochondrial protein translation instead showed a progressive 
reduction in dendritic density, indicating the importance of 
mitochondrial translation for maintenance of dendritic terminals 
rather than their initial development. Abnormalities in dendritic and 
axonal morphology have been linked to several neurological disorders 
(Kulkarni and Firestein, 2012; Van Battum et al., 2015), and may also 
contribute to ARS disease pathogenesis.

2.6. Animal models to investigate 
secondary ARS functions

Non-canonical enzyme functions are an important consideration 
when generating and interpreting novel ARS disease models. A 
number of non-canonical ARS functions have been demonstrated in 
vivo, including regulation of the immune response (Nayak et  al., 
2021), myogenic differentiation (Dai et al., 2021), autophagy (Han 
et al., 2012), cell proliferation, and tumorigenesis (Ho et al., 2021). 
Understanding secondary ARS functions can enable better 
anticipation of cellular dysfunction that may result from pathogenic 
variants, guiding identification of relevant disease biomarkers and 
selection of appropriate treatment strategies.

Multiple ARSs have been shown to influence angiogenesis, 
dysregulation of which is associated with several pathologies including 
inflammatory diseases and cancer (Yoo and Kwon, 2013; Mirando 
et al., 2014; Jeong et al., 2021). Neurovascular communication is also 
recognized to play an important role in neurogenesis and CNS 
development (Peguera et al., 2021; Vogenstahl et al., 2022). Forward 
genetic screens conducted in zebrafish have linked iars1, sars1, and 
tars1 variants to defects in angiogenesis during development, which 
can also be induced through morpholino knockdown of the respective 
genes (Jin et al., 2007; Fukui et al., 2009; Herzog et al., 2009; Cao et al., 
2016; Castranova et al., 2016; Wang K et al., 2018), but not through 
general inhibition of protein synthesis (Fukui et al., 2009; Herzog 
et al., 2009; Xu et al., 2012; Cao et al., 2016). Pro- and anti-angiogenic 
effects of TyrRS and TrpRS splice variants via the phosphoinositide 
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3-kinase (PI3K) and extracellular signal-regulated kinase (ERK) 
pathways have also been demonstrated in vivo in rats and rhesus 
monkeys (Wang et al., 2016; Zeng et al., 2016). Additionally, a Wars2 
variant identified through linkage analysis impairs cardiac 
angiogenesis in rats, and wars2 knockdown in zebrafish causes similar 
vascularization defects (Wang et al., 2016). GluProRS activity has also 
been linked to angiogenesis in vitro (Mirando et al., 2014), but has not 
yet been investigated in vivo.

Studies investigating the angiogenic dysregulation caused by loss 
of SerRS and ThrRS function indicate that ARSs influence angiogenesis 
through multiple independent pathways. Under normal conditions, 
SerRS can translocate to the nucleus via a nuclear localization signal 
(NLS). In the nucleus, SerRS regulates angiogenesis through 
repression of vascular endothelial growth factor A (VEGFA) 
expression by antagonizing the transcription factor C-Myc and 
recruiting the histone deacetylase Sirtuin 2 (Xu et al., 2012; Shi et al., 
2014). In vivo experiments in zebrafish and mice have demonstrated 
that phosphorylation of SerRS, triggered by hypoxia, inactivates this 
VEGFA repression function (Shi et  al., 2020). Excessive vessel 
branching induced by sars1 knockdown in zebrafish could be rescued 
through injection of wildtype human or zebrafish SerRS mRNA, as 
well as by expression of an aminoacylation-deficient sars1 variant, but 
not a phospho-mimetic sars1 variant, demonstrating that regulation 
of angiogenesis by SerRS is separate from its canonical function (Shi 
et al., 2020).

Zebrafish with loss-of-function mutations or knockdown of tars1 
similarly exhibit excessive branching of vessels, also caused by 
increased VEGFA signaling (Castranova et al., 2016; Zhang et al., 
2021). Interestingly, despite their common link to VEGFA regulation, 
wildtype sars1 mRNA is not able to rescue the abnormal angiogenesis 
phenotype observed in tars1 mutants, indicating that these ARSs 
modulate VEGFA activity via different pathways (Cao et al., 2016). 
Hyperactivation of VEGFA in tars1 mutant zebrafish occurs 
downstream of the amino acid response (AAR), via activation of 
general control nondepressible 2 (GCN2), phosphorylation of 
eukaryotic initiation factor 2 alpha (eIF2α), and upregulation of 
activating transcription factor 4 (Atf4) (Zhang et  al., 2021). The 
abnormal phenotype of tars1-deficient zebrafish can be  rescued 
through expression of wildtype zebrafish or human ThrRS mRNA, but 
not by aminoacylation-deficient tars1 variants, suggesting that in 
contrast to SerRS, ThrRS aminoacylation function may be required to 
support angiogenesis (Castranova et al., 2016; Zhang et al., 2021).

Metabolic changes have also been observed in multiple animal 
models of ARS dysfunction. In the case of mt-ARSs, this can result 
from loss of canonical enzyme function. Metabolic changes can occur 
downstream of mitochondrial stress via FGF21 activation, as has been 
demonstrated for both Dars2 and Wars2 loss-of-function mouse 
models (Dogan et al., 2014; Mušo et al., 2022). In addition to FGF21 
activation, upregulation of growth/differentiation factor 15 (GD15) 
was observed in Wars2 mutant mice and hypothesized to cause their 
decreased food intake (Mušo et al., 2022). Cytosolic ARS function has 
also been linked to metabolism. For example, GluProRS has been 
shown to have a phosphorylation-dependent secondary function in 
adipogenesis, with expression of a phospho-defective Eprs1 variant in 
mice causing reduced adiposity, higher energy expenditure, improved 
glucose homeostasis, and a longer lifespan (Arif et al., 2017). Mice 
with loss-of-function mutations in Dars1 similarly show a reduction 
in adiposity (Fröhlich et al., 2020; Klugmann et al., 2022), however, 

the underlying mechanisms have not been investigated, and it is 
therefore unknown whether this metabolic change occurs as a 
consequence of disrupted AspRS canonical function, or a yet 
unidentified secondary function.

2.7. Identification of potential treatment 
strategies

Determining which pathways are disrupted downstream of 
pathological ARS mutations can help to identify suitable treatment 
targets. Existing animal models of ARS diseases have elucidated 
numerous pathways perturbed by loss of ARS function that directly 
contribute to the corresponding pathophysiology.

Dysregulation of the cell cycle has been implicated in a number 
of ARS disease models. Tumor protein 53 (p53) plays a regulatory 
role in several cellular processes, including DNA repair, cell cycle 
arrest, and apoptosis (Chen, 2016). In a zebrafish LysRS loss-of-
function model, tissue-specific apoptosis was found to result from 
pathological p53 upregulation, with inhibition of p53 signaling 
rescuing multiple aspects of the abnormal phenotype (Lin et al., 
2021). Interestingly, p53 upregulation was also observed in zebrafish 
expressing an editing-defective ValRS variant, however, in this 
model p53 activation was a protective response to DNA damage, 
with p53 knockdown in vars1 mutants exacerbating developmental 
abnormalities and shortening their lifespan (Song et al., 2016). In 
zebrafish, knockdown of hars1 has been shown to cause cell cycle 
arrest and apoptosis, which was most pronounced in the nervous 
system (Waldron et  al., 2019). This was found to occur 
independently of p53 activation, instead resulting from induction 
of the AAR preventing normal accumulation of cyclin D1 
(CCND1), thus causing stalling of the cell cycle and triggering 
apoptosis. Overexpression of CCND1 in hars1 knockdown zebrafish 
rescued the abnormal phenotype, confirming the causal role of cell 
cycle arrest in the observed neurodevelopmental defects and 
identifying a potential treatment target (Waldron et al., 2019). As 
induction of the AAR is likely to be a common consequence of 
defective tRNA charging by mutant ARSs, cell cycle dysregulation 
may similarly contribute to the pathogenesis of other ARS disorders.

LeuRS zebrafish models have demonstrated that disruption of 
secondary LeuRS function directly contributes to the pathological 
phenotype, representing an actionable therapeutic target for LARS1 
associated liver disease. LeuRS can act as an amino acid sensor for 
intracellular leucine concentration resulting in activation of 
mammalian target of rapamycin complex 1 (mTORC1) signaling, 
which inhibits autophagy (Han et al., 2012). Loss of this secondary 
LeuRS function results in pathological induction of autophagy, which 
is evident in larsb knockout zebrafish, particularly within the liver, the 
central nervous system, and in skeletal muscle (Inoue et al., 2021). 
Both morpholino-mediated and pharmacological inhibition of 
autophagy using bafilomycin partially rescued the aberrant phenotype 
of larsb knockout zebrafish and increased liver size and survival rates 
(Inoue et al., 2021). Another study reported rescue of liver failure in 
larsb knockout zebrafish following treatment with an mTORC1 
morpholino or the mTORC1 inhibitor rapamycin (Wang Z et  al., 
2018). However, these results could not be reproduced in a subsequent 
study, making the therapeutic benefit of rapamycin for LysRS 
dysfunction inconclusive (Inoue et al., 2021).
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Loss of mt-ARS function has been shown to cause mitochondrial 
dysfunction in several ARS disease models, commonly accompanied 
by a pathological build-up of ROS, which contributes to a number of 
disorders including neurodegeneration, cardiovascular disease, and 
cancer (Bayat et al., 2012; Guitart et al., 2013; Forrester et al., 2018; 
Kausar et al., 2018; Xu et al., 2021). Counteracting the accumulation 
of ROS through administration of antioxidants has been shown to 
improve the phenotypes of MetRS-m mutant and SerRS-m knockdown 
Drosophila (Bayat et al., 2012; Guitart et al., 2013), but has yet to 
be tested in other in vivo models of mt-ARS dysfunction. Finally, a 
recent study that conducted RNA sequencing for PheRS-m knockout 
Drosophila revealed downregulation of the hedgehog signaling 
pathway during development, with pharmacological agonism of this 
pathway achieving partial rescue of the abnormal phenotype (Mo 
et al., 2023). Whether hedgehog signaling is similarly perturbed by 
loss-of-function of other mt-ARSs and could thus represent a 
generalizable treatment target is yet to be established.

As monogenic diseases, ARS disorders are ideal candidates to 
be treated by gene therapy, addressing the root cause of the diseases 
with the potential for permanent alleviation of symptoms. Therapeutic 
genetic material can be delivered in vivo using viral vectors, with 
adeno-associated viruses (AAVs) showing particular promise for 
clinical applications due to their low immunogenicity and high 
transduction efficiency (Naso et al., 2017; Deverman et al., 2018). 
Using this approach, diseases caused by loss-of-function gene variants 
can be treated by delivering functional gene copies directly to the 
affected cell populations. Alternatively, toxic gain-of-function variants 
may be targeted through AAV-mediated RNAi. In the case of recessive 
ARS diseases, specific cell populations are more affected than others 
by ARS dysfunction, and directing transgene expression to these cells 
is likely to result in optimal treatment outcomes. Cell type-specific 
targeting of AAV-mediated transgene expression can be  achieved 
through selection of appropriate capsid serotypes and promoter 
sequences (von Jonquieres et al., 2013, 2016; Naso et al., 2017; Fröhlich 
et al., 2022). Development of suitable animal models and identification 
of the cell populations primarily affected by ARS mutations will guide 
vector design and enable pre-clinical efficacy studies to establish the 
optimal timepoint of intervention, dosage, and route of administration. 
Since most recessive ARS disorders are associated with CNS 
abnormalities, the biggest challenge for virus-mediated gene therapies 
will be to achieve sufficient gene delivery to the CNS while avoiding 
detrimental side effects in the periphery. CNS delivery can be achieved 
by selecting CNS-targeted, liver de-targeted capsids for systemic 
injections, or through more direct delivery routes, including 
intracranial, intracerebroventricular, intracisternal, or intrathecal 
injections, which provide better CNS distribution, reduced impact on 
peripheral organs, and lower immunogenicity (Kells et  al., 2015; 
Hudry and Vandenberghe, 2019; Marchi et al., 2022).

2.8. Limitations and considerations for the 
use of animal models

Despite the apparent benefit of in vivo ARS disease models, it is 
important to recognize that animal models have inherent limitations, 
and that the validity and suitability of each model must be evaluated 
on a case-by-case basis to avoid the inappropriate or unnecessary use 
of animals. Due to species-specific differences, animal models can 

only provide approximations of the corresponding human conditions. 
The three important criteria for the validity of an animal disease 
model are whether the mechanisms underlying the observed 
phenotype are analogous to the disease pathomechanism (construct 
validity), how closely the model’s phenotype resembles key clinical 
features of the human condition (face validity), and whether modifiers 
of the model’s phenotype (e.g., treatments) produce similar effects in 
human patients (predictive validity) (Tadenev and Burgess, 2019).

The known causes of ARS diseases, and high ARS gene 
conservation across species means that it is possible to closely replicate 
the genetic basis of these diseases in animal studies, maximizing their 
construct validity. However, due to various interspecies differences, 
high construct validity does not necessarily coincide with high face 
validity, as has already been observed in mouse lines that are either 
non-viable or phenotypically unaffected despite expressing ARS 
variants found in human disease patients (Fröhlich et al., 2020; Chen 
et al., 2022; Klugmann et al., 2022; Yu et al., 2022). Conversely, some 
animal models produced through alternative approaches including 
gene knockdown or knockout have reproduced key phenotypic features 
of the corresponding human ARS diseases. While these models do not 
replicate the exact genetic defects found in human patients, they 
directly link loss of ARS function to pathological phenotypes and may 
be utilized to further investigate the corresponding disease mechanisms 
and to test novel therapies. In some cases, novel phenotypes observed 
in animal models may be  clinically relevant, particularly for rare 
diseases where the full clinical spectrum is not yet known. Ultimately, 
predictive validity of an animal model is important for preclinical 
testing of candidate treatments.

In light of these limitations and trade-offs, it will be important to 
complement results from animal studies with evidence obtained using 
additional methods, such as induced pluripotent stem cell (iPSC) 
models, which can provide insight into aberrant cellular mechanisms 
and pathways underlying the human pathophysiology.

3. Conclusion

The list of diseases associated with recessive mutations in ARSs is 
extensive and continuing to expand. The severity of many of these 
diseases, and the current lack of curative treatments, are strong 
motivators to better understand their underlying pathophysiology. 
Several animal models have so far provided key insights into ARS 
disease mechanisms, potential treatment targets, and methodological 
considerations for creating future models. Knockout of ARS function 
in vivo has demonstrated the necessity of each of these enzymes to 
support embryonic development and survival. Animals with 
compromised ARS function, through gene knockdown or expression 
of deleterious mutations, recapitulate key features of the respective 
human diseases, supporting the hypothesis that loss-of-function is a 
major contributor to their pathogenesis. Additionally, some disease-
associated ARS variants have been shown to exert toxic gain-of-
function effects, which contribute to the pathological phenotypes 
observed in vivo. The heterogeneity of clinical symptoms exhibited by 
ARS disease patients, even between individuals harboring different 
mutations of the same gene, has been reproduced in animal disease 
models and likely reflects the impact of these variants on different ARS 
protein domains and functions. Determining the relative contributions 
of compromised canonical enzyme function, disrupted secondary 

https://doi.org/10.3389/fnins.2023.1182874
https://www.frontiersin.org/journals/neuroscience


Kalotay et al. 10.3389/fnins.2023.1182874

Frontiers in Neuroscience 14 frontiersin.org

functions, and toxic gain-of-function effects to the pathogenesis of 
ARS diseases is a key issue of interest that may be explored further 
using these models. Pre-clinical models demonstrating substantive 
rescue of human recessive ARS gene mutation-related biochemical, 
structural, and behavioral deficits are needed to drive translation of 
novel treatment strategies to clinical trials, as the critical bridge 
towards addressing the unmet clinical needs arising from ARS deficits.
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