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Abstract

Background: The mitochondrial aminoacyl-tRNA synthetase proteins (mt-aaRSs) are a group of nuclear-encoded
enzymes that facilitate conjugation of each of the 20 amino acids to its cognate tRNA molecule. Mitochondrial
diseases are a large, clinically heterogeneous group of disorders with diverse etiologies, ages of onset, and involved
organ systems. Diseases related to mt-aaRS mutations are associated with specific syndromes that affect the central
nervous system and produce highly characteristic MRI patterns, prototypically the DARS2, EARS, and AARS2 leukodystrophies,
which are caused by mutations in mitochondrial aspartyl-tRNA synthetase, mitochondria glutamate tRNA synthetase, and
mitochondrial alanyl-tRNA synthetase, respectively.

Body: The disease patterns emerging for these leukodystrophies are distinct in terms of the age of onset, nature of disease
progression, and predominance of involved white matter tracts. In DARS2 and EARS2 disorders, earlier disease
onset is typically correlated with more significant brain abnormalities, rapid neurological decline, and greater
disability. In AARS2 leukodystrophy cases reported thus far, there is nearly invariable progression to severe
disability and atrophy of involved brain regions, often within a decade. Although most mutations are
compound heterozygous inherited in an autosomal recessive fashion, homozygous variants are found in each
disorder and demonstrate high phenotypic variability. Affected siblings manifest disease on a wide spectrum.

Conclusion: The syndromic nature and selective vulnerability of white matter tracts in these disorders suggests there may
be a shared mechanism of mitochondrial dysfunction to target for study. There is evidence that the clinical variability and
white matter tract specificity of each mt-aaRS leukodystrophy depend on both canonical and non-canonical effects of the
mutations on the process of mitochondrial translation. Furthermore, different sensitivities to the mt-aaRS mutations have
been observed based on cell type. Most mutations result in at least partial retention of mt-aaRS enzyme function with varied
effects on the mitochondrial respiratory chain complexes. In EARS2 and AARS2 cells, this appears to result in cumulative
impairment of respiration. Mt-aaRS mutations may also affect alternative biochemical pathways such as the integrated stress
response, a homeostatic program in eukaryotic cells that typically confers cytoprotection, but can lead to cell death when
abnormally activated in response to pathologic states. Systematic review of this group of disorders and further exploration of
disease mechanisms in disease models and neural cells are warranted.
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Background

Mitochondria are comprised of products encoded by two
genomes, nuclear and mitochondrial, totaling roughly 1500
genes [1, 2]. Aminoacyl-tRNA synthetase proteins (aaRSs)
are a group of nuclear-encoded enzymes that ensure cor-
rect translation of the genetic code by conjugating each of
the 20 amino acids to their cognate tRNA molecule [3-5].
The cytosolic aaRS enzymes supply aminoacyl-tRNA conju-
gates for protein translation, and the corresponding mt-
aaRSs are imported into the mitochondrial matrix to per-
form their canonical role of charging amino acids to their
mitochondrial genome-encoded tRNA molecules (mt-
tRNA) (Fig. 1). Diseases of mitochondria, the powerplants
of the cell, are a large and clinically heterogeneous group of
disorders, encompassing a wide diversity of etiologies, ages
of onset, involved organ systems, and clinical presentations.
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Disorders caused by mt-aaRS mutations are generating par-
ticular interest among mitochondrial diseases due to their
predilection for the central nervous system (CNS) damage
[11, 12]. It is well known that mitochondrial dysfunction
preferentially affects high-energy demand tissues, especially
the brain, muscle, and heart. Remarkably, nearly all mt-
aaRS mutations result in CNS pathologies, including en-
cephalopathies, Perrault syndrome, and leukodystrophies
[5] (Table 1). Three mutations result in rare, well-defined
leukodystrophy syndromes, namely, DARS2, caused by mu-
tations in mitochondrial aspartyl-tRNA synthetase; EARS2,
caused by mutations in mitochondria glutamate tRNA syn-
thetase; and AARS2, caused by mutations in mitochondrial
alanyl-tRNA synthetase. Only three mt-aaRS mutations
lead to pathology outside the CNS. A comprehensive, dy-
namic source has been developed for emerging information
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Fig. 1 Effects of AARS2, EARS2, and DARS2 mutations on mitochondrial translation and respiratory chain complex function. Human mt-aaRSs are
encoded in the nucleus, synthesized in the cytosol, and delivered and imported into the mitochondria. To facilitate mitochondrial translation, the
19 mt-aaRSs catalyze the specific attachment of each amino acid onto the cognate tRNA(s). Specifically, AARS2 attaches alanine, EARS2 attaches
glutamate, and DARS2 attaches aspartate. The molecular structures for AARS2, EARS2, and DARS?2 are represented and the chromosomal location
of the genes is listed. The EARS2 structure has not yet been determined. Mitochondrial translation synthesizes 13 proteins that, together with 84
additional nucleus-encoded proteins, form the five respiratory chain complexes. Thus, mt-aaRSs play a key role in cellular energy production, and
mutations in mt-aaRSs often involve the central nervous system. In AARS-2 ovario-leukodystrophy (LD), LTBL, and LBSL, the effects of pathogenic
variants at the cellular level are incompletely described. However, for all three disorders, there is a variable reduction but not complete absence
of protein and reduced enzyme activity [6-10]. For AARS2 ovario-LD and LTBL, there is a subsequent RCC dysfunction, which has not yet been
detected in LBSL patient cells [6-10]; oxygen consumption rate (OCR) and mitochondrial respiratory rate (MRR)
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Table 1 Neurological disorders associated with mt-aaRS

mutations
Leukodystrophy
DARS2  Leukoencephalopathy with brainstem and spinal cord
involvement (LBSL)
EARS2  Leukoencephalopathy with thalamus and brainstem
involvement and high lactate (LTBL)
AARS2  Ovario-leukodystrophy; rapid development of motor,
cognitive, and psychiatric dysfunction
MARS2  Skeletal dysplasia, infantile cataracts, congenital neurotrophic
keratitis, orbital myopathy, Leigh syndrome
Encephalopathy
RARS  Pontocerebellar hypoplasia type 6
VARS2  Mitochondrial encephalomyopathy; psychomotor delay,
epilepsy, intellectual disability, growth hormone deficiency,
hyogonadism
Autosomal recessive intellectual disability
WARS2  Mitochondrial encephalopathy
Infantile-onset Parkinsonism
TARS2  Mitochondrial encephalomyopathy
Axial hypotonia and limb hypertonia, psychomotor delay,
and high levels of blood lactate
FARS2  Alpers sydnome, encephalopathy, epilepsy, lactic acidosis,

spastic paraplegia

Perrault syndrome

LARS2  Perrault syndrome—sensorineural deafness, ovarian
abnormality, cognitive impairment, areflexia, dysarthia, and
hyporeflexia

HARS2  Perrault syndrome

PARS2  Non-syndromic deafness, Leigh syndrome, intellectual
disability with epilepsy and severe myopathy

NARS2  Non-syndromic deafness, Leigh syndrome, Alpers syndrome,

infantile onset neurodegenerative disorder

about the mt-aaRS enzymes called MiSynPat (mitochon-
drial aminoacyl-tRNA synthetases and pathologies). This is
a continuously updating database and web server that col-
lects existing and emerging data related to mutations affect-
ing the human mt-aaRSs [5].

Table 1 lists a brief, categorized summary of the
neurologic disease phenotypes caused by mt-aaRS
mutations.

As diseases associated with mt-aaRS enzymes are be-
ing further characterized, each appears to be associated
with a very specific clinical syndrome. This phenomenon
is best illustrated by the leukodystrophies caused by
DARS2 (leukoencephalopathy with brainstem and spinal
cord involvement and high lactate, LBSL), EARS2 (leu-
koencephalopathy with thalamus and brainstem involve-
ment and high lactate, LTBL), and AARS2 mutations
(ovario-leukoencephalopathy). Mutations in MARS2 are
emerging as a fourth leukodystrophy, although only
three cases have been reported thus far, in association
with leukoencephalopathy, ataxia, and neurodevelop-
mental delays [13, 14].
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The mt-aaRS disorders are inherited in an autosomal
recessive fashion, and no de novo cases have been re-
ported in the literature. The mechanisms underlying the
specific genetic-clinical correlates are presently un-
known. However, the clear syndromic nature of these
disorders suggests there may be a shared mechanism
that could be targeted for study. There is evidence that
neuron-specific differences in the sensitivity to muta-
tions may at least partially explain the selective vulner-
ability of specific white matter tracts in mt-aaRS
leukodystrophies [15—17]. Furthermore, the pathophysi-
ology of the mt-aaRS$ disorders reflects inconsistent bio-
chemical alterations in the mitochondrial pathway,
resulting in at least partial retention of enzyme function
(Fig. 1) [6, 18]. We propose that systematic review of
these disorders will identify patterns and information of
prognostic value that will be applicable to mt-aaRS-
related disorders that are more recently emerging.

LBSL

Leukoencephalopathy with brainstem and spinal cord in-
volvement and lactate elevation (LBSL) is typically char-
acterized by slowly progressive gait difficulty secondary
to spasticity, ataxia, and proprioceptive deficits with
clear neuroimaging correlates in the pyramidal tracts,
cerebellum, and dorsal columns [19, 20]. The hallmark
diagnostic features are identification of a DARS2 muta-
tion, which encodes mitochondrial aspartyl-tRNA syn-
thetase, and a highly characteristic pattern of white
matter changes on MRI. A lactate peak on proton mag-
netic resonance spectroscopy (MRS) is often reported.
LBSL presents as a clinical syndrome on a spectrum
from mild to severe phenotypes [21, 22].

DARS2 encodes mitochondrial aspartyl-tRNA synthe-
tase (mtAspRS), the enzyme that attaches aspartate to
the correct mitochondrial tRNA. This step is a necessary
prerequisite in the translation of mitochondrial mRNA
into functional protein. The DARS2 mutation inherit-
ance pattern is autosomal recessive, and strikingly,
nearly all affected individuals have two compound het-
erozygous DARS2 mutations, one of which is in most
cases a splice site mutation in intron 2, upstream of
exon 3 [6, 19]. The consequence of this mutation type is
that exon 3 is not included in the mRNA, leading to a
frameshift, premature stop, and absence of functional
protein. However, these splice site mutations are sus-
pected to be “leaky,” so that for some proportion of the
mRNA formed, exon 3 is appropriately included and a
normal full-length protein is produced [15]. The disease
is very rare, but there is an especially high-carrier rate of
DARS2 mutations (1:95) in Finland, for reasons that
have not yet been elucidated [23]. Over 60 different
pathogenic DARS2 mutations have been reported to
date, and accordingly, there is great heterogeneity in the
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combinations of mutations that are causal in LBSL [22,
24, 25]. Although most LBSL cases are due to compound
heterozygous DARS2 mutations, a small subset of pa-
tients with homozygous DARS2 mutations have been re-
ported [7, 26-28].Thus, those carrying homozygous
mutations do not necessarily die intrauterinely, but may
present with a similar phenotype as patients carrying a
compound heterozygous mutation.

Regarding the selective vulnerability of nervous system
tracts in LBSL, analysis of intron 2 splice site mutations
showed that the correct inclusion of exon 3 in the
normal aspartyl-tRNA synthetase (mtAspRS) mRNA oc-
curs much less efficiently in neural cells relative to other
cell types [29]. In an elegant transgenic mouse model in
which DARS2 was depleted in either forebrain-
hippocampal neurons or myelin-producing cells, it was
shown that DARS2 depletion in adult neurons leads to a
significant mitochondrial dysfunction and progressive
neuronal apoptosis [30]. On the other hand, oligoden-
drocytes deficient in DARS2 were seemingly resistant to
apoptosis despite dramatic respiratory chain deficiency,
indicating that LBSL disease is predominantly due to
neuronal pathology. Analysis of DARS2 missense muta-
tions on the expression, enzyme activity, localization,
and dimerization of mtAspRS revealed varying effects on
this enzyme’s properties. Most missense mutations re-
sulted in at least a small reduction of mitochondrial
aspartylation activity within human cells [15, 29]; how-
ever, the alteration of mtAspRs activity was not clearly
correlated with disease severity. The implication for
treatment is that it will be challenging to develop a sin-
gle, common therapy to target the varied effects that the
missense mutations impose on mtAspRS activity. There-
fore, the more efficient approach would be to trial inter-
ventions that increase correct splicing of exon 3.

Neuroimaging in LBSL

There is a very characteristic pattern of supratentorial,
infratentorial, and spinal cord white matter involvement
in LBSL, in particular, there is high T2 signal “demarca-
tion” of the involved neuroanatomical pathways. The
cerebral and cerebellar white matter, corticospinal tracts,
superior and/or inferior cerebellar peduncles, medial
lemniscus, pyramids, lateral corticospinal tracts, and
dorsal columns are most frequently affected (Fig. 2,
Table 4). Most patients also have an MRS finding of lac-
tate elevation in the abnormal white matter [6, 19, 20,
32]. It is not fully understood if LBSL results from mye-
lin loss or a disruption of myelin development. Only one
post-mortem examination of the brain has been done in
a severely affected LBSL infant patient and showed wide-
spread loss of myelin in the cerebral and cerebellar white
matter with reactive astrocytes and foamy macrophages.
Gray matter structures were preserved except for the

Page 4 of 15

globus pallidus [33]. A growing body of neuroimaging
evidence suggests the lesions reflect a predominant de-
myelination [34, 35]. First, a demyelinating process may
explain the lack of gray matter lesions. Diffusion-
weighted imaging in a case of two affected sisters
showed uniformly increased lesional water diffusion,
suggesting increased extracellular water levels secondary
to myelin degeneration [35]. In a case report of an LBSL
patient who underwent serial imaging, compared to the
initial MRI, restricted diffusion appeared at the lesion
edges, where there was a dark ADC map, although at
the center of the lesion the ADC signal had increased,
which also suggests demyelination [26]. Furthermore,
serial imaging of three LBSL patients demonstrated pro-
gressive loss of white matter volume only [31]. In mag-
netic resonance spectroscopy studies, the frontal and
cerebellar white matter shows elevated lactate (Lac), re-
duced N-acetyl acetate (NAA), increased myoinositol
(mI), and mildly elevated choline-containing compounds
(Cho). Decrease in NAA and increase in ml in MRS sug-
gests axonal damage or loss and gliosis, while elevation
of Cho suggests low-grade demyelination [34].

There is evidence for an association of the MRI fea-
tures and clinical phenotype, such that in late onset,
mildly affected patients, the cerebral white matter abnor-
malities are less profound than in severely affected pa-
tients [22, 36—38]. However, it is unclear if the location
or severity of MRI lesions is predictive of disease pro-
gression [39, 40].

LBSL patterns of disease progression

The clinical severity in LBSL ranges from infantile onset,
rapidly fatal disease to adult onset, slow and mild disease
[22] (Table 2). However, the most common presentation
of LBSL is slowly progressive deterioration of motor
skills and in some cases cognitive skills beginning in
childhood or adolescence [36]. In a longitudinal follow-
up study of a large cohort of LBSL patients, the vast ma-
jority developed unsupported walking at an expected
age. By adulthood, 50% required walking aids and 13%
were wheelchair dependent. In general, earlier onset of
symptoms predicted more severe neurological deterior-
ation in the first decade after disease onset [22]. Case re-
ports of affected siblings have shown that both mild and
severe disease phenotypes can manifest even when the
DARS2 mutations are identifical [41, 42].

The overall disease prevalence and frequency of key
clinical features in LBSL is reported in Table 3. The
lower limbs are primarily affected in LBSL. Leg spasti-
city, ataxia, hyperreflexia, weakness, and atrophy of the
leg muscles have been reported for the majority of LBSL
patients. Fine motor skills are generally less severely
affected than ambulation [22, 36, 43]. Impaired proprio-
ception, sphincter dysfunction, and urge incontinence
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Fig. 2 Brain and spinal cord T2-weighted MRI representative of LBSL. a-d, f Axial and e sagittal images show inhomogeneous signal abnormalities in
the cerebral white matter (a), corticospinal tracts (b), superior cerebellar peduncles, medial lemniscus (c), pyramids, inferior cerebellar peduncles,
cerebellar white matter (d), lateral corticospinal tracts, dorsal columns (e, f), and elevated lactate in magnetic resonance spectroscopy (g), thus meeting
all major and some minor MRI criteria for LBSL (leukoencephalopathy with brainstem and spinal cord involvement and lactate elevation). Reprinted
with permission [31].
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Table 2 Natural history of mt-aaRS-related leukodystrophies
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LBSL LTBL

AARS2

Mean age at onset (age range) 8 years (5 months—40 years)

Rate of disease
progression

Risk of disability

Slow, gradual >
rapid decline

Greater disability associated
with earlier age of onset

Increased for infantile-onset
disease, otherwise low

Risk of mortality

6 months (birth-16 months)

Biphasic with stability or improvement
after early “hit”

Greater disability associated with initial
clinical and imaging severity

25 years (1.5-44 years)

Rapid decline within a few years

High risk of motor and cognitive
impairment

Increased for early onset, severe disease Increased risk from late disease complications
with multi-organ involvement

are often present. Seizures occur in some patients,
which is consistent with an increased frequency of
epilepsy for many mitochondrial disorders [44, 45].
More recently, involvement of the visual system has
been reported, including optic atrophy, hypoacusis,
and diplopia [46]. Furthermore, exercise-induced
ataxia and fever [7] and motor deterioration after
minor head trauma or after infection have been de-
scribed [26].

Table 3 lists the number of cases of each disorder re-
ported in the literature and the prevalence of the clinical
signs of disease as a percentage of these cases.

Most patients have normal cognitive ability, although a
higher proportion than expected among the general
population require special education and serious intel-
lectual disability has occasionally been reported [8, 19,
22]. A longitudinal study of a series of LBSL patients
who had neuropsychological testing in adulthood re-
vealed a cognitive profile for each that was similar to
that reported in patients with multiple sclerosis [47],
namely impairment of information-processing speed and
working memory.

Few medications have been trialed to prevent LBSL
disease progression or promote recovery from a meta-
bolic crisis. Diplopia appeared to be steroid-responsive
in a patient with adult-onset LBSL [46]. Exercise-

Table 3 Clinical features of mt-aaRS-related leukodystrophies

induced paroxysmal gait ataxia and areflexia showed a
dose-dependent sustained treatment response to a car-
bonic anhydrase inhibitor [7]. The drug cantharidin, a
protein phosphatase 1 and 2A inhibitor and splicing
modulator, has been shown to affect intron 2/exon 3
event splicing, which is the most common mutation in
LBSL [22, 48]. Cantharidin itself is too toxic for human
use, but less toxic variants and alternative protein
phosphatase 1 or 2A inhibitors are under investigation
[9, 49, 50].

LTBL

A detailed clinical and imaging review of leukoencepha-
lopathy with thalamus and brainstem involvement and
high lactate (LTBL) cases reveals both a mild and severe
disease phenotype caused by either heterozygous or
homozygous EARS2 mutations, which encode mitochon-
drial glutamyl-tRNA synthetase [18, 51]. All patients typ-
ically experience infantile onset, rapidly progressive
disease with severe MRI abnormalities and increased lac-
tate in serum and proton magnetic resonance spectros-
copy. Whereas mildly affected patients partially recover
and make developmental progress over the next few
years with associated MRI improvement and declining
lactate levels, severely affected patients experience a

LBSL (n = 128) LTBL (n = 21) AARS2 (n = 16)
% of cases reported % of cases reported % of cases reported
Sex (male) 45 62 56
Cognitive impairment or learning problems 30 100 94
Motor or gait impairment 94 100 88
Seizures 7 43 8
Psychiatric/behavior problems Not reported n/a 93
Incontinence 4 n/a 0
Sensory changes 67 Not reported 13
Ovarian failure (female) 0 n/a 100
Cardiac disease 0 0 6
Visual/auditory impairment 5 14 6
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stagnant clinical course, associated with MRI brain atro-
phy and persistently high lactate (Figs. 3 and 4).

In a study of biochemical assays of individual mito-
chondrial respiratory chain complexes (RCC) in cultured
fibroblasts of LTBL patients, there was a spectrum of
moderate reduction of RCC activity to virtually un-
detectable activity in some complexes (Fig. 1) [18, 31].
Thus, the authors proposed that the decreased cellular
oxygen consumption rate and inversely increased lactate
production is likely the effect of cumulative impairment
of respiration by the whole set of mitochondrial respira-
tory chain complexes. Assays have not yet been per-
formed in LTBL neuronal cells, which would permit
insight into the effects of specific mutations on overall
mt-aaR$ activity in these especially vulnerable cells.

LTBL neuroimaging

MRI pattern recognition paired with whole-exome se-
quencing first defined LTBL, which features extensive
symmetrical cerebral white matter abnormalities sparing
the periventricular rim and symmetrical signal abnor-
malities of the consistently affected corpus callosum,
basal ganglia, thalami, midbrain, pons, medulla, and
cerebellar white matter [10, 16, 18, 51] (Table 4). Some
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patients also exhibit dysplasia and/or agenesis or thin-
ning of the posterior corpus callosum, and the cerebral
white matter is initially more diffusely abnormal-
appearing and edematous. Proton magnetic resonance
spectroscopy shows increased lactate in affected brain
regions. The lesional pathology in LTBL remains un-
clear, although imaging studies mostly support a process
of delayed myelination. An early infantile case showed
mildly elevated T2 and T1 signal in the subcortical white
matter, indicating lack of myelin deposition. In subse-
quent studies, the T2 hyperintensity faded, indicating
myelin deposition was occurring, albeit at a delayed
timepoint [18]. Moreover, reports of cases with the ab-
sence of the thalami or parts of the corpus callosum
support the theory that damage occurs to these struc-
tures antenatally, causing disruption of further develop-
ment [52].

Table 4 lists the prevalence of radiologic signs of dis-
ease based on percentage of cases reported in the
literature.

LTBL disease progression
In the mild LTBL variant, associated with either EARS2
heterozgous or homozygous mutations, initially, there is

Fig. 3 Brain T2-weighted MRI representative of mild LTBL. Axial T,- (a—c and e-g) and T,-weighted images (d and h) in (EARS2) patient 6 with a
mild disease course at 11 months (a-d) and 3 years (e-h). Note the extensive T,-hyperintense and T;-hypointense signal of the deep cerebral
white matter with sparing of a periventricular rim (a, b, and d). There are also signal abnormalities in the thalami (b) and dorsal part of the midbrain
(). Note the impressive improvement 2 years later (e-h). Reprinted with permission [45]
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Fig. 4 Brain T2-weighted MRI representative of severe LTBL. Axial T,- (a-c and e-g) and T;-weighted images (d and h) in (EARS2) patient 9 at 8
months (a-d) and 4 years (e-h). Note the diffuse T,-hyperintense and T;-hypointense signal of the cerebral white matter, only sparing a periventricular
rim (@, b, and d). There are also signal abnormalities in the thalami (b) and the midbrain (c). Three years later, there is a serious atrophy of the cerebral
white matter and thalami (d, e, and h). The midbrain signal abnormalities have disappeared (f). Reprinted with permission [45].

a developmental delay, hypotonia, and poor feeding in
infancy. Most patients experience early milestone regres-
sion prior to onset of clear, rapid neurological deterior-
ation marked by spasticity and ataxia [10, 16, 18] (Tables
2 and 3). This phase is followed by partial recovery of
lost motor and cognitive skills. The majority of patients
have some residual spasticity perhaps requiring walking
aids. Cognitive ability ranges from average to mild im-
pairment [10, 16, 53]. As the clinical status improves,
the MRI abnormalities also partially resolve.

A subset of LTBL patients experience onset of neuro-
logical impairment in the neonatal period, characterized
by global failure to attain milestones, severe axial hypo-
tonia, dysphagia, and often progression to spastic tetra-
paresis [18, 51, 52, 54]. There may be development of
seizures. Although their symptoms stabilize over time,
there is no clear recovery of neurologic function. Neuro-
imaging demonstrates more significant radiographic ab-
normalities, such as atrophy of the brain, brainstem or
cerebellum, and corpus callosum dysgenesis, with associ-
ated high lactate on MRS. This severe phenotype has

been associated with both homozygous and heterozy-
gous EARS2 mutations. The progression of LTBL has
also been characterized by early, rapid neurological de-
terioration, severe lactic acidosis, and multi-systems dis-
ease, which may lead to fatal cardiorespiratory failure
[55, 56]. In the acute resuscitation phase, a standard
treatment regimen for mitochondrial disorders has been
administered, including thiamine, riboflavin, and coen-
zyme Q 10, but no long-term interventions have been
developed.

AARS2-related leukoencephalopathy

AARS?2 leukoencephalopathy is attributed to a defect in
mitochondrial alanyl-tRNA synthetase, only compound
heterozygous mutations have been reported [57-59].
The classic presentation of AARS2 (ovario) leukoence-
phalopathy is a childhood-to-adulthood onset of neuro-
logic deterioration with features of ataxia, spasticity,
cognitive decline, and later in the disease course, frontal
lobe impairment that manifests as psychiatric disorders
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Table 4 Radiologic features of mt-aaRS-related leukodystrophies
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LBSL (n = 128)
% of cases reported

LTBL (n = 21)
% of cases reported

AARS2 (n = 16)
% of cases reported

Imaging pattern
Asymmetric 0
Symmetric 100

Distribution of T2/FLAIR signal
abnormalities

Cortical WM 100 (frontal, parietal or diffuse
predominance)

Periventricular WM 100

Subcortical WM 100

Corpus callosum 79

Pyramidal tracts 99

Brainstem 100 (medullary tract predominance)

Cerebellum 97

Basal ganglia 8 (caudate or putamen)

Thalamus 0

Lesion characteristics
Diffusion restriction of any tract 82
Atrophy 3 (adult patients)

Elevated lactate on MR spectroscopy 83

0 87
100 13

100 (predominantly diffuse) 100 (fronto-parietal

predominance)

9 (periventricular rim usually 87

spared)

61 7 (rare subcortical U-fiber
involvement)

95 100

14 81

95 63

83 27

62 (caudate, putamen, or globus 39 (caudate)

pallidus)

100 Not reported

38 87

27 77

71 20

or executive dysfunction. All affected female patients de-
velop ovarian failure.

AARS2 neuroimaging

The MRI typically shows a leukoencephalopathy with a
significant involvement of left-right connections, de-
scending tracts, and cerebellar atrophy [57, 60, 61]. MRI
signal abnormalities are primarily found in frontal and
parietal white matter, deep white matter, and the corpus
callosum (Table 4, Fig. 5). Neuroimaging suggests that
the pathology underlying white matter signal abnormal-
ities is demyelination, although post-mortem tissue has
not been studied. MR spectroscopy and diffusion-
weighted imaging (DWI), reported only in one patient
thus far, reflected the presence of active demyelination
with an elevated lactate peak, high choline-containing
compounds, and lesional DWI/ADC maps indicative of
restricted diffusion [60]. Furthermore, the presence of
spots of restricted diffusion in the cerebral white matter
has a similar appearance to LBSL lesions and is ascribed
to myelin vacuolization, which is commonly seen in
mitochondrial leukodystrophies [57].

AARS2 leukoencephalopathy disease progression
The onset of symptoms usually occurs in the 3rd or 4th
decade of life, starting with cognitive decline, mood, or

behavioral problems then the development of signs con-
sistent with frontal lobe dysfunction, such as stereotypies
and apraxia, and motor impairment [57, 61] (Table 2).
For affected women, ovarian failure is typically the first
sign of disease. Spasticity is the most consistent finding
and dystonia, dysarthria, or tremor may also be present.
When the cerebellum is involved, ataxia or nystagmus
appear. There may be rapidly progressive motor impair-
ment with no evidence of cognitive regression or cogni-
tive deterioration without motor dysfunction. Typically,
within 5-10 years, these patients advance to the point of
no or limited interaction with the environment, non-
ambulatory status, and in many cases, premature death
[58, 59, 62].

A smaller group of patients have exhibited motor or
cognitive delays as early as infancy or childhood. In
these cases, despite impaired balance, clumsiness, or
learning difficulties, their clinical course remained stable
until the teenage years, at which time rapid progression
of motor, cognitive, and psychiatric impairment began
[57]. One recent case presented with onset of bilateral
optic atrophy and retinopathy in late infancy [63]. In
addition to supratentorial and cerebellar multifocal white
matter changes, there were signal changes in the dorsal
columns of the spinal cord, a novel finding in this dis-
ease. The exam was notable for absent patellar reflexes
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Fig. 5 Brain and spinal cord T2-weighted MRI representative of AARS2-related leukodystrophy. a MRI in (AARS2 patient) P1 at age 28. The sagittal
T1-weighted image shows serious cerebellar atrophy and 2 strips of abnormal signal in the splenium (arrows in image 1). The axial T2-weighted
images show inhomogeneous areas of abnormal signal in the periventricular white matter. The areas on the left and right are connected signal
abnormalities in the corpus callosum (arrows in images 2-4). b MRI in (AARS2 patient) P2 at age 14 (images 1 and 2), age 21 (images 3 and 4),
and age 23 (images 5-8). At age 14, a lesion is seen in the splenium of the corpus callosum (arrow in image 1) and in the right frontal periventricular
white matter. The diffusion-weighted images suggest the presence of multiple small areas of restricted diffusion in the abnormal white matter (arrows
in image 3), confirmed by low signal of the corresponding areas on the apparent diffusion coefficient map (arrows in image 4). The most recent MRI
shows multiple segments of abnormal signal in the corpus callosum (image 5 and arrows in image 6). More extensive signal abnormalities are seen in
the periventricular white matter, especially on the right (images 6 and 7). Signal abnormalities extend downward through the posterior limb of the
internal capsule and the pyramidal tracts in the brainstem on the right (arrows in images 7 and 8). ¢ MRI in (AARS2 patient) P3 at age 35. The
midsagittal image shows that the anterior part of the corpus callosum is abnormal, whereas only a strip of signal abnormality is seen in the splenium
(arrows in image 1). Images 2 and 3 illustrate that the frontal and parietal white matter is abnormal, whereas the central white matter in between is
normal. The tract involvement is evident (arrows in images 2 and 4). The axial fluid-attenuated inversion recovery image shows that the affected white
matter is rarefied (arrow in image 5). The axial T2-weighted images illustrate the involvement of the anterior limb of the internal capsule (image 6) and

the frontopontine tracts going down into the brainstem (arrows in images 7 and 8). Reprinted with permission [10]

and normal strength and sensation, but electromyogram
revealed a motor demyelinating polyneuropathy.

Although it was previously thought that AARS2 also
causes an isolated, infantile onset cardiomyopathy with-
out brain involvement, and one case has been reported
with brain imaging signal abnormalities and atrophy as
well as cardiomyopathy, lactic acidosis, and early death
[64—67]. Therefore, investigation of the brain in infant
patients who present with cardiomyopathy is worth-
while. The reported prevalence of key features of
AARS2-leukodystrophy is listed in Table 3. No treat-
ments for AARS2 leukoencephalopathy have been sys-
tematically studied.

Discussion

The disease patterns that are emerging for different mt-aaRS
mutations, even in small cohorts of patients are quite distinct
(Tables 2 and 3). The LBSL natural history generally features
slowly progressive motor and cognitive deterioration after
onset in childhood. The LTBL disease course is biphasic, in-
volving one “hit” in the neonatal or infantile period with ei-
ther stability or recovery based on the degree of MRI brain
insult. AARS2 leukoencephalopathy is characterized by rela-
tively late onset of significant disease with rapid progression
to motor and cognitive disability. Despite these differences,
some common themes are present. Homozygous variants
are present in each of these disorders and may manifest a
disease phenotype anywhere along the spectrum. Siblings
with the same set of mutations may be quite variably
affected. Early onset of symptoms is often associated with
more widespread or significant structural brain abnormal-
ities. Accordingly, significant brain abnormalities are more
often associated with faster neurological deterioration and ul-
timately greater disability. On the other hand, clinical recov-
ery, if it occurs, is often paralleled by improvement in
restricted diffusion, T2/FLAIR hyperintensity, and MRS lac-
tate peak on serial imaging. Systemic involvement, especially
in younger onset cases, is common and has important impli-
cations for morbidity and mortality.

It is not known what factors contribute to early and
late onset forms of these disorders, but as previously
noted, earlier disease onset is often correlated with more
severe brain abnormalities that appear to have occurred
early in development. Thus far, the rarity of the mt-aaRS
diseases and high number of private mutations has pre-
cluded the establishment genotype-phenotype associa-
tions. Available evidence in a cohort of 66 LBSL patients
suggests that the genotype influences the phenotype; in
particular, some combinations of mutations were con-
sistently associated with a mild phenotype, but larger
numbers of patients are needed to confirm this [22].
One theory is that some combinations of the two com-
pound heterozygous mutations may lead to a more pro-
found loss of mt-aaRS enzyme activity than others,
leading to greater mitochondrial respiratory chain com-
plex dysfunction. Given that carriers are asymptomatic
and many affected patients have symptoms that do not
affect their survival or mobility until after young adult-
hood, it is plausible that compound heterozygous muta-
tions are the primary inheritance mode.

As illustrated in Fig. 1, decreased EARS2 and AARS2
enzyme activity in cultured cells leads to decreased func-
tion of specific mitochondrial respiratory chain com-
plexes, presumably because of misfolding of RCC
proteins. Furthermore, in LTBL, there are measured de-
creases in the cellular oxygen consumption rate. There-
fore, the leading theory is that the increased lactate
production is secondary to these cumulative defects in
mitochondrial respiration. Indeed, the finding of lactate
elevation is not required for diagnosis of any of these
disorders, and although the majority of patients exhibit
elevated lactate on MRS, the levels appear to fluctuate
over time. Furthermore, lactate elevation is known to be
a non-specific marker of mitochondrial disease [68].

Beyond their canonical function of directly altering
tRNA charging, thereby facilitating the translation of
proteins that form the mitochondrial respiratory chain
complexes (Fig. 1), it is also possible that the mt-aaRS
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affect non-canonical biochemical pathways in neurons,
such as those involved in cell signalling, transcription, or
rRNA biogenesis [69, 70]. In humans, two sets of distinct
nuclear genes code for either the cytosolic aaRSs or the
mitochondrial aaRSs [71]. Cytosolic aaRSs have roles in
numerous non-canonical cellular functions beyond
translation, such as angiogenesis, immune responses, in-
flammation, tumorigenesis, and neuronal development
[72, 73]. Similarly, reports of non-canonical roles for the
mt-aaRS are beginning to emerge, such as a pro-
angiogenic function for rat mitochondrial tryptophanyl-
tRNA synthetase (WARS2) [74] and a possible role for
mt-aaRS mutations in the integrated stress response
(ISR) [75]. The ISR is a highly conserved homeostatic
program in eukaryotic cells that is activated in response
to a diversity of pathologic states or cellular stresses. Ag-
new et al. postulated that activation of the ISR through
alternative mechanisms is dependent on the degree of
mitochondrial translation inhibition [75]. Complete in-
hibition of mitochondrial translation in DARS2 knockout
mice results in the accumulation of unassembled
nuclear-encoded respiratory chain subunits, causing se-
vere proteostatic stress and UPR™"-dependent ISR acti-
vation [76]. In this model, there is failure of the ISR to
achieve homeostasis, resulting in severe cardiac disease
and decreased survival. However, partial inhibition of
mitochondrial translation in a WARS2 mouse model
leads to ISR activation due to respiratory chain dysfunc-
tion and loss of mitochondrial membrane potential,
resulting in a more mild cardiac phenotype and in-
creased survival [75].

Further evidence that malfunction of the mitochon-
drial translational machinery promotes pathologic ISR
activation in white matter disease comes from the study
of disease mechanisms in Vanishing White Matter Dis-
ease (VWMD). VWMD is a severe progressive leukodys-
trophy with episodic clinical deterioration due to
mutations in the five genes that encode the subunits of
the elongation initiation factor complex EIF2B [77-80].
EIF2B is a key regulator of mRNA translation [81, 82].
Interestingly, EIF2B is also a regulator of the ISR and ab-
normal ISR response is thought to be the main under-
lying pathomechanism in VWMD [83-85]. Many EIF2B
mutations in VWMD have no clear effect on the en-
zyme’s activity or complex formation [86—88]. However,
some VWMD mutations destabilize the decameric eIF2B
holoenzyme and impair its enzymatic activity. In a
mouse VWMD model, an ISR inhibitor (ISRIB) blocked
ISR activation, stabilized VWMD mutant eIF2B in the
decameric form, and restored normal catalytic activity
[89]. Similar to the mt-aaRS disorders, it is unclear why
VWMD selectively affects the white matter [90]. Recent
investigations have shown that VWMD astrocytes ap-
pear toxic to neurons and oligodendrocytes and show
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impaired maturation [91, 92]. Mutation of EIF2B in
VWMD mutant mice resulted in ISR upregulation in
both astrocytes and oligodendrocytes that preceded mye-
lin loss and motor deficits [93]. Such mechanistic studies
have not vyet been attempted in the mt-aaRS
leukodystrophies.

Conclusion

The significant clinical variability and tissue specificity
found within each mt-aaRS disorder highlight the import-
ance of understanding the factors influencing mitochon-
drial translation in different cell types. Overall, the effects
of mt-aaRS mutations on the process of translation may
be subtle and difficult to dissociate, especially given the
high number of private mutations. Furthermore, there is a
growing rationale to explore potential non-canonical roles
of the mt-aaRSs in immune regulation, inflammation, and
neuronal differentiation. Mechanistic studies are challen-
ging, especially since it appears that some of the mutation
effects are specific to a neuronal or glial context, and
obtaining patient cells that can be cultured for this pur-
pose is cost and labor intensive.
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