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Purpose: Biallelic variants in TARS2, encoding the mitochondrial threonyl-tRNA-synthetase, have
been reported in a small group of individuals displaying a neurodevelopmental phenotype but with

limited neuroradiological data and insufficient evidence for causality of the variants.
Methods: Exome or genome sequencing was carried out in 15 families. Clinical and neurora-
diological evaluation was performed for all affected individuals, including review of 10 pre-
viously reported individuals. The pathogenicity of TARS2 variants was evaluated using in vitro

assays and a zebrafish model.

Results: We report 18 new individuals harboring biallelic TARS2 variants. Phenotypically, these
individuals show developmental delay/intellectual disability, regression, cerebellar and cerebral
atrophy, basal ganglia signal alterations, hypotonia, cerebellar signs, and increased blood lactate.
In vitro studies showed that variants within the TARS2**'~*®! region had decreased binding to
Rag GTPases, likely impairing mTORCI activity. The zebrafish model recapitulated key fea-
tures of the human phenotype and unraveled dysregulation of downstream targets of mTORC1
signaling. Functional testing of the variants confirmed the pathogenicity in a zebrafish model.
Conclusion: We define the clinico-radiological spectrum of TARS2-related mitochondrial disease,
unveil the likely involvement of the mTORCI signaling pathway as a distinct molecular
mechanism, and establish a TARS?2 zebrafish model as an important tool to study variant pathogenicity.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

messenger RNA (mRNA) translation and mitochondrial mt-
aaRSs (also known as ARS2s), which charge mitochondrial

Aminoacyl-transfer RNA synthetases (aaRSs) are a family of
nuclear-encoded enzymes catalyzing the binding of specific
amino acids to their corresponding transfer RNAs (tRNAs),
a crucial step for precise protein synthesis from genetic in-
formation. These enzymes are classified in 2 groups: cytosolic
aaRSs (also named ARSs), serving in the cytoplasm for

tRNA with amino acids after being translated by cytosolic
ribosomes and transferred into the mitochondrial matrix.
ARSs and ARS2s are encoded by distinct nuclear genes,
with the exception of the glycyl-and lysyl-tRNA synthetase
genes (GARSI and KARSI, respectively) that encode 2
isoforms with cytosolic and mitochondrial localization.'
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Figure 1  Clinical summary of individuals with biallelic TARS2 variants. Pedigree of families 1-15 (A) and previously reported in-
dividuals (B). Genotypes of tested individuals are indicated under the symbols. Variants observed in more than 1 family have been shown in
different colors. In the pedigree, squares represent males, circles represent females, black shaded symbols denote affected individuals
harboring biallelic TARS2 variants, and the gray shaded symbol refer to individuals presumably affected by the same disorder yet not tested.
C. Schematic depiction of TARS2 transcript (ENSG00000143374) and the modular human mitochondrial threonyl-tRNA synthetase (TARS2)
protein (ENSP00000358060) with localization of the disease associated variants. The different functional domains are shown to scale, named,
and colored. MTS and AB stand for mitochondrial targeting sequence and anticodon-binding, respectively. m1, m2, and m3 are catalytic
motifs 1, 2, and 3, respectively. Missense variants are indicated in red for those reported in the present study and in black for those reported
elsewhere. Allelic compositions, as identified in individuals, are linked through black lines. Variants that do not lead to missense variants are
indicated in brackets (because they correspond to genomic modifications). Although amino acid conversion of a given mutation is generally
preceded by the letter “p.,” this is omitted for sake of simplicity. D. Clinical features of individuals with biallelic TARS2 variants. Subtle and
non-specific dysmorphic features are indicated, such as thin upper lip vermilion in individual II:1 of family 5; mild coarse facial features in
individuals II:1 and II:3 of family 6; short nose, long philtrum, and thin upper lip vermilion in individual II:2 of family 7; left eye strabismus
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ARS2s, along with other translation factors, are thus critical
to ensure the correct translation of mitochondrial DNA and,
in turn, the assembly and function of mitochondrial oxida-
tive phosphorylation complexes containing mitochondrial
DNA-encoded subunits (cI, cIIl, cIV, and cV). Dysfunction
in any component of the mitochondrial translation machin-
ery can therefore affect oxidative phosphorylation assembly
and stability, resulting in combined enzyme deficiencies.”
Indeed, pathogenic variants in all 17 ARS2 (plus GARSI1
and KARS1) genes lead to mitochondrial dysfunction that
results in a variety of pediatric and adult-onset disorders
presenting as encephalopathy, leukodystrophy, neuropathy,
cardiomyopathy, sensorineural hearing loss, and endocrine
dysfunction.”® Besides impaired aminoacylation, other
factors have been reported to explain the variety of pheno-
types present in ARS2-related disorders. These factors
include non-canonical functions, tissue-specific develop-
mental differences in energy requirements, and downstream
effects of mitochondrial dysfunction on other intracellular
organelles.”*

Biallelic variants in TARS2, encoding the mitochondrial
threonyl-tRNA-synthetase, have been previously associated
with a neurodevelopmental disorder (NDD) called combined
oxidative phosphorylation deficiency 21 (MIM#615918),
characterized by developmental delay and regression, micro-
cephaly, variable brain abnormalities, and epilepsy in 10 in-
dividuals with either limited clinical and neuroradiological data
or insufficient data supporting causality of the variants.”'" In
addition to the canonical aminoacylation function, arecent study
hasunveiled a non-canonical role for TARS2 in the regulation of
mTORCT1 activity in response to changing levels of the amino
acid threonine."”

Here, we present 18 new individuals from 15 different
families harboring biallelic TARS2 variants and neurora-
diological findings from 5 recently reported individuals with
TARS?2 variants,'" outlining the molecular and phenotypic
spectrum of TARS2-related mitochondrial disease. More-
over, with in vitro studies, we discover that some TARS2
variants disrupt mMTORCI1 signaling and generate a zebrafish
model that recapitulates human phenotypes and supports the
functional testing of novel or poorly characterized TARS2
variants.

Material and Methods
Genetic analysis of affected individuals

Seventeen previously unreported individuals from 15 unre-
lated families of various ancestries (European, Hispanic,

Chinese, South Asian, Middle Eastern, and North African)
were included in this study after written informed consent was
obtained from the parents (Figure 1 A, Supplemental Table 2).
Detailed clinical features and family histories were recorded
for all individuals. Developmental outcome was defined by
each treating clinician as mild, moderate, severe, or profound
intellectual disability for individuals >5 years old or devel-
opmental delay for individuals <5 years old, based on age-
appropriate metrics. When possible formal assessment for
intellecual disability was performed in older children assess-
ing QI range as follows: 50 to 69 mild, 35 to 49 moderate, 20 to
34 severe, and <20 profound. Brain magnetic resonance im-
aging (MRI) studies were available for review in 10 of 17
individuals of the present cohort and in 5 additional cases
recently included in another study.'' The first brain MRI was
performed at an average age of 2.8 years (range: 1 month-13.5
years). Follow-up brain MRI studies were available in 7 in-
dividuals (mean follow-up duration of 2.8 years, range: 1
month-5 years). Overall, 25 brain MRI scans were reviewed in
consensus by 2 pediatric neuroradiologists (M.S. and C.D.).
Exome or genome sequencing was performed in pro-
bands in the respective collaborating centers using different
analysis platforms according to the Burrows-Wheeler
Aligner/The Genome Analysis Tool kit-based pipeline.
Sanger sequencing with standard methods was performed
for candidate variant validation and familial segregation. All
TARS? variants are reported according to the NM_025150.5
transcript and classified according to the American College
of Medical Genetics and Genomics and the Association for
Molecular Pathology standards and guidelines.'’

Structural analysis of TARS2 variants

The structural environment of the residues affected by
missense variations in individuals was investigated using 3
structural templates: dimeric threonyl-tRNA synthetase
from Staphylococcus aureus (PDB: INYR),'* 1 monomer
of the Escherichia coli threonyl-tRNA synthetase, in com-
plex with cognate tRNA with the CCA extremity of the
tRNA pointing into the catalytic core (PDB: 1QF6),"” or a
3D model of the human TARS2 obtained within mis-
ynpatorg.'® A multiple sequence alignment makes it
possible to identify the correspondence of the residues in the
3 templates (Supplemental Figure 1).

Functional Studies

Methods related to in vitro and in vivo functional studies are
described in Supplemental methods.

and right uplifted earlobe in individual II:1 of family 9; broad and prominent forehead, sparse eyebrows, infraorbital creases, thin upper lip
vermilion, and dimple chin in patient II:2 of family 10; thick eyebrows in individual 3; and deep set eyes in individual 5 previously reported
by Zheng et al.'""'> E. Phenotypic bar graph showing the most relevant clinical and radiological features among all individuals so far
identified with biallelic TARS2 variants. Red: number of individuals out of 28 showing each feature. Blue: number of individuals without
each specific feature. Gray: number of individuals for whom a specific feature or the brain MRI was not available.



Table 1

Genetic and phenotypic features of subjects with TARS2 variants

Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9 Family 10 Family 11 Family 12
Subject 1I:4 .1 1I:2 1I:9 1I:2 II:1 1I:1 1I:3 1I:2 II:1 II:1 1I:2 1I:3 1I:2 1I:3
TARS2 variants €.326G>A C.464C>T c.470C>T €.968T>G €.980G>A €.1026G>C €.1036C>T €.1630C>T €.2051G>A  ¢.387+6T>C; €.1534G>A €.1534G>A
(NM_ p.(Arg109Gln)  p.(Pro155Leu) p.(Thr157Ile) p.(Phe323Cys);  p.(Arg327Gln) p.(Glu342Asp); p.(Arg346Cys);  p.(Leu544Phe)  p.(Arg684Gln);  c.2140G>A p.(Glu512Lys) p.(Glu512Lys)
025150.5) c.1318 G>A c.1255C>T C.7744+5G6>T €.388-16>C €.387+6T>C  p.(Ala714Thr) c.773C>T c.773C>T
p-(Glu440Lys) p.(Arg419Trp) p.(Ser258Leu) p.(Ser258Leu)
Zigosity hom hom hom c.het c.het c.het c.het hom c.het c.het c.het c.het
Age sex 12m F 11y M 10y M 10m M 20y3m M 16m M 13y F 7y2m M 2y F 2ylm M 6y M 12y6m F 13y F 27y M 22y11m M
Alive - + + - + + + + + + + + + + +
DD/ID Severe Severe  Severe Severe Severe Moderate Moderate ~ Moderate Severe Normal Severe Severe Moderate Moderate Moderate
till 1y
Regression - - - - + + + - - + + - - - -
Non-ambulatory + + + a - + + (post + - - + - - - -
regression)
Non-verbal + - - a + + - - a + - + - - -
Epilepsy + + + + - - - - - + + - - - -
Cerebellar + + NA + + + + NA + + + + NA NA NA
abnormalities
BG signal + + NA + + + - NA + + + - NA NA NA
alterations
Reduced WM Moderate ~ Moderate  NA Severe - - - NA - Mild - Moderate NA NA NA
volume with
VE
CSF spaces Mild Mild NA Severe - - - NA Mild Mild Mild Mild NA NA NA
Enlargement
Others CCH PH NA CCH, - MRS: small - NA - CCH, - CCH, PH, NA NA NA
midbrain lactate peak midbrain Midbrain
atrophy, PH, atrophy atrophy,
brainstem IOND
signal
alterations
OFC (SDS) -1.6 -3.9 —4.9 —6.1 +2.0 -0.2 +0.0 -1.0 -0.3 -3.3 -1.1 +3.3 +2.3 +2.3 +2.0
Axial Hypotonia + + + + + + + + + + + + + - -
Limb hypertonia + + + + + + + + - + - + - - -
Cerebellar deficits - + + - + - + + + + - + - - -
Dystonia - + + + + + - - - + + + - - -
Cardiac + - - + - - - - - - - - - -
hypertrophy
dRTA + - - - - - - - - - - - - + +
Increased blood + + + + NA + NA NA NA + + - NA NA NA
lactate
Visual impairment + - - - - - + + - - + - + - -

SNHL

BG, basal ganglia; c.het, compound heterozygous; CCH, corpus callosum hypoplasia; €SS, cerebral subarachnoid spaces; DD, developmental delay; dRTA, distal renal tubular acidosis;
F, female; hom, homozygous; GTC, generalized tonic-clonic; H, hemispheres; ID, intellectual disability; IOND, inferior olivary nuclei degeneration; m, months; M, male; MRS, magnetic resonance
spectroscopy; NA, not available; PH, pontine hypoplasia; SNHL, sensorineural hearing loss; y, years; V, vermis; VE, ventricular enlargement; WM, white matter.

*Too young for this developmental milestone/evaluation.
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Table 1 Continued

Diodato
et al.
Family 13 Family 14 Family 15 Zheng et al. 2022 He et al. 2022 Gao et al. 2022 Li et al. 2020 2014 Summary
Subject II:2 II:1 II:3 F11S1 F1251 F13S1 F14S1 F1551 P2 P3
TARS2 variants C.464c>T c.773 C>T c.1010C>T  ¢.695+3A>G; €.695+3A>G; c.773C>T €.1274A>G €.1354C>T €.470G6>C c.1679A>C c.470C>G  c.845C>T
(NM_ p.(Pro155Leu) p.(Ser258Leu) p.(Ala337val)  ¢.968T>G €.1285C>T p.(Ser258Leu); p.(Glu425Gly) p.(Arg452Trp);  p.(Thr157Arg); p.(Asp560Ala); p.(Thri57Arg); p.(Pro282Leu);
025150.5) p.(Phe323Cys) p.(Arg429*) €.1838C>T €.1678G>C €.2051C>T €.1036C >T €.2143G>A  c.695+3A>G
p.(Pro613Leu) p.(Asp560His)  p.(Arg684Gln) p.(Arg346Cys)  p.(Glu715Lys)
Zigosity hom hom hom c.het c.het c.het hom c.het c.het c.het c.het c.het
Age sex 18m, M 4y11m 8y 6m, M 3.5m, F 10y, M 20y5m, M 10y3m, F 5y3m, F 2yé6m, F 11m, M
Alive - + + - - + + + + + + — = 21/28 (75%)
DD/ID Severe Moderate Severe + + Moderate Severe Normal till 15m Severe Severe + + + 28/28 (100%)
(normal till
3y)
Regression + + + — - - — + — + - — — 10/28 (36%)
Non-ambulatory + - - a a - - - + + a a a 10/22 (45%)
Non-verbal + + - a a + - + (normal till 15m) + + a a a 11/21 (52%)
Epilepsy + - + + + + - + - + + — - 14/28 (50%)
Cerebellar NA NA - - + + + + - - + - -
abnormalities
BG signal NA NA + - - + + - + - + + -
alterations
Reduced WM NA NA + - Moderate - - - - + - - -
volume with
VE
CSF spaces NA NA Severe Mild Mild - - - - - Severe - -
Enlargement
Others NA NA CCH — CCH, focal - Focal - CCH - Brainstem CCH —
WM lesion periventricular signal
MRS: lactate WM signal alterations
peak alterations
OFC (SDS) -2.8 -1.1 -3.0 —0.4 NA -1.4 NA —4.1 NA -2.0 —2.8 NA NA  8/23 (35%)
microcephalic
Axial Hypotonia + NA + + + + - + + + + + +  24/27 (89%)
Limb hypertonia + NA - - + + — + + - + + +  18/27 (67%)
Cerebellar deficits + NA - — + - — - + + NA a a 12/24 (50%)
Dystonia + NA + + + - - + - NA NA NA NA  13/23 (56%)
Cardiac - NA - - + Cardiac arrest - - - NA - - NA NA  3/24 (12%)
hypertrophy
dRTA - NA + - - - + - - + - NA NA  6/25 (24%)
Increased blood - NA + + + + - + + + + + + 17/20 (85%)
lactate
Visual impairment - NA - + + - - - NA NA NA NA NA  7/22 (32%)
SNHL - - NA - + - + - + - - NA NA  3/25 (12%)

‘e 32 nboxy *y
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Control

Figure 2

Neuroradiological features of individuals with biallelic TARS2 variants and of a control subject for comparison. Most of

the individuals present cerebellar atrophy (open arrows) variably associated with cerebellar cortex signal alterations and dentate nuclei T2/
FLAIR hyperintensity (arrowheads). There is mild-to moderate white matter volume loss and/or enlargement of the cerebral CSF spaces in
most individuals. The corpus callosum is thin in 8 individuals (thick arrows). Note the faint T2 signal abnormalities in the globi pallidi
(dashed arrows) and putamen/caudate nuclei (thin arrows). CSF, cerebrospinal fluid.

Results
Genetic findings

We identified 16 novel or ultra-rare TARS?2 variants in either
a homozygous (n = 7) or compound heterozygous state
(n = 10) (Figure 1A, Table 1). Seven homozygous missense
variants were identified in families 1, 2, 3, 8, 13, 14, and 15.
With the exception of a patient from family 5 harboring
compound heterozygous missense variants, other affected
members of families 6, 7, 9, and 10 were carrying missense
variants in a compound heterozygous state with splice site
variants (Figure 1A). Sanger sequencing confirmed segre-
gation of the variants with the phenotype within these

families. Remarkably, variants c.464C>T p.(Prol55Leu),
c.1534G>A p.(Glu512Lys), and ¢.773C>T p.(Ser258Leu)
were recurrent in the present cohort (families 2,11, 12, 13,
and 14) (Figure 1A). The latter, along with the variants
¢.470G>C p.(Thr157Arg), ¢.968T>G p.(Phe323Cys), and
¢.1036C>T p.(Arg346Cys) have been also found in com-
pound heterozygous states in other reported individuals
(Figure 1B) with TARS2-related disorder.'”'® The position
of each variant is depicted in Figure 1C.

The identified variants are rare in human population
variant databases (with allele frequency ranging from O to
0.000424 in 1,623,000 alleles across multiple databases) and
have never been observed homozygously in healthy in-
dividuals (databases are listed in Supplemental Table 1). The
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Figure 3  Protein modeling and interaction of mutant TARS2 with Rag GTPase. A. Structure of the dimeric ThrRS from Staphylo-
coccus aureus (PDB: INYR;'"). Functional domains are named and colored in 1 monomer. B. Structure of one monomer of the Escherichia
coli ThiRS, in complex with cognate tRNA with the CCA extremity of the tRNA pointing into the catalytic core (PDB: 1QF6;'”).
C-G. Structural environment of the wild-type residues and theoretical impact of their variants. Structural templates are indicated in light gray.
The 3D model of human TARS?2 is from misynpat.org.'®'® In all models, motifs 1, 2, and 3 that build the catalytic core are colored in white.
Residues found mutated are shown in stick representation and colored in red for those reported in the present study and in black for those
reported elsewhere (see Figure 1 and Supplemental Table 2 for references), with the corresponding amino acid from either S. aureus or E. coli
indicated in brackets. C. Zoom into the catalytic core where catalytic Zn>* and small substrates (aminoacyl-adenylate aa~AMP and PPi) are
shown in cyan. D. Zoom into the editing domain. Catalytic residues for editing, as identified in,”' are shown in orange. E. Zoom into the
anticodon-binding domain. Key nucleotides from the tRNA anticodon loop are numbered (34-37). F. Zoom into the interface between the
catalytic domain and the anticodon-binding domain. G. Example of possible local distortion engendered by the L544F variant. All molecular
representations were prepared with PyMOL (Schrddinger, Inc.). H. Correspondence of residues of human (Uniprot: Q9BW92), E. coli
(Uniprot: POA8M3), S. aureus (Uniprot: Q2YTA7), and D. rerio (NCBI: XP_021322466.1) in the 3 structural templates as established using
the multiple sequence alignment. I. Co-immunoprecipitation (co-IP) interaction of mutant TARS2 variants with Rag GTPases. HEK293T cells
were transfected with the indicated plasmids. Co-IP was performed using an anti-hemagglutinin (HA) antibody. Triangles on the right
indicate the full-length RagA (blue) and RagC (red). a-tubulin is shown as a loading control. EV, empty vector; WT, wildtype. J. Mean +
SEM of relative binding of TARS?2 with RagA (left) or RagC (right) from 3 independent co-IP experiments is shown. *P < .05; **P < .01;
***P < .001 (one-way ANOVA followed by Dunnett’s post hoc test).
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Figure 4 Functional testing of TARS2 variants in zebrafish. A. Representative images of an embryo injected with control MO (ctrl MO),
tars2 MO, or tars2 MO rescue at 3 dpf. Lateral view, anterior to the left. The blue line indicates brain size, and the black arrow indicates heart
edema. B. Quantification of head size from uninjected (n = 30 animals), ctrl MO (n = 31 animals), fars2 MO (n = 52 animals), fars2 MO +
zebrafish tars2 RNA (+ tars2) (n = 41 animals), and tars2 MO + human TARS2 RNA (+ TARS2) (n = 52 animals) embryos at 3 dpf. Each
symbol represents 1 animal. Values were calculated as percentage of the mean value of uninjected embryos. Error bars = mean + SD.
C. Quantification of heart edema. Animals were collected according to phenotype as shown in the image and calculated as the percentage of
total animals. D. Representative cerebellum image of Tg(olig2:DsRed) of ctrl MO, tars2 MO, and tars2 MO rescue at 3 dpf. The red
fluorescence color was replaced with pseudo-magenta color. E. Quantification of cerebellum area as indicated in (D). n = 10 animals. Error
bars = mean + SD. F. Acridine orange was used to stain brain in ctrl MO, tars2 MO, and tars2 MO rescue at 3 dpf. Scale bar = 100 pm.
G. Confocal projections of phalloidin stained muscle fibers in the trunk region of ctrl MO, tars2 MO, and fars2 MO rescue. The anterior is
shown to the left and dorsal at the top. The right panels show orthogonal views, dorsal to the top. H. Experimental approach for functionally
characterizing human TARS2 variants. In vitro synthetic human TARS2 variant mRNA was mixed with zebrafish zars2 splice-blocking MO
and microinjected into 1-cell stage embryos, followed by phenotypic evaluation at 3 dpf. The blue line indicates head size and the black arrow
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majority of missense variants are predicted to have deleterious
effects according to several predictive in silico tools. The
splice variants ¢.7744+5G>T and c.388-1G>C are predicted
to affect transcript processing by in silico analysis (Human
Splicing Finder, SpliceAl).'”*" Of note, a ¢.387+6T>C was
found in the compound heterozygote state in 2 unrelated in-
dividuals of family 9 and 10. Complementary DNA studies
using total RNA from peripheral blood cells of individuals
II:1 of family 9 showed that the variant c.3874+6T>C causes
aberrant splicing with consequent deletion of exon 3 and 4
(Supplemental Figure 2). The American College of Medical
Genetics and Genomics classification is reported in
Supplemental Table 1. Specifically, we used the CADD,
Polyphen-2 and Mutation Taster to apply the PP3 score. We
also applied PP4 considering that all patients have been
sequenced by highly sensitive methods and no other patho-
genic or likely pathogenic variants were identified in genes
known to be associated with neurological phenotypes.

Clinical and neuroradiological characteristics of the
affected individuals

This cohort consists of 18 affected individuals from 15
unrelated families, 6 of which were consanguineous
(Table 1). All but 1 individual had moderate (n = 7) or
severe (n = 10) developmental delay/intellectual disability.
Psychomotor regression was noticed in 8 individuals,
including 2 with early normal development. The regression
of developmental milestones occurred within the first year
of life for 3 individuals, typically triggered by intercurrent
illnesses. Three individuals died within the first 2 years of
life because of cardiorespiratory failure in the context of
infection or palliative care. At the last evaluation, only 4
individuals were able to walk without support and 8 were
nonverbal. Seven individuals had behavioral abnormalities,
including 1 with a diagnosis of autism spectrum disorder.
With the exception of 2 individuals, all others presented
with muscular hypotonia since birth and 11 developed limb
hypertonia with brisk reflexes. Nine individuals demon-
strated cerebellar signs, including ataxia, tremor, titubation,
dysmetria, and oculomotor apraxia. Ten patients had dys-
tonia and other extrapyramidal movements. Six developed
postnatal microcephaly, whereas 1 had macrocephaly in the
context of familial macrocephaly.

Epilepsy, including tonic-clonic seizures, myoclonic
seizures, and infantile spasms, occurred in 8 individuals and
was successfully controlled with anti-seizure medications in
half of them. Four individuals had distal renal tubular

acidosis. Biventricular cardiac hypertrophy was found in 2
individuals, 1 of whom also developed pulmonary hyper-
tension. Five individuals had visual system dysfunction,
whereas none had hearing impairment. Mild to significant
elevation of lactic acid was found in 70% of the individuals
for whom it was tested (7/10). Mild and non-specific dys-
morphic features were noticed in a majority of individuals
(Figure 1D).

Brain MRI was abnormal in all individuals for whom it
was available (Figure 2), revealing mild to severe cerebellar
atrophy with prevalent vermian involvement in 12 of 16
(75%) cases. Mild to moderate enlargement of the cerebral
subarachnoid spaces, especially in the frontotemporal re-
gions, was noted in 10 of 16 (62.5%) individuals. Cerebellar
cortex T2/FLAIR hyperintensity and dentate nuclei signal
alterations were present in 4 of 16 (25%) and 9 of 16 in-
dividuals (56.2%), respectively. Faint T2 signal alterations
of the globi pallidi were detected in 8§ of 16 (50%) in-
dividuals, whereas caudate nuclei/putaminal lesions were
noted in 5 of 16 (31.3%). Reduced white matter volume
with secondary enlargement of the lateral ventricles and
thinning of the corpus callosum was present in 7 of 16
(43.7%) cases. In 1 individual (individual 2 of Zheng et al.
2022) a small lesion with restricted diffusion in the left
frontal periventricular white matter was noted at presenta-
tion, at 1 month of age.” Mild midbrain atrophy and
pontine hypoplasia were noted in 3 of 16 (18.7%) in-
dividuals. Brainstem signal abnormalities were present in 2
of 16 (12.5%) cases. A spinal MRI from one individual was
unremarkable. Magnetic resonance spectroscopy from 2
individuals showed lactate peak at the level of the basal
ganglia in 1 of them. Only 2 patients underwent muscle
biopsy showing features of complex I deficiency in 1 of
them. Clinical features are summarized in Figure 1E and
reported in more detail in Supplemental Table 2, also
including updated data of the previously described cohorts.

TARS2 mutants F323C, R327Q, E342D, and R346C
disrupt interaction of TARS2 with Rag GTPases

We performed detailed molecular modeling as described in
Supplemental Results, Supplemental Figure 1, and shown in
Figure 3A-H. It has previously been reported that TARS?2 is
required for the activation of mTORC1, a master regulator
of cell growth and proliferation.'” mTORCI is localized to
and activated at the lysosomal surface in response to amino
acid availability via Rag GTPases.”” Upon threonine sup-
plementation, TARS2 preferentially binds RagC®™ and

indicates heart edema. I. Summary of rescue results with the mean value for each group (from Figure S6). No rescue means the mean value of
the group is close to the mean of fars2 MO group, and the statistic shows no significance compared with rars2 MO group. Partially rescued
means the mean value of the group is higher than the mean of zars2 MO group but lower than the mean of uninjected control group, and the
statistical difference shows significance compared with fars2 MO but also shows significance compared with the uninjected control group.
Rescue means the mean value of the group is close to the uninjected control and the statistical difference shows no significance compared
with uninjected control group. J. Quantification of heart edema. Animal’s phenotypes were quantified as shown in the image and the per-
centage of total animals was calculated. In (B and E), one-way ANOVA with Tukey’s multiple comparison correction is shown: ns, not
significant P > .05, *P < .05, **P < .01, ***P < .001 and ****P < .0001 compared with rars2 MO group.
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promotes the conversion of inactive Rag GTPases
(RagA®PP/RagC™) into the active form (RagA®™/
RagC®PP). This is sufficient to recruit mTORCI to lyso-
somes. Notably, TARS2301'381, an intermediate region
between the editing and catalytic core domains in the
TARS?2 protein, is crucial for interaction with RagC. Given
that 4 TARS?2 variants, namely, F323C, R327Q, E342D, and
R346C, occur within this region, we tested whether these
amino acid changes interfere with the interaction between
TARS2 and Rag GTPases. Despite being cloned from the
same wild-type (WT) backbone, the TARS2 variants had
reduced basal expression levels (ranging from 38.9 + 3.81
[F323C] to 65.6 + 5.88% [E342D] of WT; Figure 31, input),
probably because of intrinsic instability. Nonetheless, co-IP
data showed that the relative binding of all 4 TARS2 variants
to RagA (ranging from 41.3 + 14.5 [R327Q] to 48.2 +
18.3% [F323C]; Figure 3J, upper left) or RagC (ranging
from 20.4 + 6.94 [R346C] to 50.5 + 19.1% [R327Q];
Figure 3J, upper right) was significantly decreased
compared with WT control. These results indicate that the
TARS2 variants impede interaction with Rag GTPases,
presumably leading to subsequent suppression of amino
acid-dependent mTORCI1 activation.

Functional studies in zebrafish

Functional analysis of TARS2 loss of function in zebrafish
The tars2 mRNA in zebrafish is maternally distributed and
continually expressed throughout  embryogenesis
(Supplemental Figure 3). To examine the in vivo function of
Tars2 and its pathophysiology in individuals, we designed a
tars2 splice-blocking morpholino (MO) to block precursor
mRNA processing (Supplemental Figure 4A). The efficacy
of the MO knockdown was confirmed through reverse
transcription—polymerase chain reaction, revealing a
decrease in the WT tars2 transcript compared with unin-
jected and control MO embryos (Figure S4B). Knockdown
of fars2 in zebrafish embryos (morphants) via MO led to a
significant reduction in head size (Figure 4A and B) and
heart edema (Figure 4C) compared with uninjected and
control MO embryos, suggesting that Tars2 is crucial for
brain and heart development in zebrafish. To ensure
phenotype specificity, we performed mRNA rescue, miti-
gating the morphant phenotypes by co-injecting synthetic
WT zebrafish tars2 or human TARS2 mRNA along with
MO; this restored the overall phenotypes (Figure 4A bottom
panel), as well as normal head size and heart edema
(Figure 4B and C). This evidence confirms that the observed
phenotypes resulted from tars2 downregulation and dem-
onstrates functional conservation across species. Conse-
quently, human TARS2 mRNA was utilized in subsequent
rescue experiments (labeled as a rescue in the Figures).
Given the cerebellar atrophy observed in many affected
individuals, we used the transgenic reporter line, 7g(o-
lig2:DsRed?), to examine cerebellum morphology. This line
expresses the Olig2 transcription factor, crucial for

developing primary motor neurons and oligodendrocytes. In
our study, we observed a smaller cerebellum (marked by
olig2+ cells) in tars2 morphants compared with control
morphants (see Figure 4D and E). Because TARS2 is
known to regulate cell proliferation,'” and based on our
previous research on KARS1,” we speculated that the
reduced head size in tars2 morphants might be due to brain
cell apoptosis. We conducted live cell brain imaging using
acridine orange dye’® to investigate this and observed
extensive apoptosis in tars2 morphants (Figure 4F). Quan-
titative reverse transcription polymerase chain reaction
analysis of apoptosis-related genes revealed significant
upregulation of gadd45aa and caspase-8 but not tp53 and
caspase-9 (Figure S5A), indicating cell growth suppression
and activation of extrinsic cell apoptosis pathways.”

Our study confirmed that zebrafish with reduced TARS2
function (tars2 morphants) showed decreased myelination
and increased seizure activity, as indicated by reduced mbpa
and elevated c-fos expressions (Supplemental Figure 5B and
C), respectively. This aligns with prior findings linking
mitochondrial aaRS dysfunction to myelination and seizure
phenotypes.* We also discovered changes in mTORCI
signaling pathway in these morphants, with decreased PGCla
and increased PPARa levels (Supplemental Figure 5D and E),
both regulated by mTORC1.'"***” However, unlike TARS1
reduction, TARS?2 inhibition did not activate the expression
of the unfolded protein response target, affda and aff4b”"(-
Supplemental Figure 5F). Individuals with TARS2 variants
were found to have muscular hypotonia and movement dis-
orders. Indeed, our WISH data revealed tars2 mRNA
expression in trunk muscles (Supplemental Figure 3E). In
tars2 morphants, the phalloidin staining of F-actin was
diminished in the myotomes, indicating less condensed
muscle fibers than control MO-injected morphants
(Figure 4G), suggesting a muscular dysfunction that may
result in the absence of coordinated locomotion. The observed
morphological defects specific to the brain, eyes, heart, and
trunk muscles in tars2 morphants directly correlate with the
tars2 mRNA expression patterns during embryonic devel-
opment. This further confirms that the tissue-specific pheno-
types arise from a loss of Tars2 function.

Functional validation of TARS2 variants in zebrafish
model

Next, we aimed to investigate the impact of previously iden-
tified variants on protein functionality in addition to those
present in our cohorts. To test these variants, we created
patient-specific mutations in human complementary DNA, and
used these constructs as a template to synthesize mRNA using
in vitro transcription. We assessed the effect of variants uti-
lizing an mRNA rescue technique. In this method, we co-
injected either WT or mutant mRNA with either control MO
or tars2 MO and then scored the brain and heart development
phenotypes (Figure 4H). We employed a splice-blocking rars2
MO, ensuring that it would not degrade the exogenous mRNA
encoding human TARS?2 utilized for rescue. We individually
tested 17 variants. Because some variants appeared in a
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compound heterozygous state, we co-expressed mRNA
encoding both variants. The head size of the animals rescued
with variant mRNA was then compared with that of animals
from the tars2 morphant and TARS2 WT rescue groups
(Supplemental Figure 6). Six variants identified in humans in a
homozygous state and 2 in a compound heterozygous state
failed to rescue the head size phenotype. Conversely, 11 vari-
ants only partially rescued the phenotypes, suggesting that each
variant is deleterious to protein function (Supplemental
Figures 6 and 4I). Interestingly, we observed the most severe
cardiac edema in the R109Q-rescued morphant, which is
consistent with the discovery of significant biventricular hy-
pertrophy in the individual carrying the ¢.326G>A
p-(Argl09GlIn) variant (ILIV of family 1, Figure 4J). Similarly,
the loss-of-function variant p.(Arg429*) could not rescue the
cardiac phenotype. All other tested variants only partially
mitigated the heart edema, with some degree of variation. To
sum up, the pathogenicity of the 25 variants was confirmed
through functional assays in a zebrafish model.

Discussion

We report here 18 new individuals with biallelic variants in
TARS2 and review neuroimaging of 5 previously reported
individuals,'" contributing to our understanding of TARS2-
related mitochondrial disease. Symptoms include develop-
mental delay, intellectual disability, regression, and brain at-
rophy, along with changes in basal ganglia signals and
mitochondrial characteristics, such as lactic acidosis, cardio-
myopathy, and distal renal tubulopathy. Clinically, these pa-
tients display hypotonia, cerebellar signs, varying degrees of
spasticity, dystonia, seizures, and secondary microcephaly.

Previous studies classified the central nervous system
(CNS) aaRSs disorders based on the main neurological
phenotypes, suggesting that TARS2 variants were mainly
associated with a fatal infantile NDD.” However, others
have categorized ARS disorders based on the prevalent or-
gan, subdividing disorders as follows: (1) affecting the CNS
and other systems (2) and preferentially or exclusively other
systems than the CNS (3 or 4).7 TARS2-related mitochon-
drial disease was placed in the first group and considered a
prevalent epileptic encephalopathy disorder.

The present study and other recent reports reveal that the
clinical phenotypes relating to biallelic TARS2 variants are
broader, with variable survival of individuals, occurrence of
regression (n = 10/28, 36%), seizure (n = 14/28, 50%),
secondary microcephaly (8/23, 34%), axial hypotonia (24/
27, 89%), limb hypertonia (18/27, 67%), cerebellar deficits
(12724, 50%), and extrapyramidal movements (13/23, 56%).
Notably, increased blood lactate is a consistent finding in all
affected individuals for whom it was checked (17/20 85%),
whereas cardiomyopathy and renal tubular acidosis have
been observed only in 3 (12%) and 6 (24%) individuals,
respectively. Of note, cardiomyopathy was previously re-
ported only in 1 patient.'' Although 3 patients were

previously reported with neurosensorial hearing loss, none
of our cohort had hearing impairment.'"*'® It is possible that
these features may be underestimated, considering that no
affected individual had specific work-up or that they may
develop hearing impairment and cardiac and rental tubular
dysfunction later. A cardiological evaluation, urine analysis
for tubulopathy and hearing screening is warranted in pa-
tients with biallelic TARS2 variants. One of the 2 patients
who underwent muscle biopsy showed features of complex I
deficiency similar to 4 previously reported patients who had
multiple complex deficiency”'' (Supplemental Table 2).

The most common neuroradiological finding in TARS2-
related disorder was cerebellar atrophy in 75% of
individuals and often associated with progressive fronto-
temporal cerebral atrophy. Notably, the cerebellum was
initially normal in 1 infant who underwent brain MRI in the
first months of life. Therefore, we hypothesize that cere-
bellar atrophy might develop later in TARS2-related disor-
ders and be missed without follow-up MRI studies, as in the
cases reported previously.”'" Other frequent neuroimaging
features in individuals with TARS2 variants were signal al-
terations of the basal ganglia and loss of periventricular
white matter volume, present in 68.5% and 43.7% of cases,
respectively. In particular, approximately half of individuals
presented signal alterations of the globi pallidi, whereas
caudate nuclei and putaminal lesions were noted in one third
of cases. In 1 individual, follow-up MRI at 16 months of age
revealed progression of the basal ganglia lesions with
associated lactate peaks on magnetic resonance spectros-
copy and new dentate signal alterations characterized by
restricted diffusion. A similar MRI pattern was also present
in the individual described by Li et al,'’ thus suggesting that
TARS?2 variants might also be associated with a Leigh-like
neuroimaging pattern, in keeping with the phenotypic het-
erogeneity of ARS2-related disorders.”*

Several ARS2-related encephalopathies, including
CARS2, FARS2, MARS2, VARS2, and WARS?2, display
similar neuroimaging features, indicating mitochondrial
impairment.”’ Additionally, specific neuroimaging patterns
in ARS2-related encephalopathies include peculiar leu-
koencephalopathies, such as those described in DARS2- and
EARS2-related disorders’” or pontocerebellar hypoplasia
reported in individuals with biallelic variants in RARS2.”’
These features have not been identified in individuals with
TARS?2 variants, and they could be valuable for differential
diagnosis of these rare conditions.

It is noteworthy that 17 of the 24 families reported to date
harbor recurrent TARS2 variants and 5 of the current cohort
have been previously reported (Figure 1A and B). There is a
predominance of missense variants and only 1 patient pre-
viously reported'" was harboring 1 stop-gain in combination
with a splicing variant, suggesting that total loss of TARS2
is likely lethal in humans. Some missense variants cluster,
such as those in the TARS2-Rag GTPase binding region and
in the editing and AB domains. Also, 2 splice variants recur
in the cohort (c.3874+6T>C, c.695+3A>G). Although we



12

A. Accogli et al.

did not recognize a specific genotype-phenotype correlation,
some interesting findings emerged. Two unrelated in-
dividuals harbor the same c.464C>T p.(Pro155Leu) variant
that is associated with a severe phenotype, including intel-
lectual disability, microcephaly, cerebellar dysfunction, and
epilepsy. Interestingly, the ¢.1534G>A p.(Glu512Lys) and
c.773C>T p.(Ser258Leu) variants were found in a com-
pound heterozygous state in 3 individuals of 2 unrelated
families (11 and 12), and the c.773C>T p.(Ser258Leu) was
also found in homozygous state in family 14. These in-
dividuals had moderated intellectual disability and less se-
vere motor and cerebellar dysfunction. Furthermore, all but
1 individual harboring compound heterozygous variants in
the TARS2-Rag GTPase binding region showed basal
ganglia and cerebellar signal alterations without cerebellar
atrophy. Because most identified variants were compound
heterozygous with either a different type of variants or
missense variants affecting different domains, this chal-
lenges a possible genotype-phenotype correlation. Overall,
our findings are in line with the wide phenotypic variability
reported for most ARS2-related disorders, for which no
genotype-phenotype correlations have been recognized.
Previous studies have shown that some TARS2 variants can
affect amino acid activation, tRNA charging, and dimer
formation.'"*> However, different results were noted, sug-
gesting distinct impacts on protein stability and function
depending on yet unknown related mechanisms.'" Structural
analysis of the missense TARS2 variants further highlights
that, though some may have an obvious impact on the ca-
nonical aminoacylation function, for instance, p.(Glu440-
Lys) and p.(Arg684Gln), other variants are unlikely to
disrupt this. Three of the variants lying in the TARS2?°'-3¥!
region (Arg327GIn, Glu342Asp, and Arg346Cys) affect
residues only conserved in metazoans (F323 is conserved
more widely in the eukaryotes), suggesting involvement in a
metazoan-specific function, such as regulation of mTORC1
signaling. TARS2 was recently shown to regulate the acti-
vation of mTORCT signaling, controlling cell proliferation
and mRNA translation in a threonine-dependent manner.'”
We found that all 4 variants within the TARS2**'*! re-
gion had decreased binding to Rag GTPases, likely
impairing mTORCI activity. This might have a detrimental
impact on several biological functions, including mito-
chondrial homeostasis, because mTORCI1 controls the
mitochondrial activity by selectively promoting translation
of nucleus-encoded mitochondria-related mRNAs.” Alto-
gether, these results suggest a distinct pathomechanism
related to dysfunction of the mTORCI1 signaling pathway, at
least for variants within the Rag GTPase binding domain.
Our detailed zebrafish study shows that zebrafish larvae
with TARS2-related pathogenic variants display hallmark
symptoms, such as cerebellar hypoplasia, reduced head size,
heart edema, and diminished F-actin expression in muscle
segments. This highlights the TARS2 deficiency-induced
developmental issues in the CNS, heart, and musculoskel-
etal systems. We also observed reduced myelin-binding
protein mbpa expression and increased seizure-specific c-

fos levels, consistent with the common white matter changes
and increased seizure susceptibility in most affected
individuals.

Considering the pivotal role of TARS2 in regulating
mTORCI activity and our in vitro results, we aimed to
assess the expression of downstream targets of mTORCI1
signaling in vivo. As expected, we found that PGCla and
PPARa were downregulated and upregulated, respectively,
in fars2 knock-down animals, likely leading to dysregula-
tion of mTORCI signaling.

Most tested variants in the in vivo zebrafish model failed
to phenotypically rescue, confirming that the identified hu-
man TARS2 variants likely affect protein function. Taken
together, our results suggest that TARS2 plays an essential
role in early CNS development, possibly affecting neuronal
proliferation and apoptosis through aberrant mTORCI1
signaling.” Consequently, these observations raise the
question whether mTORCI1 drug modulators could be
therapeutic for individuals with TARS2-related disorder in
the future.

In conclusion, we further delineate the molecular and
clinical spectrum of the rare TARS2-related NDD.
Improved understanding of the underlying mechanisms
leading to these features will be crucial to develop future
therapeutic ~ strategies that prevent metabolic de-
compensations and comorbidities in affected individuals.

Data Availability

Human variant data included in this study have been
deposited in the ClinVar database.
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