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Obijective: Charcot-Marie-Tooth (CMT) disease is a heterogeneous group of genetic neuropathies, with >90 genes
identi ed. Several aminoacyl-tRNA synthetases have been linked to CMT. DARS2, encoding the mitochondrial
aspartyl-tRNA synthetase, has been typically associated with leukoencephalopathy with brainstem and spinal cord
involvement and lactate elevation. This study aimed to investigate the association between biallelic DARS2 variants
and axonal CMT.
Methods: We investigated 5 individuals from 3 unrelated families with axonal CMT and biallelic DARS2 variants. Func-
tional studies in broblasts assessed their effects on DARS2 expression, localization, and mitochondrial function. Enzy-
matic activity was evaluated in HEK293 cells.
Results: The 5 individuals, including 4 adults, presented with childhood-onset progressive axonal CMT. None had leu-
koencephalopathy, but one showed central nervous system involvement, with intellectual disability and epilepsy.
Genetic analysis identi ed compound heterozygous DARS2 variants: family A, p.Ser238Phe and p.Arg336Cys; family B,
p.Ser238Phe and p.lle25Thrfs*38; family C, ¢.492+2T>C and p.Pro503Leu. Functional studies revealed reduced DARS2
protein levels, mitochondrial network abnormalities, and impaired mitochondrial function. p.Ser238Phe behaves as a
hypomorphic allele, whereas p.Pro503Leu reduced DARS2 enzymatic activity by 75%.
Interpretation: Our ndings expand the DARS2-related disease spectrum, establishing a novel association with axonal
CMT. Hypomorphic variants, such as p.Ser238Phe, when paired with more deleterious variants, result in isolated axonal
CMT, whereas more severe combinations—although not as deleterious as those seen in leukoencephalopathy with
brainstem and spinal cord involvement and lactate elevation—result in axonal CMT with central nervous system
involvement, albeit without leukoencephalopathy. These observations raise the possibility that DARS2-associated dis-
eases form a continuum rather than representing strictly distinct central or peripheral nervous system disorders.
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harcot—Marie-Tooth (CMT) disease is a heteroge-
Cneous group of genetic peripheral neuropathies pri-
marily affecting the lower limbs. These conditions are
characterized by progressive muscle weakness in the distal
regions, accompanied by muscle atrophy and mild sensory
impairment.> CMT is the most prevalent degenerative dis-
order of the peripheral nervous system, with an estimated
prevalence of 1 in 2,500. To date, >90 genes have been
associated with CMT.>* Although individuals with demy-
elinating CMT are often accurately diagnosed at the
molecular level (>90% of cases), a signi cant proportion
(25-40%) of individuals with axonal CMT remain geneti-
cally undiagnosed.>®

Aminoacyl-tRNA synthetases (aaRS) are a group of
enzymes responsible for facilitating the adenosine triphos-
phate (ATP)-dependent binding of speci ¢ amino acids to
tRNAs. Biallelic variants in genes encoding aaRS have
been implicated in various central nervous system disor-
ders, including leukoencephalopathies and complex spastic

paraplegias.”** However, monoallelic variants have
consistently been observed when considering pure axo-
nal phenotypes of CMT. In these cases, the proposed
pathogenic mechanism is attributed to a gain-
of-function toxic effect.'® To date, 9 genes encoding for
aaRS have been associated with CMT, namely AARS1,
GARS1, HARS1, KARS1, MARS1, NARS1, SARS1,
WARS, and YARS1,1012:16-22

DARS2 (MIM*610956), which encodes the mito-
chondrial aspartyl-tRNA synthetase (mtAspRS), has been
associated with leukoencephalopathy with brainstem and
spinal cord involvement and lactate elevation (LBSL;
MIM#611105, ORPHA: 137898), a neurometabolic dis-
order characterized by progressive ataxia, spasticity, devel-
opmental arrest or regression, and distinct brain magnetic
resonance imaging (MRI) ndings.>>=*® As of now, vari-
ants in DARS2 have not been linked to CMT.

Here, we present 5 individuals from 3 unrelated
families with recessively inherited DARS2 variants and an
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axonal CMT phenotype, without leukoencephalopathy.
The discovery of hypomorphic variants, inherited in com-
bination with a missense or a truncating variant, expands
the phenotypic spectrum of DARS2-related conditions
and broadens the molecular etiologies of axonal CMT.

Methods

Affected Individuals, Clinical Assessment, and
Sample Collection

We investigated 5 individuals from 3 unrelated families,
all presenting with axonal CMT. Two pairs of siblings
were followed up at Hospital Sant Joan de Déu (HSJD),
Barcelona, Spain, and Timone Hospital, Marseille,
France, respectively, whereas the fth individual was at
Tartu University Hospital, Tartu, Estonia. Clinical records
were reviewed, and a new comprehensive neurological
examination was carried out on each affected individual.
Blood samples were collected from affected individuals
and their asymptomatic parents for DNA testing. Clinical
data, electrophysiological studies, and brain and spinal
cord MRI scans were collected and analyzed following the
ethics guidelines of the institutions involved (protocol
PIC-147-23). Written informed consent and age-
appropriate assent for study participation and biopsies
were obtained by quali ed clinicians.

Molecular Genetic Analyses

DNA was extracted from peripheral blood samples using
standard techniques. Sequencing was performed with dif-
ferent panels: TruSight One Expanded (lllumina; 6713
genes) for individual Al, ClearSeq Inherited Disease
(Agilent; 2742 genes) for B1, and TruSight One
(Mumina; 4813 genes) for C1. Additionally, trio exome
sequencing was performed for family C. Paired-end
sequencing was performed on lllumina NextSeq500 Sys-
tem (lllumina) or lon Proton (Thermo Fisher Scienti c)
platforms. Reads were aligned to human genome build
37 (hgl9) using BWA Aligner (Wellcome Trust Sanger
Institute; http://bio-bwa.sourceforge.net/bwa.shtml) and
variant calling was performed with SAMtools v.1.5
(Wellcome Trust Sanger Institute), GATK Haplotype
Caller package v.3.7 (Broad Institute, Cambridge),
FreeBayes v.1.1.0 (Boston College), and VarScan v.2.4.0
(Washington University). Annotation was completed
using in-house pipelines incorporating SnpEff v.4.3,
Annovar, and SnpSift.

Variants were annotated wusing the reference
sequences: NM_018122.5 (transcript) and Q6P148 (pro-
tein). DARS2 variants were validated and segregated by
Sanger sequencing.
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In Silico Analyses of DARS2 Variants

Variants were classi ed according to the American College
of Medical Genetics and Genomics and the Association
for Molecular Pathology guidelines,® using Franklin
(https://franklin.genoox.com/clinical-db/home). In silico
analysis was performed using CADD (https://cadd.gs.
washington.edu/), SIFT (https:/sift.bii.a-star.edu.sg/), Poly
Phen-2 (http://genetics.owh.harvard.edu/pph2), FATHMM
(http://fathmm.biocompute.org.uk/), MutationTaster
(http://mutationtaster.org), AlphaMissense (https://
alphamissense.hegelab.org/), Missense3D (http://missense3d.
bc.ic.ac.uk/missense3d/), and DynaMut2 (https://biosig.lab.
ug.edu.au/dynamut2/). Splicing variants were analyzed
with SpliceAl (https://spliceailookup.broadinstitute.org/),
MaxEntScan (http://hollywood.mit.edu/burgelab/maxent/
Xmaxentscan_scoreseq.html), and NetGene2 (https://
services.healthtech.dtu.dk/services/NetGene2-2.42/). Alle-
lic frequencies were retrieved from gnomAD (v4.0.0),*°
the Leiden Open Variation Database (https://www.lovd.
nl/), and ClinVar. Structural models from AlphaFold
(https://alphafold.ebi.ac.uk/) and PDB (PDB ID: 4AH6)
were analyzed with PyMol.

Molecular dynamics simulations were performed
using the human DARS2 homodimers (PDB ID: 4AH6)
with GROMACS 2022.6*! and the CHARMM36m force

eld.® Initial models and point variants (Ser238Phe in 1
subunit, Arg336Cys in both) were prepared with
CHARMM-GUI. Systems were solvated, neutralized
(150 mmol/I KCI), and equilibrated. Van der Waals inter-
actions were smoothed with a force-switching function,
and electrostatic interactions were treated with the particle
mesh Ewald method.®® Simulations were run at 310.15 K
and 1 bar, with LINCS constraints and a 2-fs time step,
for a total of 250 ns. Analyses were conducted with
GROMACS tools, and structures visualized in PyMol.

Cell Culture from Skin Biopsies and Muscle
Biopsy

Skin biopsies from individuals A1, A2, and C1 were taken
following standard clinical procedures. Fibroblasts were
cultured in Dulbecco’s modi ed Eagle’s medium high-
glucose supplemented with fetal bovine serum,
L-glutamine, and penicillin—streptomycin (Sigma-Aldrich)
or AmnioMAX™-11 Complete Medium (Gibco).

A muscle biopsy from individual C1 (vastus lateralis,
age 8 years) underwent a routine panel of histochemical
and immunohistochemical staining. For  ber typing,
immuno uorescence was performed using an antibody
against myosin heavy chain fast (Leica) to identify type 2

bers, and an in-house antibody (MLCZ2ES8) to identify
type 1 bers.
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Overexpression of p.Pro503Leu in HEK293 Cells
To evaluate the impact of the DARS2 p.Pro503Leu vari-
ant on enzymatic activity and assess its pathogenicity, the
allele was overexpressed in HEK293 cells. HEK293 cells
were cultured to approximately 70% con uency and used
for the transient expression of the constructs. For transfec-
tion, 12 g of plasmid DNA was incubated with 60 | of
FUGENE (Promega) at room temperature for 15 min in
serum-free Dulbecco’s modi ed Eagle’s medium (Thermo
Fisher Scienti c). The DNA-FUGENE complex was then
applied to the cells. Cells transfected with wild-type
pCMV6-DARS2, empty vector (mock), and untransfected
cells were used as controls. Transfection ef ciency was
estimated wusing  uorescent microscopy. Cells were
harvested 48 h post-transfection, ash-frozen, and stored
at 80 C until further use. Transfections were performed
in triplicate.

RNA Analysis
Total RNA was extracted from broblasts using TRItidy
G™ (AppliChem GmbH) and Direct-zol RNA miniprep
kit (Zymo Research; in individuals A1, A2) or innuPREP
DNA/RNA Mini Kit (IST Innuscreen GmbH; in
individual C1).

For individuals A1 and A2, reverse transcription was
performed using the Maxima™ First Strand cDNA Syn-
thesis kit (Thermo Fisher), and quantitative reverse tran-
scription polymerase chain reaction was conducted on a
QuantStudio 6 System (Applied Byosystems) using
PowerUp™ SYBR™ Green Master Mix (Thermo Fisher).
DARS2 gene expression was quanti ed by the standard
curve method,®* and samples were normalized to GAPDH
and PGK1 housekeeping genes. Primer sequences were
obtained from van Berge et al (2F and 3/4R).*®

For individual C1, RNA integrity was assessed with
TapeStation (Agilent), and strand-speci ¢, polyA-enriched
RNA sequencing (RNASeq) was performed on Illumina
NovaSeq 6,000 at GenomeScan (Leiden, the Netherlands)
using the NEBNext Ultra Il RNA kit (lllumina) for
library preparation. Paired-end sequencing was performed.
The bioinformatics pipeline used the Cromwell scienti ¢
work ow engine developed by the Broad Institute, includ-
ing the use of STAR (version 2.5.3) for aligning reads to
the GRCh38 reference genome. Expression outliers were
detected using OUTRIDER.*® Splicing analysis was lim-
ited to variants agged during exome analysis, which were
manually analyzed using Integrative Genomics Viewer.

Western Blot Analysis

Fibroblast protein extracts from individuals Al and A2
were homogenized in lysis buffer with protease inhibitors.
Protein concentration was quanti ed by the bicinchoninic

acid assay method (BCA Protein Assay Kit; Thermo
Fisher), and 40 g were resolved by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and transferred to
polyvinylidene  uoride membranes (Millipore, Merck).
Membranes were blocked in 5% defatted-milk in TBS-
0.1% Tween 20 buffer, incubated with -DARS2 (1:500;
HPA026528, Sigma-Aldrich) and - -ACTIN (1:8000;
A5316, Sigma-Aldrich) antibodies, followed by HRP-
conjugated secondary antibodies. Bands were visualized
using an iBright™ CL1000 Imaging System (Thermo
Fisher), and intensities quanti ed with ImageJ 2.1.0/1.53c
(NIH; https://imagej.nih.gov).

Aminoacylation Activity Determination

The impact of the p.Pro503Leu variant on aminoacylation
activity was determined in-house, as described in Mendes
et al.3" Pellets were suspended in ddH,O and cells were
lysed in 3 freeze—thaw cycles. Cell lysates were incubated
in triplicate in reaction buffer (50 mmol/l Tris buffer
pH 7.5, 12 mmol/l MgCl,, 25 mmol/l KCI, 1 mg/ml
bovine serum albumin, 0.5 mmol/l spermine, 1 mmol/I
ATP, 0.2 mmol/l Escherichia coli total tRNA,
1 mmol/l dithiothreitol, and 0.3 mmol/I [**C,,*°N]-
aspartate). The reaction was stopped using 5% trichlor-
oacetic acid. After washing the samples with trichlor-
oacetic acid, ammonia was added to release the labeled
amino acids from the tRNAs. [D3]-aspartate was added
as an internal standard and the labeled amino acids were
quanti ed by liquid chromatography—tandem mass
spectrometry. Aminoacylation activity measured for
mock-transfected cells was subtracted from DARS2-
transfected samples. Wild-type pCMV6-DARS2 transfected
cells were used as a positive control, and activities were
expressed as a percentage of wild-type pCMV6-DARS2
transfected cells.

Immuno uorescence

Fibroblasts were seeded on coverslips, xed in 4% parafor-
maldehyde, permeabilized with 0.2% Triton X-100 in
phosphate-buffered saline, and blocked with bovine serum
albumin and serum in phosphate-buffered saline. After
that, the speci ¢ primary antibodies -DARS2 (1:200)
and -TOMMZ20 (1:200; 612,278 BD, Transduction
Laboratories) were incubated overnight, followed by the
secondary labeled -mouse immunoglobulin G Alexa Flu-
or™ 488 and -rabbit immunoglobulin G Alexa Fluor™
594 antibodies (1:500; Thermo Fisher). Coverslips were
mounted with Fluoromont-G with DAPI (Thermo
Fisher), and images acquired using a Leica TCS SP8 X
White Light Laser confocal microscope (Leica Micro-
systems) using the Leica LAS X software version 3.7.4
with 63 oil immersion objective and analyzed using the
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Imagel software (National Institutes of Health). Speci -
cally, the mitochondrial network morphology was ana-
lyzed using the Mito-Morphology macro for ImageJ,
applying the “count” parameter (number of mitochon-
drial particles per cell) as a surrogate marker of fragmen-
tation, and the “mito content” parameter to assess
mitochondrial mass.

Mitochondrial Respiration Analysis

Mitochondrial respiration was assessed using the Seahorse
XF Mito Stress Test (Cat.103010-100; Agilent) on the
Seahorse XF HS Mini Analyzer (Agilent). Fibroblasts were
seeded in XFp cell culture miniplates at a density of
15,000 cells per well and incubated overnight to allow for
cell attachment. On the day of the assay, cells were
washed and incubated in Seahorse XF Base Medium sup-
plemented with 10 mmol/l glucose, 1 mmol/l pyruvate,
and 2 mmol/I glutamine (pH 7.4) for 1 hour at 37 C in a
non-CO, incubator.

The Mito Stress Test was performed by sequential
injection of the following compounds: 1.5 mol/l
oligomycin (ATP synthase inhibitor), 2 mol/l carbonyl
cyanide-p-tri uoromethoxyphenylhydrazone (uncoupler),
and 0.5 mol/l rotenone/antimycin A (complex | and 11l
inhibitors). The oxygen consumption rate was measured
in real-time and normalized to total protein content per
well, quanti ed using the bicinchoninic acid assay assay
(Thermo Fisher Scienti c).

Mitochondrial respiratory parameters were calculated
using Seahorse Analytics software (Agilent) according to
the manufacturer’s instructions. Key parameters included
basal respiration, ATP-linked respiration, maximal respira-
tion, spare respiratory capacity, and non-mitochondrial
respiration.

Statistical Analyses

Data are expressed as mean  standard deviation or stan-
dard error of the mean, as appropriate, and are shown as
bar graphs, box plots (showing the median, with box
edges representing the 25th and 75th percentiles), or vio-
lin plots; p-values <0.05 are shown in each gure. The
speci ¢ test applied in each case is indicated in the gure
legend. Analyses were performed using GraphPad Prism
version 10 (GraphPad).

Results

Clinical Features

Family A (Individuals A1 and A2). Individuals Al and A2, a
23-year-old man and his 21-year-old sister of European
Spanish descent, were born to non-consanguineous par-
ents with no family history of neuromuscular disorders.
Both had unremarkable prenatal and early psychomotor
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development, but developed gait dif culties around the
age of 7years. Physical examination at the 9 years
(A1) and 8 years (A2) revealed distal muscle weakness and
atrophy, predominantly in the lower limbs, with absent
patellar and Achilles re exes. At age 9 years (A1) and ages
14 and 19 years (A2), nerve conduction studies revealed
reduced compound motor action potentials amplitudes
with preserved conduction velocities. Sensory nerve
responses were absent, except for the radial nerve in Al,
which showed reduced amplitudes. Electromyography
detected in both siblings the presence of positive waves
and brillations, leading to an axonal motor and sensory
neuropathy diagnosis.

Over the years, the distal weakness and muscle atro-
phy progressed. By their most recent evaluations at ages
21 (A1) and 19 years (A2), both showed distal muscle
weakness, with MRC scale grades of 3/5 in the peroneus
and tibialis anterior muscles, and 4/5 in the hand exten-
sors, hand interossei, and tibialis posterior muscles
(Figure 1). Deep tendon re exes remained absent in both
siblings. Both had dif culty walking on toes and were
unable to walk on heels, with mild instability on tandem
gait testing and the Romberg test. Cognitive function was
normal, and both were pursuing university degrees
(Table 1).

At ages 21 (Al) and 19 years (A2), various labora-
tory tests were performed, including measurements of
amino acid levels in blood, ammonia (Al: 23 mol/l; A2:
18 mol/l; normal; 12-50), lactate (Al: 0.54 mmol/I;
A2: 0.63 mmol/l; normal: 0.5-2.2), GDF15 (AL
195 pg/ml; A2: 265 pg/ml; normal: 200-540), and
FGF21 (<30 pg/ml in both; normal: 0-300). All results
were within the normal range. Brain and spinal cord MRI
scans at ages 21 (Al) and 19 years (A2) were normal
(Supplementary Figure S1). Repeated nerve conduction
studies at age 21 years on the medial plantar, medial pop-
liteal, lateral popliteal, and ulnar nerves of individual Al
once again con rmed reduced amplitude of compound
muscle action potentials with normal velocity, whereas
sensory nerve conductions remained inexcitable. Electro-
myography recordings of the tibialis anterior and vastus
medialis were consistent with previous assessments and
showed spontaneous activity, as well as de cits indicative
of a neuropathic pattern and prolonged and increased
amplitude. The overall phenotype in both siblings sup-
ports a diagnosis of axonal motor and sensory neuropathy.

Family B (Individuals B1 and B2). Individuals B1 (man,
48 years old) and B2 (man, 50 years old) are siblings of
European French descent, with no known family history
of neuromuscular disorders. Both developed gait abnor-
malities and dif culty running from childhood, around
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Figure 1: Clinical and muscle magnetic resonance images of individuals with pathogenic DARS2 variants. Marked muscle atrophy
is observed in the (A-D) hands and (E, F) feet of (A, C, E) individual Al at age 21 years, and (B, D, F) individual A2 at age
19 years. Muscle magnetic resonance imaging of individual C1 at the age of 7 years showed (G) bilateral fat in Itration in the calf
muscles (gastrocnemius, soleus, and peroneus longus), but (H) not as much in the thigh muscles. (G) The following muscles have
been labeled: GL (lateral gastrocnemius), GM (medial gastrocnemius), SO (soleus), and PL (peroneus longus).

the age of 10 years, with a slowly progressive course
(Table 1).

On the most recent examination, individual Bl
remained able to walk independently, but required a splint
due to bilateral steppage. Physical examination revealed a
complete absence of deep tendon re exes in all 4 limbs,
hammer toe deformities, cavus feet, and severe muscle
atrophy affecting the feet, legs, and hands. Distal
muscle weakness was prominent, with a muscle strength
grading of 0/5 in the foot muscles, 2+/5 in the triceps

suralis, 3+/5 in the interosseous and nger extensor mus-
cles, and 4/5 in the psoas and quadriceps. Additionally,
hypoesthesia was present below the knees and in the
hands. Neurophysiological studies performed at age
27 years revealed intermediate nerve conduction velocities.
Cognitive de cits, spasticity, and other signs of neurologi-
cal involvement were not observed.

Individual B2 showed a remarkably similar pheno-
type, characterized by distal weakness that began in the
lower extremities from childhood, accompanied by muscle
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Table 1. Clinical Features of Individuals with DARS2 Gene Mutations
Ind. Al Ind. A2 Ind. B1 Ind. B2 Ind. C1
Sex M F M M M
Ethnicity White White White White White
Variants €.713C>T/ c.713C>T/ c.74del / c.74del / €492 +2T>C/
€.1006C>T €.1006C>T c.713C>T c.713C>T ¢.1508C>T
Age at last exam 21 yr 19 yr 48 yr 50 yr 11lyr
Psychomotor Normal Normal Normal Normal Delayed
development
Distal weakness Yes Yes Yes Yes Yes
Distal muscle Yes Yes Yes Yes Yes
atrophy
Generalized Yes Yes Yes Yes Yes
are exia
ENG/EMG #CMAPs, normal/ #CMAPs, normal/ #CMAPs, normal #CMAPs, normal ##CMAPs, reduced
reduced reduced velocities (45 m/s). velocities (43 m/s). velocities. EMG: no
velocities. EMG:  velocities. EMG:  EMG: positive EMG: positive spontaneous activity,
positive waves positive waves waves and brillations waves and  brillations ""MUPs, #interference
and brillations  and brillations pattern
Brain and Normal Normal NP NP Ventricular
spinal MRI enlargement, thin CC
and cord
Lactate Normal Normal NP NP Normal
Other neurological No No No No Generalized epilepsy
signs
Intellectual No No No No Moderate
impairment
Abbreviations: " = increased; # = decreased; CC = corpus callosum; CMAP = compound muscle action potential, EMG = electromyography;
F = female; Ind = individual; M = male; MUP = motor unit potential; NP = not performed.

atrophy and absent re exes. Similar to individual B1, no
cognitive de cits, spasticity, cerebellar ataxia, or other neu-
rological symptoms were noted.

Individual C1. Individual C1 is an 11-year-old European
British-Estonian boy from unrelated parents, with no fam-
ily history of neuromuscular disease. His pregnancy was
uneventful, but a developmental delay was observed from
his rst year of life, achieving head control at 4 months,
turning at 6 months, crawling at 8 months, sitting at
15 months, and walking at 3 years. By 3.5 years, develop-
mental and speech delays were apparent, and physical
examination revealed distal weakness and muscle atrophy,
particularly in the lower limbs. Electroneurography of the
upper limbs showed motor nerve responses with normal
latencies, but low amplitudes and mildly slowed

conduction velocities; no responses were detected in the
lower limbs. Sensory nerve electroneurography showed
absent sensory potentials in both upper and lower limbs.
Electromyography revealed positive waves and brillations,
con rming a diagnosis of axonal motor and sensory neu-
ropathy (Table 1).

At the age of 7 years, C1 was diagnosed with moder-
ate intellectual disability (cognitive age of 3 years
4 months to 3years 11 months, as assessed by the
Grif ths 11 subscale A and the nonverbal index of the
Kaufman ABC test). Although he could still walk inde-
pendently, his gait dif culties progressively worsened. Dis-
tal weakness persisted without signs of spasticity.

At the age of 7 years, muscle MRI showed bilat-
eral fat in Itration, primarily affecting the calf muscles
compared with the thigh muscles, including the



ANNALS of Neurology

gastrocnemius, soleus, and peroneus longus, with less
involvement of the gluteus minimus and vastus lateralis
(Figure 1). Muscle biopsy performed at the age of
8 years on the vastus lateralis showed signi cant bro-
sis, fatty in Itration, numerous groups of atrophic mus-
cle bers, and a uniformity of type 2 bers, compatible
with large ber type grouping. The atrophic bers
expressed neonatal myosin heavy chain. The ber diam-
eters ranged from 5 m to 60 m. Modi ed GOmori
trichrome staining revealed cytoplasmic bodies in some

bers. COX/SDH double staining revealed no
COX-negative bers (Figure S2). Muscle ultrasound
showed fasciculations characteristic of neurogenic
damage.

At the age of 9 years, he developed epilepsy with
myoclonus (both typical and negative) and atypical
absence seizures. By the age of 10.5 years, his condition
had worsened, with increased weakness and muscle atro-
phy in both upper and lower limbs. He was able to walk a
few steps, but preferred assistance, and his gait was ataxic.
Recent brain and spinal cord MRI showed no changes
compared with previous scans, except for the thinning of
the corpus callosum, which had not worsened (Figure S1).
There was no elevation in lactate levels or involvement of
the white matter, and no cortical abnormalities were
observed.

Genetic Findings and In Silico Analyses

Targeted exome sequencing identi ed compound hetero-
zygous DARS2 variants (NM_018122.5) in individuals
Al (c.713C>T, p.Ser238Phe and ¢.1006C>T, p.Arg
336Cys); Bl (c.713C>T, p.Ser238Phe and c.74del,
p.lle25Thrfs*38), who was included in the cohort of indi-
viduals reported by Bacquet et al®®; and C1
(c.492+2T>C and ¢.1508C>T, p.Pro503Leu; Figure 2).

Segregation analysis con rmed that affected siblings
(A2, B2) carried the same compound heterozygous vari-
ants, and unaffected parents of all families had single het-
erozygous variants (Figures 2A and S3).

According to the American College of Medical
Genetics guidelines,?® p.Ser238Phe and p.Arg336Cys
are classi ed as variants of uncertain signi cance,
p.11e25Thrfs*38 and  p.Pro503Leu are likely
pathogenic, and ¢.492+2T>C is pathogenic (last access
July 2025). In silico studies supported the pathogenic
or damaging role of these variants (Table 2):
p.1le25Thrfs*38 variant is absent from population data-
bases, while p.Ser238Phe, p.Arg336Cys, p.Pro503Leu and
€.492+2T>C have allelic frequencies below 0.001 (gnomAD
v4.0.0).%° All missense variants affect highly conserved resi-
dues of the protein.

Arg336 is positioned at the interface between the
catalytic and insertion domains of the protein, where its
side chain engages in electrostatic interactions that stabilize
the hinge region (Figure 2C). The substitution with cyste-
ine disrupts these interactions, leading to increased exi-
bility of the insertion domain, as observed in molecular
dynamics simulations (Figure S4). The insertion and cata-
lytic domains form a cleft where the acceptor stem of the
tRNA binds, directly interacting with the ipping loop
(Figure 2C).

Residue Ser238 is adjacent to this ipping loop
(Figure 2C), and its substitution with a bulky, hydropho-
bic phenylalanine is predicted to alter intersubunit interac-
tions with the C-terminal region of the adjacent subunit,
as observed in  molecular dynamics simulations
(Figure S4). These changes could impact the correct orien-
tation of the tRNA active site.

Pro503 is located in a loop within the active site
(Figure 2C). Together with the ipping loop, it contrib-
utes to the proper closure of the tRNA-binding pocket. Its
substitution with leucine could alter the loop conforma-
tion, preventing its correct positioning and affecting tRNA
recognition and binding.

Variant ¢.492+2T>C alters splicing, as veri ed
through RNAseq analysis (Figure S5), and produces an
in-frame deletion (p.Met134_Lys165del) that alters the
connection between the anticodon binding and the cat-
alytic domains of DARS2. RNAseq, which was per-
formed for diagnostic purposes, identi ed only
1 expression outlier: ENTPDS5 (ectonucleoside triphos-
phate diphosphohydrolase 5; Figure S6). ENTPD5 is
involved in nucleotide metabolism and protein
N-glycosylation; however, it was not considered clini-
cally signi cant, suggesting that this overexpression is
likely an incidental nding. Exome sequencing per-
formed in trio in family C revealed no pathogenic or
likely pathogenic variants in other genes that could
explain the clinical presentation.

Missense Variants in DARS2 Cause a
Reduction in Protein Levels and Enzymatic
Activity

Quantitative analyses were conducted to assess the
impact of p.Ser238Phe and p.Arg336Cys variants on
DARS2 gene and protein expression levels. We found
no differences in MRNA levels of DARS2 between the
samples of affected individuals and controls
(Figure 3A). Western blot analysis showed a substantial
reduction (approximately 32%) in DARS2 protein
levels in  broblasts carrying the variants compared with
control cells (control (CT) vs A1, p=0.0001; CT vs
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A2, p <0.0001; Figure 3B). However, it is not possible
to determine whether 1 variant is more responsible for this

Immuno uorescence against DARS2 corroborated
these ndings, showing a consistent reduction in DARS2

reduction than the other, or if both contribute equally. uorescence intensity in the  broblasts of affected
A
Family A Family B Family C
+/p.Ar9336Cys‘ : +/p.Ser238Phe p.Ser238Phe/ +‘ : €.492+2T>C/ + +/ p.Pro503Leu
|
p.Ser238Phe/  p.Ser238Phe / p.Ser238Phe/  p.Ser238Phe / c.492+2T>C /
p.Arg336Cys p.Arg336Cys p.lle25Thrfs*38  p.lle25Thrfs*38 p.Pro503Leu
B
DARS2 | T
gene L
Exon 1 Exon 16
c.74del €.492+2T>C €.713C>T ¢.1006C>T ¢.1508C>T
] £
L 585 i g 2 2 2 Y i §§§§ R -
oamss L A i A d A A 2 08 &
' H M1 M2 | 1 | M3
protein
= AC-binding d i Catalytic domain
| T T T T T T 1
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p.lle25Thris*38 p.Ser238Phe p.Arg336Cys p.Pro503Leu
Cc

¢
P503 s238 Q‘Q-i‘
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(Figure legend continues on next page.)
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individuals from family A (CT vs Al and CT vs A2,
p < 0.001; Figure 3C).

Finally, we quanti ed the impact of the
p.Pro503Leu variant on DARS2 activity in HEK293
cells transfected with either the wild-type or
p.Pro503Leu DARS2 constructs. We observed that
DARS2 p.Pro503Leu showed only 25% residual
aminoacylation activity, showing a signi cant reduction
compared to wild-type DARS2. These ndings support
the deleterious effect of p.Pro503Leu on the protein’s
catalytic function (Figure 4).

Variants p.Ser238Phe and p.Arg336Cys
Reduce Mitochondrial DARS2 Levels and
Affect Mitochondrial Network Morphology
and Function

After the previous ndings, and considering that DARS2
is @ mitochondrial protein with an important role in mito-
chondrial functions and dynamics,**~** we investigated
the impact of the p.Ser238Phe and p.Arg336Cys variants
in the morphology of the mitochondrial network by con-
ducting immuno uorescence studies for DARS2 and for a
speci ¢ mitochondrial marker, TOMMZ20.

In control broblasts, DARS2 colocalized with mito-
chondria, whereas broblasts of affected individuals
exhibited a reduced colocalization pattern (CT vs Al and
vs A2, p<0.0001; Figure 5A). However, this reduced
colocalization could re ect the overall decrease in DARS2
protein levels rather than a true impairment in mitochon-
drial targeting.

To clarify this, we quanti ed the DARS2 uores-
cence intensity speci cally within  TOMM20-positive
regions—this is, within the mitochondrial network—and
calculated a mitochondrial-to-cytosol intensity ratio
(Figure 5A, lower graph). This ratio was signi cantly
lower in individuals A1 and A2 compared with controls
(CT vs AL, p =0.0001; CT vs A2, p = 0.0012). Impor-
tantly, this reduction was primarily driven by a signi cant

decrease in mitochondrial DARS2 signal, while cytoplas-
mic intensity remained unchanged.

We further explored whether variants had any
impact on the overall mitochondrial network morphology.
Remarkably, broblasts harboring the p.Ser238Phe and
p.Arg336Cys variants showed disrupted mitochondrial
networks compared with control cells (Figure 5B). On the
one hand, the mitochondrial mass in variant-carrying cells,
de ned as the percentage of cytosol occupied by mito-
chondria, was signi cantly reduced (CT vs Al,
p=0.0013; CT vs A2, p=0.0330; Figure 5B, left
panel). On the other hand, the cells of affected individuals
showed a less fragmented appearance compared to the
control network (CT vs Al, p=0.0216; CT vs A2,
p = 0.0042; Figure 5B, right panel).

For an in-depth analysis of mitochondrial function,
we measured mitochondrial respiration in live broblasts
with the Seahorse XF Analyzer (Figure 5C). Under basal
conditions, the oxygen consumption rates were similar
between control and patient A1 broblasts, indicating no
signi cant difference in basal levels of respiration. Simi-
larly, proton leak and ATP-linked respiration were not
affected in patient cells compared with controls, indi-
cating that coupling ef ciency and ATP production
under resting conditions remained intact. However, the
mitochondrial respiration rate of patient A1 broblasts
showed de cient oxidative phosphorylation activity. We
found a decreased maximal respiratory level after car-
bonyl cyanide-p-tri uoromethoxyphenylhydrazone treat-
ment. Consistent with this, the spare respiratory capacity
was also signi cantly decreased. These results indicate that
patient Al’s broblasts had a reduced ability to respond to
bioenergetic stress and that mitochondrial function was
impaired.

Discussion

We describe a novel phenotype of axonal CMT associated
with biallelic variants in the DARS2 gene in 3 unrelated
families, thereby expanding the phenotypic spectrum of

Figure 2: Genetic ndings and in silico analyses. (A) Pedigrees of families A, B, and C. (B) Schematic mitochondrial aspartyl-tRNA
synthetase gene and protein structure. Location of here-reported DARS2 variants is indicated in the lower part with red squares,
whereas previously reported changes are indicated with circles (and arrows for splicing variants). The Human Gene Mutation
Database (http://www.hgmd.cf.ac.uk/ac/index.php) and MiSynPat.org (http://misynpat.org/misynpat/) were used to search for
information on pathogenic variants published in the literature. The associated phenotypes are indicated with colors: yellow
indicates leukoencephalopathy with brainstem and spinal cord involvement, blue indicates epilepsy, orange indicates ataxia,
purple indicates reduced protein activity, and green indicates autism spectrum disorder. Abbreviations: E = extension;
H = hinge; | = insertion; M = motif. (C) Representation of the human DARS2 homodimer (PDB ID: 4AH6), with 1 subunit colored
in blue and the other brown. The bacterial insertion domains are highlighted in darker shades and enclosed within a gray
background. The bound tRNA and aspartyl-adenylate molecules are modeled based on the structure of the Escherichia coli
homolog (PDB ID: 1COA). Residues Ser238, Arg336, and Pro503 are shown as red, green, and orange spheres, respectively.
Residues are labeled with the 1 letter code for simplicity. (C.1, C.2) Close-up views of the regions surrounding Ser238, Arg336,
and Phe503. Dashed lines indicate electrostatic interactions, whereas double-headed arrows mark distances tracked in molecular
dynamics simulations.
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Table 2. In Silico Predictions for the DARS2 Variants Identi ed in this Study

Gene (ref. sequence)

Nucleotide (amino
acid) change

gnomAD frequency®
LOVD Database”

Variant classi cation (ACMG)®

In silico CADD*
athogenicit
P .g y SIFT®
predictors
PolyPhen’
FATHMM?

Mutation Taster"

Alpha Missense'

Missense3D’

DynaMut2X

SpliceAl'

MaxEntScan
5'ss scores™

NetGene2"

Ind. A1, A2, B1, B2

DARS2 (NM_018122.5)

c.713C>T
(p.Ser238Phe)

0.000003717

NR

LP°

25.7 (Damaging)
0.001 (Damaging)

0.96 (Probably
damaging)

1.72 (Damaging)

0.99 (Disease
causing)

0.655 (Uncertain)

Structural damage
(buried H-bond
breakage)

0.13 kcal/mol
(destabilizing)

Benign

Ind. A1, A2

¢.1006C>T
(p.Arg336Cys)

0.000003098
NR

LP°

32 (Damaging)
0.0 (Damaging)

1.0 (Probably
damaging)

1.57 (Damaging)

0.99 (Disease
causing)

0.507 (Uncertain)

No structural damage
detected

0.8 kcal/mol

(destabilizing)

Benign

Ind. B1, B2

C.74del
(p.1le25Thrfs*38)

NR
NR
LP

20.6 (Damaging)

1 (Disease causing)

Benign

Ind. C1

¢.1508C>T
(p.Pro503Leu)

0.000004337

NR

LP

29.5 (Damaging)
0.002 (Damaging)

1.0 (Probably damaging)

2.47 (Damaging)

0.99 (Disease causing)

0.485 (Uncertain)

Structural damage
(cavity alteration)

0.53 kcal/mol

(destabilizing)

Benign

3Allele frequency in total population (gnomAD, Genome Aggregation Database,® model: GRCh38-v.1.7).
P|_eiden Open Variation Database (LOVD; https://www.lovd.nl/).

“Genetic variant classi cation based on the American College of Medical Genetics and Genomics (ACMG) guidelines,?® using Franklin (last accessed

July 2025).

dCombined Annotation Dependent Depletion (CADD:; https://cadd.gs.washington.edu/) with scores 20 indicating that the variant is predicted to be

among the 1% of the most deleterious substitutions in the human genome.
SIFT (https://sift.bii.a-star.edu.sg/), with a threshold <0.05 for damaging.

€492 +2T>C
(p.Met134_Lys165del)

0.0002339

R

P

32 (Damaging)

Splice-altering/strong ASS
loss (97 bp; 0.81) DSS
loss (2 bp; 0.99)

WT: 7.87 MUT: 0.12

WT: 0.93 MUT: 0

fPolyPhen2 (http://genetics.bwh.harvard.edu/pph2), with a threshold 0.957 probably damaging.

SFATHMM (http://fathmm.biocompute.org.uk/), with a threshold 1.5 for damaging.

AMutation taster (http://mutationtaster.org), with scores ranging from 0 to 1, being 1 the most damaging.

'AlphaMissense (https://alphamissense.hegelab.org/) with scores between 0 and 1, with higher scores indicating greater pathogenicity and lower scores
suggesting benign variants.

IMissense3D (http://missense3d.bc.ic.ac.uk/missense3d/) predicts structural damage caused by missense variants based on 3D protein structures. Pre-
dictions made on structure PDB ID: 4AH6.

KDynaMut2 (https:/biosig.lab.ug.edu.au/dynamut2/) predicts the effect of missense variants on protein stability and exibility. Predictions made on
structure PDBid: 4AH6.

SpliceAl (https://spliceailookup.broadinstitute.org/) is a deep learning-based tool for predicting the effects of genetic variants on splicing. Scores range
from 0 to 1, with higher values indicating a greater probability of a variant disrupting splicing. Indicated as: alteration (distance; score).

MMaxEntScan (http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html) predicts splice site strength using maximum entropy models.
Lower scores indicate weaker splice sites.

"NetGene2 (https:/services.healthtech.dtu.dk/services/NetGene2-2.42/) provides scores for donor and acceptor sites, with lower scores indicating
reduced splice site recognition.

°Variants were initially classi ed as variants of uncertain signi cance, but evidence from functional studies reclassi ed them as LP (PS3 evidence).
Abbreviations: ASS = acceptor splice site; DSS = donor splice site; LP = likely pathogenic; MUT = mutated; NR = not reported; P = pathogenic;
R = reported; WT = wild type.
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Figure 3: Reduction of DARS2 expression caused by p.Ser238Phe and p.Arg336Cys variants. (A) DARS2 expression analysis by
quantitative reverse transcription polymerase chain reaction in control and patients broblasts (relative means standard
deviation; n = 6 independent biological replicates). One-way ANOVA followed by a Tukey’s multiple comparisons test (p > 0.05;
nonsigni cant). (B) Quanti cation of DARS2 protein levels related to -Actin value (relative means standard deviation; n =3
independent biological replicates). One-way ANOVA followed by a Tukey’s multiple comparisons test. (C) DARS2 uorescence
intensity quanti cation; relative means  standard deviation; n = 3 biological replicates; at least 30 cells. One-way ANOVA
followed by a Tukey’s multiple comparisons test. Abbreviations: r.u. = relative units.

DARS2-related disorders. Unlike previously reported cases comprehensive cerebral and spinal MRIs ruled out white
of LBSL, the individuals in our cohort showed a pheno- matter abnormalities and lactate elevation, distinguishing
type primarily characterized by progressive distal muscular this phenotype from classical LBSL. In fact, the brain clin-
weakness, atrophy, and are exia, supported by neurophys- ical phenotype in individual C1 is not associated with
iological studies con rming axonal neuropathy. Notably, white matter pathology.
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Figure 4: Aminoacylation activity of DARS2 in transfected
HEK293 cells. The p.Pro503Leu variant retains approximately
25% residual enzymatic activity. The bar graph compares
wild-type versus p.Pro503Leu transfected cells, and includes
triplicate measurements. Statistical signi cance (p < 0.0001)
was determined using an unpaired t test.

Although mild neuropathy has occasionally been
reported in individuals with LBSL, it has never been the
initial or predominant symptom. Instead, LBSL typically
presents in early childhood with leukoencephalopathy,
and peripheral neuropathy, when present, is a secondary
feature. Given the severity of their disease, individuals
affected by LBSL are likely to be examined at a young
age, before the peripheral neuropathy has had suf cient
time to develop. In contrast, all 5 individuals in our study

rst showed distal muscular weakness, with electrophysio-
logical studies con rming axonal CMT. Although we can-
not completely exclude the possibility of future
leukoencephalopathy development, our ndings suggest
that DARS2 variants can cause a pure axonal neuropathy,
representing a distinct clinical presentation.

DARS2 encodes the mitochondrial aspartyl-tRNA
synthetase, a homodimeric enzyme crucial for attaching
aspartates to the appropriate mitochondrial transfer
RNA,*>“2 facilitating mitochondrial protein translation by
the ribosome.*® Speci cally, mtAspRS is essential for the
biosynthesis of 13 proteins encoded by the mitochondrial
genome.*? Pathogenic biallelic variants in DARS2 have
thus far been associated exclusively with LBSL. However,
the variants identi ed in our cohort differ from those pre-
viously reported,*>?344 and none of them is the common
splice-site variant in intron 2, which is found in most
individuals with DARS2-related LBSL.% The speci ¢ vari-
ant combinations identi ed in our study appear to under-
lie the distinct axonal CMT phenotype. Compared with
other axonal CMT forms caused by dominant variants in
cytoplasmic aaRS genes, our ndings suggest a different
molecular mechanism. Biallelic DARS2 variants affecting a
mitochondrial aaRS may cause a loss-of-function mecha-
nism that differs from the dominant-negative or toxic

Estévez-Arias et al: DARS2 Variants as Novel Cause of CMT

gain-of-function effects seen in cytoplasmic aaRS-related
CMT, indicating a distinct pathophysiology.

Additionally, our functional analyses showed that
DARS2 variants in uence the expression and activity of
the encoded protein, as well as mitochondrial morphology
and respiratory function. These ndings demonstrated a
pathogenic effect of the variants of uncertain signi cance,
where were reclassi ed as likely pathogenic.

A key nding in our study is the potential hypo-
morphic nature of the p.Ser238Phe variant, identi ed in
individuals A1, A2, B1, and B2. This variant is located
in the catalytic domain and has not been previously associ-
ated with DARS2-related LBSL. Structural analyses sug-
gest that p.Ser238Phe disrupts several residue contacts,
but allows the formation of new interactions, potentially
enabling partial retention of enzymatic function. We
hypothesize that this variant does not completely abolish
DARS2 dimerization or function. In both families A
and B, p.Ser238Phe is in trans with more deleterious vari-
ants: in family A, it co-segregates with p.Arg336Cys,
which disrupts electrostatic interactions in a hinge region
critical for protein stability; in family B, it is paired with a
truncating variant (p.1le25Thrfs*38). Structural studies
further indicate that both p.Ser238Phe and p.Arg336Cys
may alter tRNA binding due to their location within the
catalytic domain and hinge region, respectively.

Very recently, Huang et al explored mitochondrial
function in broblasts from individuals with LBSL.*®
Interestingly, these individuals showed more pronounced
mitochondrial de ciencies than those observed in individ-
ual Al. Although basal mitochondrial activity was
impaired and ATP production reduced in broblasts of
LBSL individuals, proband Al showed normal basal activ-
ity, but decreased maximal respiration, suggesting a lim-
ited capacity of the electron transport chain under
increased energy demand. These observations raise the
possibility that differences in mitochondrial respiratory
function may contribute to the clinical variability seen
across the DARS2-related disease spectrum. In this con-
text, our ndings further support p.Ser238Phe as a hypo-
morphic allele.

Similarly, the ¢.492+2T>C variant, which affects
splicing and leads to exon 5 skipping, generating an in-
frame deletion, is expected to impair DARS2-tRNA inter-
actions. The deleted residues encompass part of the AC-
binding domain and hinge region. This variant has been
previously reported in LBSL in combination with the
common splice-site variant in intron 2, but not with p.-
Pro503Leu. Functional studies demonstrated that
p.Pro503Leu reduces DARS2 enzymatic activity by 75%,
which aligns with the phenotype observed in individual
C1. Although less severe than the classic DARS2-related
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LBSL phenotype, C1 presents a more complex clinical showed central nervous system involvement, characterized
picture than the 4 individuals from families A and B, who by intellectual disability and epilepsy, although without
showed a pure axonal CMT. Unlike them, C1 also leukoencephalopathy. Notably, the initial presentation at

(Figure legend continues on next page.)
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