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Abstract 

Background  NARS2 as a member of aminoacyl-tRNA synthetases was necessary to covalently join a specific tRNA 
to its cognate amino acid. Biallelic variants in NARS2 were reported with disorders such as Leigh syndrome, deafness, 
epilepsy, and severe myopathy.

Case presentation  Detailed clinical phenotypes were collected and the NARS2 variants were discovered by whole 
exome sequencing and verified by Sanger sequencing. Additionally, 3D protein structure visualization was performed 
by UCSF Chimera. The proband in our study had early-onset status epilepticus with abnormal EEG and MRI results. She 
also performed global developmental delay (GDD) and myocardial dysfunction. Next-generation sequencing (NGS) 
and Sanger sequencing revealed compound heterozygous missense variants [NM_024678.6:exon14: c.1352G > A(p.
Arg451His); c.707T > C(p.Phe236Ser)] of the NARS2 gene. The proband develops refractory epilepsy with GDD 
and hyperlactatemia. Unfortunately, she finally died for status seizures two months later.

Conclusion  We discovered two novel missense variants of NARS2 in a patient with early-onset status epilepticus 
and myocardial dysfunction. The NGS enables the patient to be clearly diagnosed as combined oxidative phosphoryl-
ation deficiency 24 (COXPD24, OMIM:616,239), and our findings expands the spectrum of gene variants in COXPD24.
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Introduction
Asparaginyl-tRNA synthetase 2 (Asn-RS) encoded by 
NARS2 is a member of the class II family of aminoa-
cyl-tRNA synthetases (aaRSs) which play a crucial role 
in biosynthesis by catalyzing the ligation of aspara-
gine to tRNA molecules [1]. This protein was first 

identified in 2005 [2] and contains 477 amino acids. It 
is expressed ubiquitously throughout the body both in 
humans and mice [1]. Moreover, it is expected to func-
tion as a dimer [2].

Pathogenic variants in NARS2 have been subsequently 
identified [3, 4] and were correlated to the combined 
oxidative phosphorylation deficiency 24 (COXPD24) 
(OMIM: 616,239) which is an autosomal recessive mito-
chondrial disorder that exhibits pleiotropic phenotypes. 
It is associated with visual and hearing abnormalities, 
myopathy, neurodevelopmental disorder, and mitochon-
drial dysfunction [5–9].

Here we present a further patient from a non-consan-
guineous family with an infantile-onset neurodegenerative 
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disorder characterized by status epilepticus, increased 
serum lactic acid, and abnormal brain structure. The 
novel compound heterozygous variants in NARS2 
[NM_024678.6: c.1352G > A(p.Arg451His); c.707T > C(p.
Phe236Ser)] were identified by whole exome sequencing 
(WES). And our findings expand the genotype spectrum 
of COXPD24.

Methods
Patient
Patient with early-onset status epilepticus have been con-
firmed at the First hospital of Jilin University. Informed 
consent was provided from the families contained 
according to institutional guidelines. Ethics approval has 
been obtained by the human ethics committees of Bet-
hune First Hospital of Jilin University. The clinical, labo-
ratory examinations, and genetic tests were obtained for 
the patients.

WES
The genomic DNA isolated from the peripheral blood 
of our patient, her parents and brother. Exome captures 
were performed using the IDT xGen Exome Research 
Panel with paired-end read sequences generated on 
NovaSeq 6000 sequencing. Sequences were aligned to 
Human reference genome GRCh38/hg38 using the Bur-
rows-Wheeler Aligner (BWA) [10]. The variants were 
then annotated through AnnoVar [11] and evaluated 
according to allele frequencies, pathogenicity predic-
tion, and protein function. The pathogenicity of variants 
were predicted in silico for missense variants (SIFT, Poly-
Phen2, LRT, MutationTaster, FATHMM, CADD, REVEL) 
and for splice site variants (MaxEntScan, NNSplice, dbsc-
SNV) [12]. Variants with minor allele frequency < 0.005 
were selected, and were classified according to inherit-
ance pattern. Candidate variants were finally screened 
according to the American College of Medical Genetics 
and Genomics (ACMG) [13] classification guidelines and 
clinical phenotypes.

The criteria for variant filtering were as follows:

1.	 Variants located in exon and splicing (± 20 bp) region 
and minor allele frequency < 0.005 for genome aggrega-
tion database (gnomAD) exome_popmax, gnomAD_
genome_popmax, gnomAD3_genome_AF_ Popmax, 
and etc. were selected.

2.	 Missense variations predicted harmful by most com-
monly used software will be adopted.

3.	 Then variants were classified according to inherit-
ance pattern: de novo variants, autosomal recessive 
(AR) inheritance of homozygous variants, AR inher-
itance of compound heterozygous variants, X-linked 
inheritance (Supplementary Table 1).

Pathogenic variants related to clinical phenotypes will 
further be verified by Sanger sequencing. Primers were 
designed with Primer3 software [14]. Polymerase chain 
reaction (PCR) amplified products were purified and 
then sequenced with BigDye v3.1 (Applied Biosystems).

3D protein structure modeling
Molecular modeling analysis was performed to show the 
variations in protein structure. The homology models in 
the NARS2 protein based on the crystal structure of the 
Elizabethkingia Asparagine-tRNA ligase were predicted 
by the Swiss-Model program [15]. The human NARS2 
model was downloaded in the AlphaFold dataset [16]. 
UCSF Chimera software was used to visualize the struc-
tures in dimmers and monomers [17].

Results
Case presentation
The patient was the second child of healthy non-consan-
guineous parents. This patient was born on an unevent-
ful full-term cesarean delivery with a birth weight of 3.55 
kg. However, the global developmental delay (GDD) was 
found in our patient with difficulty to head control, roll 
over, eyes following objects, and feeding in her three-
month-old. Furthermore, her weight gains slowly after 
birth, weighing only 5.5 kg at 3 months old.

She was admitted to our hospital due to intermittent 
fever, seizures, eyes upward rolling and salivation when 
she was 3 months old. She was initially diagnosed with 
epilepsy and developmental delay for the abnormal elec-
troencephalograph (EEG) and Magnetic Resonance 
Imaging (MRI) results. EEG showed the background 
rhythm slowed down and mixture multiple foci-spikes, 
spike waves, and sharp waves (Fig. 1A). There were fre-
quent focal subclinical or clinical seizures arising from 
the left frontotemporal (Fig. 1B). An abnormal signal in 
the splenium of the corpus callosum was shown in MRI 
(Fig. 1D). Her intermittent fever was gradually controlled 
through anti-infection treatment. However, the status 
seizures failed to remission for continuous adjustment 
the types and dosages of antiepileptic drug.

She also had a myocardial dysfunction with elevated 
myocardial creatine kinase (CK-MB 46.0U/L, ref: 0-25U/
L) and B-type natriuretic peptide precursor (PRO-LPBN 
209.0pg/ml, ref: 0-125pg/ml). Sodium creatine phos-
phate was given as nutritional myocardial therapy. Fur-
thermore, increased serum lactic acid (5.8mmol/L, 
ref: 0.5-2.2mmol/L) was suspected for mitochondrial 
genetic disease. The brainstem auditory evoked poten-
tials (BAEP) showed bilateral suspicious peripheral dam-
age, combined with central damage suggesting hearing 
impairment. EEG and MRI were rechecked after 1 week 
in hospital. EEG present highly irregular with burst 
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suppression patterns (Fig.  1C). White matter volume 
was reduced and bilateral symmetry signal abnormalities 
were shown in repeat MRI (Fig.  1E). She was admitted 
to the intensive care unit two times for status seizures. 
Twenty-six days after admission, her seizures were still 
frequent. Her breathing and swallowing decreased, her 
heart rate, blood oxygen, and various vital signs were 
not stable. She was discharged due to her parents’ strong 
request. She was still suffered from feeding difficulties 
and with breathing difficulty. Unfortunately, she passed 
away (8-month-old) at the local hospital with multiple 
organ failure and malnutrition 3 months later.

Identification of NARS2 variations by WES
Trio WES was subsequently performed to further inves-
tigate the etiology for the patient from a non-close 

relative’s family. Variants were filtered by the minor 
allele frequency (MAF), related phenotype and pre-
dicted damage. We listed variants as candidate patho-
genic genes (Supplementary Table  1), some of which 
were excluded because they only explained part of the 
patient’s phenotype, or the inheritance pattern did not 
match. Two novel compound heterozygotes in NARS2 
[NM_024678.6: c.1352G > A (p.Arg451His); c.707T > C 
(p.Phe236Ser)] were identified. These two variants have 
not been included in public data such as the gnom AD 
(https://​gnomad.​broad​insti​tute.​org/​gene/​ENSG0​00001​
34440?​datas​et=​gnomad_​r2_1) [18, 19], and variant 
c.1352G > A (p.Arg451His) has a very low MAF with 
0.00003184 in gnom AD_genome_ALL (Table 1). Addi-
tionally, 107 single nucleotide variations in NARS2 were 
recorded so far in ClinVar https://​www.​ncbi.​nlm.​nih.​

Fig. 1  EEG and MRI results in patient with NARS2 heterozygous variant. A EEG results showed multiple foci-spikes, spike waves, and sharp 
waves when patient was 3 months and 20 days old. B The patient exhibited upward rolling of the eyes and salivation, while the EEG shows 
synchronization with low to medium amplitude fast wave rhythm in the left frontotemporal. C The EEG presented highly irregular burst suppression 
patterns when patient was 4 months and 16 days old. D At the age of 3 months and 12 days, the diffusion-weighted image (DWI) revealed a small 
and slightly high signal shadow in the corpus callosum. while an apparent diffusion coefficient map (ADC) showed a slightly low signal intensity. 
E At the age of 4 months and 15 days, the T1-weighted image showed abnormalities in bilateral symmetry signal, and decreased white matter 
in bilateral cerebral

Table 1  Variants information in our patient

Transcript: NM_024678.6

AR Autosomal recessive inheritance, MAF Minor allele frequency, NE Not exist

Gene Variant Inheritance MAF Variants hazard prediction

ExAc gnomAD_
genome_
ALL

1000 genome SIFT Polyphen2_HDIV Mutation Taster

NARS2 c.1352G > A, p.Arg451His AR NE 0.00003184 NE Deleterious Probably damaging Disease_causing

c.707T > C, p.Phe236Ser NE NE NE Deleterious Probably damaging Disease_causing

https://gnomad.broadinstitute.org/gene/ENSG00000134440?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/gene/ENSG00000134440?dataset=gnomad_r2_1
https://www.ncbi.nlm.nih.gov/clinvar/?term=NARS2%5Bgene%5D
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gov/​clinv​ar/?​term=​NARS2%​5Bgene%​5D, and neither of 
the two variants in our patient were included. And both 
variants in our patient were predicted being damage 
by several prediction software (Table  1). It seems that 
variants in NARS2 are rare both in the disease group 
(Clinvar) or general population (gnom AD), and the 
pathogenicity needs to be further investigated.

The heterozygous variants in the patient were confirmed 
by Sanger sequencing and they were inherited from her 
parents (Fig.  2A-B). The variant c.707T > C was inher-
ited from her father, and another variant c.1352G > A was 
inherited from her mother (Fig. 2B). All these two variants 
changed the amino acids were conserved in multiple spe-
cies (Fig.  2C), may indicating their important functions. 

Fig. 2  The variant information of NARS2. A The pedigree of this family. The proband affected with status seizures is indicated by black filled 
symbols and arrows. The parents who carried variants are displayed by symbols with black dots in the center. B Sanger sequencing of this family 
showed compound heterozygous variants c.70T > c, C.1352G > A (red box) in the proband were inherited from her parents respectively. C Variants 
of NARS2 in our patient located highly conserved areas based on the comparison performed among multiple species. D Domain structure 
and modeling of the known NARS2 variations in previous studies. The NARS2 protein contains an OB-fold nucleic acid binding domain (green) 
and an aminoacyl-tRNA synthetase domain (red). Three conservative motifs were shown in the structure (yellow). Variants in our study were 
highlighted in red font. All the compound heterozygous variations were linked by a dashed gray line

https://www.ncbi.nlm.nih.gov/clinvar/?term=NARS2%5Bgene%5D
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Studies of patients with NARS2 variations showed vari-
able clinical phenotypes (Table 2). They may also be asso-
ciated with additional complications as various degrees 
of intellectual disability, visual, hearing impairment, and 
developmental delay. NARS2 gene variations were iden-
tified in patients with autosomal recessive deafness and 
COXPD24, and most of them were missense. A schematic 
diagram of NARS2 variations was shown in Fig. 2D.

Protein modeling
To understand the molecular structures of the NARS2, 
comparative modeling was performed using the Swiss-
Model. Due to the human Asn-RS crystallographic struc-
ture has not yet been clarified, the homology model based 
on Elizabethkingia sp. was used (QMEAND is Co Global 
0.74) to predict and exhibited the structures of Asn-RS 
(Fig.  3A). All the two variants in this case were located 
in the aminoacyl-tRNA synthetase domain (http://​pfam.​
xfam.​org/​family/​PF001​52) which play a crucial role in 
catalyzes the attachment of an amino acid to its cognate 
transfer RNA molecule. The variants in the dimer model 
were highlighted with yellow (p.Phe236Ser) and green 
(p.Arg451His) spheres. The changes of residues were 
visualization through UCSF Chimera and the stability 
of protein structure was predicted by mutations cut off 
scanning matrix (mCSM) (https://​biosig.​lab.​uq.​edu.​au/​
mcsm/) and DUET (https://​biosig.​lab.​uq.​edu.​au/​duet/) 
(Fig.  3B, C). All the scores of mCSM method (http://​
biosig.​unime​lb.​edu.​au/​mcsm/) and DUET server (http://​
biosig.​unime​lb.​edu.​au/​duet/) that showed destabilizing 
for the residues’ changes. At the same time, the variants 
were highlighted in the monomer model with yellow and 
green as ball and stick (Fig. 3D). The ATP binding motif 
(motif 3) was displayed with blue spheres and the variant 
p.Arg451His was included indicating that the missense 
variant may affect the synthetase function of Asn-RS.

Discussion
The aaRSs are a group of enzymes that facilitate the liga-
tion of 20 amino acids to their molecular cognate tRNA 
[29]. Variations in aaRSs were reported leading to cen-
tral nervous system (CNS) pathologies with epileptic 
encephalopathy, developmental delay, and intellectual 
disability [30]. NARS2 is a member of the class II family 
of aaRSs to catalyze the ligation of asparagine to tRNA 
molecules in the mitochondrion. The variant of NARS2 
was first reported in two siblings with myopathy and 
combined complex I and IV deficiency in skeletal mus-
cle [4]. NARS2 deficiency may cause a decrease in oxygen 
consumption rates and electron transport chain activities 
in patient fibroblasts [1]. The specific cardiac dysfunction 
and neonatal diabetes phenotypes are supplied in NARS2 
variant individuals. On the whole, they mainly present 

status seizures, visual hearing disorder, and severe myo-
pathy that was identified as the pathogenic gene of 
COXPD24 (OMIM:616,239).

A comprehensive review of NARS2 mutations was per-
formed. Up to now, only 28 variants in NARS2 gene have 
been reported, and the exact genotype-phenotype corre-
lation is not clear. The number of reported cases related 
to NARS2 deficiency has been gradually increasing [3, 
5–7, 9, 26–28]. Recently, more individuals of NARS2 var-
iants have been reported [9, 22–25]. Data from this study 
was compared with 28 variants in NARS2 gene published 
studies. Their diagnosis, phenotype, variant type, zygote 
type, survival outcome, and clinical finding are summa-
rized in Table 2. Domain structure and modeling of the 
known NARS2 variations in previous studies in Fig. 2D.

Epileptogenesis is commonly associated with neurode-
generation and bioenergetic defects and mitochondrial 
dysfunction decline of energy by dysfunction of the elec-
tron transport chain leading to apoptotic neuronal death 
[31]. As previous studies, neurodevelopmental disorders 
were the main features of NARS2 deficiency. Most of the 
patients with NARS2 variants had focal, generalized, or 
myoclonic seizures and mitochondrial abnormalities 
such as combined complexes decreased and structurally 
abnormal [3]. In this study, a female infant with intermit-
tent fever, status seizures, and GDD was described. GDD 
presented as difficulty in head control and roll over at her 
four-month-old. Status frequent focal subclinical or clini-
cal seizures in the left frontotemporal were observed by 
long-term EEG monitor. Moreover, the brain structure 
abnormal was also detected in our patient with abnor-
mal single and bilateral white matter atrophy in MRI. 
These clinical features were commonly in diseases with 
aaRSs gene mutations, including leukoencephalopathy 
with thalamus and brainstem involvement and high lac-
tate (LTBL) cases with NARS2 variations, leukoenceph-
alopathy with brainstem and spinal cord involvement, 
lactate elevation (LBSL) with Aspartyl-tRNA Synthetase 
2 (DARS2) variations, and Alanyl-tRNA Synthetase 2 
(AARS2)-related leukoencephalopathy [29]. It seems that 
there may be a shared mechanism of mitochondrial dys-
function in these disorders.

Severe myopathy was another characteristic clinical 
feature for cases with NARS2 variant. It is well known 
that mitochondrial dysfunction will affect tissues request 
high-energy such as brain, muscle, and heart. Patients 
with NARS2 deficiency usually develop muscle weakness 
of limbs and face muscles. Myocardial dysfunction in 
this case was represented with CK-MB and PRO-LPBN 
evaluated. Heart phenotype in patients with NARS2 
deficiency was rare with mitral valve prolapse [9] and 
cardiac dysfunction [22], while myocardial dysfunc-
tion has been reported in other aaRSs, including AARS2 

http://pfam.xfam.org/family/PF00152
http://pfam.xfam.org/family/PF00152
https://biosig.lab.uq.edu.au/mcsm/
https://biosig.lab.uq.edu.au/mcsm/
https://biosig.lab.uq.edu.au/duet/
http://biosig.unimelb.edu.au/mcsm/
http://biosig.unimelb.edu.au/mcsm/
http://biosig.unimelb.edu.au/duet/
http://biosig.unimelb.edu.au/duet/
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[32] and Lysyl-tRNA synthetase (KARS) [7, 33]. The 
reported patient with cardiac dysfunction has same phe-
notype with our patient and persistent elevation of serum 
hepatic and myocardial enzymes, but further investiga-
tion is necessary to verify whether NARS2 variants lead 
to cardiomyopathy.

Individuals with the same variant could exhibit differ-
ent phenotypes in identical [4] or unrelated [7] families. 
While some clinical features with vision impairment 
were specifically present in some cases but not found in 
our patient. This may be explained by tissue specificity 
that consistent with other mitochondrial diseases [34]. 
The broad phenotypic variability of NARS2 related dis-
ease present from an infantile lethal phenotype to mild 
non-progressive disease. Therefore, there may be no 
strong association between the genetic variants and dis-
ease severity [7].

All variants observed in NARS2 were located in 
functional domains of NARS2 (Fig. 1D). Most of them 
were missense and may lead to protein dysfunction 
by changing the stability or interactions with other 
biological molecules [35]. The compound heterozy-
gous variations of our patient in NARS2 [c.1352G > A 
(p.Arg451His); c.707T > C (p.Phe236Ser)] are located in 
the aminoacyl-tRNA synthetase domain. This domain 
contains three conservative motifs which are also found 
in other classII aaRSs. Among them, motif 3 contains 

strictly conserved arginine (Arg) residue that plays a 
crucial role in adenosine triphosphate (ATP) binding 
function [36]. Based on protein modeling analyses, the 
variant c.1352G > A; p.Arg451His (Fig.  3) changes Arg 
to His that is from a conserved non-aromatic to an aro-
matic, differently shaped, and this changing conserved 
Arg in motif 3 may affect ATP binding and the NARS2 
function. Furthermore, another pathogenic mutation 
for the change of the Arg residue (from Arg to Cys) was 
also shown in another patient with Leigh syndrome 
[20]. Another variant in our patient in the 236th amino 
acid changes one amino acid to another that is more 
polar, smaller, and more flexible. It was found to have 
intermolecular hydrogen bonds with the 176th and 
178th residues that were contained in conserved motif 
1 (Fig. 3D). The crucial role of motif 1 [37] in dimeriza-
tion may be affected by Phe236Ser. Meanwhile, another 
changed residue in 236th (from Phe to Cys) was found 
in patients with the infantile-onset neurodegenera-
tive disorder [5] which explains the pathogenicity of 
this variation. The two NARS2 variants in our patient 
were predicted by mCSM and DUET software to have a 
stability change in the structure of the protein (Fig. 3). 
Unfortunately, our study was lacking in the validation 
of in vivo or vitro experiments. Given the patient’s ulti-
mate demise, we will address this shortcoming in our 
future research.

Fig. 3  Protein modeling of NARS2. A The homodimer of Asn-RS in Elizabethkingia was modelled by Swiss-Model. Arg451 and Phe236 were 
presented by green and yellow spheres respectively. B, C The mutated residues were shown in the enlarged photos, and the predicted stability 
impact through mCSM and DUET was shown. D The variations in monomer predicted by AlphaFold were presented by yellow and green ball-stick. 
Motif 3 which was crucial in ATP binding was highlighted by blue spheres. The H bonds for Phe236 are shown in a partially enlarged view (purple 
lines) that are linked to Ile178 and Val176
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In conclusion, we identified the novel compound het-
erozygous variants in an infantile-onset patient with 
status epilepticus and neurodegenerative disorder with 
final diagnosis as mitochondrial encephalomyopathy. 
Our study expands the genotype spectrum of COXPD24 
and highlights the critical role of NARS2 in epilepsy and 
neurodevelopment.
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