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Section 1: Supplementary Clinical Data 

 
Family 1: Individual 1: NARS1 de novo mutation, c.1600C>T, p.Arg534* 
The proband was a Dutch female born to healthy non-consanguineous parents. She had an uneventful 
perinatal course and was born with a normal weight for gestational age.  Feeding difficulties were 
immediately apparent, requiring tube feeding in neonatal period. As an infant, she had global development 
delay (GDD), failing to meet developmental milestones in multiple areas of functioning. In terms of motor 
milestones, sitting was achieved aged 18 months and she began walking aged 36 months.  She had severe 
delay in language development, speaking first words aged 2 year, and at follow-up aged 17 years, her 
vocabulary is limited to approximately 10 words.  She was also found to have progressive microcephaly 
with an occipital frontal circumference (OFC) of 45.8 cm (2nd percentile, -2.1 SD) at 3.5 years and 49 cm 
(<1st percentile, -5 SD) at 16 years. She had an MRI aged 4 years, which was otherwise unremarkable. 
Recurrent febrile seizure were reported aged of 11, 16, 23 and 33 months. As she grew older, she 
continued to exhibit signs of severe intellectual disability with limitations across all adaptive domains.  Her 
examination was notable for a number of dysmorphic features including brachycephaly, deep-set eyes, 
upslanting palpebral fissures, short philtrum, long slender fingers and persistent fetal finger pads. She had 
bilateral pes cavus requiring surgical correction and a unilateral foot-drop. She was unable to fully co-
operate in a neurological examination, but there was evidence of wasting distally in the upper and lower 
limbs, she also appeared ataxic on mobilising and had absent ankle reflexes bilaterally.  
 
Family 2: Individual 2: NARS1 de novo mutation, c.1600C>T, p.Arg534* 
A Dutch female born to non-consanguineous parents. She presented with global developmental delay with 
failure to meet age-appropriate milestones, first sitting aged 16 months old and walking at 26 months. She 
spoke her first words aged 2 years and 6 months and continued to show profound speech delay. Now, as 
an adult, she speaks only a few words with a nasal pitch and has severe intellectual disability. Microcephaly 
was confirmed on examination with an OFC measuring 46.8 cm (<1st percentile, -4.3 SD) aged 8 years and 
11 months.  She has epilepsy, experiencing her first GTC seizure aged 3 years, with epileptiform 
discharges confirmed on EEG in the posterior temporal regions. On examination, she has several 
dysmorphic features including mild upslanting palpebral fissures, wide set teeth, a broad jaw, clinodactyly 
and marked thoracic kyphosis. She has severe bilateral foot drop with atrophy of the lower legs and 
intrinsic foot muscles. She is hypotonic with muscle weakness, which is more pronounced distally.  
Vibration and sensation are impaired to the level of the ankles. Her coordination is grossly normal but she 
has a slight intention tremor in the right upper limb. She has had several investigations including an MRI 
brain, aged 9 years, which was reported as normal.  Nerve conduction studies confirmed a demyelinating 
polyneuropathy and muscle ultrasound indicated hyperechogenecity distally in lower limbs bilaterally. 
 
Family 3: Individual 3: NARS1 de novo mutation, c.1600C>T, p.Arg534* 
The proband was a Dutch male born to healthy non-consanguineous parents. His pre-natal course was 
remarkable for inter-uterine growth retardation and oligohydramnios. At birth, he was found to have a low 
weight and OFC for gestational age. GDD was evident from early infancy as he failed to reach several 
milestones including gross motor parameters, walking for the first time aged 30 months.  In particular, his 
speech was severely delayed. Now, aged 10 years his language is limited to short sentences with a notably 
nasal quality. Dysmorphic features were evident on follow-up examination including medial eyebrow flare, a 
short upturned nose, retrognathia and clinodactyly of his fifth fingers. He was notably dysarthric and had a 
bilateral tremor with occasional myoclonus. He was hypertonic with clonus at the knee and ankle. Power 
was reduced with weakness in a pyramidal distribution in the upper and lower limbs. He was hyperreflexic 
with upgoing plantar reflexes bilaterally. 
 
Family 4: Individual 4: NARS1 de novo mutation c.1600C>T, p.Arg534* 
Caucasian male born to healthy non-consanguineous parents. He presented with his first seizure aged 4 
months old, suffering from both partial and myoclonic seizures with associated EEG abnormalities. In 
addition, he has a dilated aortic root, which was diagnosed in infancy. He suffered from GDD. Gross motor 
skills were severely delayed, first sitting aged 16 months and never acquiring the ability to walk unaided. 
His speech was also profoundly delayed and is now limited to 1-2 words at the age of 13 years. On 
examination, he had a dysmorphic appearance with arachnodactyly, pectus excavatum, dolichostenomelia, 
long palpebral fissures and hypertelorism.  He exhibited stereotypies with hand and mouth repetitive 
movements.   He had microcephaly with an OFC of 49cm aged 13 years old (<1st percentile, -4.7 SD). His 
neurological examination was notable for severe spasticity in upper and lower limbs and impaired co-
ordination. 
 
Family 5: Individual 5: NARS1 de novo mutation c.1600C>T, p.Arg534* 



Female born to healthy non-consanguineous parents. Characterised by severe global developmental delay, 
with profound speech delay. Now aged 16 using she has only 1-2 word phrases. She first walked age 3 
years. She had feeding difficulties in infancy requiring G-tube feeding. In terms of epilepsy, she had an 
initial seizure at 3 months of age continued to have both partial and generalized seizures throughout her 
childhood, which was well managed with levetiracetam. An EEG at 15 years was consistent with chronic 
static encephalopathy. Her examination was notable for microcephaly with a sloping forehead, slanting 
eyes, low set ears with fleshy helices, widely spaced teeth and small hands with tapered fingers. She 
walked with a broad based ataxic gait. There was wasting distally especially involving the extensor 
digitorum brevis. She was hypotonic in upper and lower limbs with distal weakness and hyporeflexia. She 
had impaired sensation to pinprick in the upper and lower limbs. Nerve conduction studies showed findings 
consistent with a demyelinating neuropathy. 
 
Family 6: Individual 6: NARS1 de novo mutation c.1600C>T, p.Arg534* 
Male proband born to healthy non-consanguineous parents. He presented in infancy with 
neurodevelopmental delay (NDD), walking for the first time aged 23 months. His speech development was 
severely delayed and, now aged 8 years, he has a vocabulary limited to approximately 20 words. He began 
having seizures at 11 months, which were initially considered febrile seizures; however, these occurred 
recurrently throughout childhood and were classified as atypical febrile seizure. At this time, he underwent 
an EEG which failed to capture epileptiform activity. On examination he had microcephaly (<1st percentile, -
3.25SD) and several dysmorphic features including a long philtrum, a thin upper lip, an everted lower lip, a 
wide mouth, midface hypoplasia and low set ears with overfolded helices. He also had syndactyly of his 
toes and short first toe bilaterally. His physical examination was notable for a broad-based ataxic gait and 
increased tone in the lower limbs bilaterally with hyperreflexia and clonus. MRI brain showed mild cortical 
atrophy with enlargement of the CSF space at 8 months however subsequent imaging aged 3 years was 
unremarkable for structural abnormalities.  
 
Family 7: Individual 7: NARS1 de novo mutation c.1525G>A, p.Gly509Ser 
The proband was a British female born to non-consanguineous parents. Of note, exome sequencing also 
revealed a complex X chromosome rearrangement.  She first presented at 9 months with focal seizures 
with secondary generalisation. She subsequently underwent EEG, which failed to capture epileptiform 
discharges. She had GDD, failing to reach a number of developmental milestones, resitting for the first time 
aged 12 months and walking aged 27 months with severe delays in speech. She persisted to have learning 
difficulties throughout her childhood and suffered with chronic constipation. On examination, she was 
normocephalic. Dysmorphic features included broad forehead, large ears, tented upper lip, long and 
slender fingers, slender feet, hypermetropia and a unilateral convergent squint. She was hypotonic with 
brisk DTR and down-going plantars. She unexpectedly died while sleeping aged 10 years 8 months. 
Autopsy showed a normally formed brain with focal calcification of basal ganglia and dentate nucleus. 
 
Family 8: Individual 8: NARS1 de novo mutation c.965 G>T, p.Arg322Leu 
The proband is a 15 year old male of mixed race (German-Irish / English-Native American/ Russian-Polish 
heritage) born to healthy parents. In infancy, he had feeding difficulties and was slow to reach motor 
milestones, sitting aged 8 months and walking at 35 months. His speech was profoundly delayed speaking 
first words aged 8-9 years old. He has intractable epilepsy characterised by both absence and myoclonic 
seizures, confirmed on EEG with slow wave bursts with spike & poly-spike bursts. On examination, 
dysmorphic features included a prominent nose and broad forehead. He is dysarthric with limited speech, 
which mostly consists of repetitive phrases.  He had increased tone in the lower limbs bilaterally and 
hyperreflexia throughout. Vibration and sensation were intact. Co-ordination was impaired with both 
appendicular and axial ataxia. MRI was unremarkable for structural abnormalities. 
 
Family 9: Individual 9 and 10: NARS1 Homozygous mutation c.1633C>T, p.Arg545Cys 
The proband, individual 9, is a 33 year old male of Indian descent, born to consanguineous parents. He had 
a normal prenatal course and uncomplicated birth. He failed to meet developmental milestones in infancy, 
with severe delays in speech and fine motor skills. He began having generalised tonic-clonic seizures aged 
one year, which were poorly controlled with anti-epileptic agents and persisted into adulthood. Contractures 
in his lower limbs required him to undergo a tendon lengthening procedure aged 14 years.  Additionally, he 
has severe sensory and motor neuropathy with NCV showing complete absence of sensory action 
potentials in the upper limbs, and absent motor action potentials in the upper and lower limbs. On 
examination, he is microcephalic and has bilateral foot drop with a left sided foot deformity consistent with a 
Charcot joint. He wears AFOs to enable ambulation and has a broad-based ataxic gait. There are 
contractures of his fingers bilaterally and evidence of muscle atrophy distally. He is hypotonic with reduced 
power proximally (3/5) with a pronounced weakness distally (2/5). He is areflexic and has impaired 
sensation to pinprick to the level of elbows and ankles in the upper and lower limbs respectively. His 
younger brother, individual 10, is similarly affected. He also had an unremarkable prenatal course and birth 



but failed to meet expected developmental milestones. As an older child, he had learning difficulties 
requiring special schooling. He has no history of seizures. He has scoliosis, a broad based gait and 
difficulty walking. Nerve conduction velocities revealed a demyelinating neuropathy in upper and lower 
limbs. 
 
Family 10: Individual 11: NARS1 Homozygous mutation c.1633C>T, p. Arg545Cys 
The proband, is an 8 year old male born to consanguineous parents from Pakistan. As an infant, he initially 
had feeding difficulties, choking and regurgitating with feeds. He failed to meet developmental milestones 
with severe delays in gross motor skills, sitting at 12 months and walking at 24 months. Speech was also 
severely delayed and now, aged eight, his vocabulary is limited to a few sentences. On examination, he 
had severe microcephaly with an OFC of 46.5cm (<1p, -4.2 SD). He had fifth finger clinodactyly bilaterally 
and toe syndactyly of the right foot. Neurological examination was limited in a setting of intellectual 
disability. There was no evidence of wasting. He had a broad based gait and poor balance with difficulty 
running. Patellar reflexes were 3+ bilaterally; otherwise reflexes were normal with down-going plantars. His 
MRI was unremarkable for structural abnormalities. 
 
Family 11: Individuals 12-15: NARS1 Homozygous mutation c.1633C>T, p.Arg545Cys 
The proband is 17-year-old female born to Pakistani parents.  She has severe intellectual disability across 
all adaptive domains. As a child, she was slow to meet several developmental milestones, sitting for the 
first time at 12 months and walking at 20 months. She also had difficulty feeding, choking regularly. She 
has microcephaly with and OFC of 49.5 cm (<1p,-4.5 SD). She has no history of seizures. Her physical 
examination is notable for reduced power (3/5) in all muscle groups with and an ataxic gait. She has no 
evidence of wasting or impaired sensation. She has two siblings, an older brother and sister and a female 
cousin who are similarly affected with GDD in childhood and severe intellectual disability. Additionally, her 
older brother and sister also have epilepsy characterised by generalised tonic clonic seizures and her 
eldest sibling is the most severely affected with profound intellectual disability. 
 
Family 12: Individuals 16-17: NARS1 Homozygous mutation c.1633C>T, p.Arg545Cys 
The proband is a male born to consanguineous parents was reviewed aged 8 years. He has severe 
intellectual disability with a history of GDD, including severe delay in meeting motor milestones, walking for 
the first time age 6.5 years. He also had severe speech delay and at the time of follow-up had a limited 
vocabulary and difficulty forming sentences.  His neurological examination was notable for hypotonia and 
lower limb weakness. His brother, now aged 21 years, is also affected with severe intellectual disability, 
wasting, and weakness in lower limbs. 
 
Family 13: Individuals 18-19: NARS1 Homozygous mutation c.1633C>T, p.Arg545Cys 
Two siblings born to consanguineous parents from Pakistan. The proband is 6 months old male who 
presented in the neonatal period with microcephaly, seizures and failure to thrive.  His older brother also 
has epilepsy, microcephaly and global developmental delay. He walked age 3 years. His speech is 
severely delayed and, at follow-up aged 6.5 years, he only speaks a few words and is unable to form 
sentences. 
 
Family 14: Individuals 20: NARS1 Homozygous mutation c.1633C>T, p.Arg545Cys 
The proband is a 16 year old boy born to consanguineous parents from Pakistan. He was born following a 
normal pregnancy and perinatal course, but began to exhibit signs of moderate global developmental delay 
in infancy.  He sat at 7 months, began walking at 2 years of age and had moderate delay in speech 
development. He had learning disabilities in school and persisted to have moderate intellectual disability. 
His examination was notable for bilateral pes cavus, weakness and wasting distally in upper and lower 
limbs, absent deep tendon reflexes and impaired sensation. Nerve conduction velocities revealed severe 
sensorimotor polyneuropathy with primary axonal degeneration. His MRI Brain was unremarkable. 
 
Family 15: Individuals 21-23: NARS1 Homozygous mutation c.1633C>T, p.Arg545Cys  
This family consists of eight siblings born to consanguineous Pakistani parents. Four siblings were affected 
with GDD, microcephaly and seizures. The eldest, a female, was reviewed aged 30 years. She presented 
with severe GDD in childhood, sitting for the first time at 4 years of age and walking first steps at 10 years. 
She did not speak at all until she was 4.5 years old and now has limited speech with difficulties 
communicating.   At 4.5 years of age she fell downstairs, after which, she began having left sided focal 
seizures, which were controlled with sodium valproate. Her seizures stopped after 2 years, however she 
had persistent left sided weakness which was attributed to the fall. On examination, she had bilateral foot 
drop and several dysmorphic characteristics including; large dysplastic ears, a large nose with broad nares, 
a large mouth with widely spaced teeth, and syndactyly of the second and third toes bilaterally. She had 
normal tone with reduced power in lower limbs bilaterally particularly on dorsiflexion (1/5). She had an 
ataxic gait with absent ankle reflexes. She was unable to participate in sensory examination. 



Her younger brother, who is now 16, is similarly affected but has less severe intellectual disability. He also 
has microcephaly and had delayed developmental milestones as child, sitting at 1 years of age, walking 
aged 2 years and speaking first words at 3 years of age. His speech remains limited, he is unable to speak 
in full sentences, and he has a tendency towards aggressive behaviour. He also had focal seizures in 
infancy, however they have now resolved and his last witnessed seizure occurred aged 2 years. Two other 
siblings, also affected, died in childhood. A girl, who was reviewed aged 13 years, also presented with GDD 
and microcephaly in infancy. She had severe intellectual disability and was unable to feed herself 
independently. She also had a history of delayed milestones in childhood, sitting aged two and walking 
aged three, and had poor language abilities and spoke only a few words. She began having generalised 
tonic clonic seizures aged 4 years which were treated with sodium valproate but poorly controlled. She died 
at the age of 16 years due to sepsis secondary to burns which she obtained following a fall into a stove. 
Her brother also died aged 6 years of age. He was unable to sit, stand or speak and had severe and 
seizures which commenced when he was 2 months old. His death was attributed to respiratory distress 
secondary to unrelated respiratory complications. Besides these siblings, these individuals also had six first 
degree relatives (not shown) that had GDD and died in early childhood. 
 
Family 16: Individuals 24-25. NARS1 siblings with homozygous mutation c.32G>C, p.Arg11Pro 
Two affected siblings born to parents from Kosovo, who were not known to be related. The couple’s first 
child (a girl) was unaffected. Their second child, a boy, was born at full term following an uneventful 
pregnancy.  He had a normal postnatal course and birth parameters. No abnormalities were detected until 
he was 5 months old when he presented with generalised tonic-clonic seizures. Moreover, his motor 
development deteriorated with progressive muscle spasticity. CT imaging of his brain revealed widening of 
bifrontal subarachnoid spaces as well as small subdural hygroma. Laboratory work-up including CSF 
analysis was unhelpful. Brain MRI at the age of 10 months revealed prominent cerebral atrophy and 
delayed myelination. During the following year, he was treated with phenobarbital, levetiracetam and 
baclofen to control seizures and spasticity. Progressive microcephaly was noted OFC 43 cm (<1st 
percentile, -4 SD). Motor and cognitive milestones were not reached (e.g. no crawling, no sitting without 
support, no development of language, etc). Follow-up brain MRI at the age of 1 ½ years showed severe 
atrophy with no progression of myelination. At the age of 2 ½ year, the boy deteriorated with poor feeding, 
vomiting and dehydration. An MRI brain demonstrated basilar thrombosis and associated infarction in the 
cerebellum, pons and midbrain. His neurological function deteriorated further and he died aged 4 years in a 
palliative care setting with severe aspiration pneumonia.  The third born, a girl, had normal pre- and 
postnatal development. She presented aged 8 months with status epilepticus. Physical examination 
revealed microcephaly, developmental delay and moderate spasticity of the extremities. Brain MRI showed 
comparable findings to her brother with severely delayed myelination. Follow-up brain MRI at the age of 2 
years revealed progressive brain atrophy and arrest of myelination. 
 
Family 17: Individual 26. NARS1 siblings with homozygous c.50C>T, p.Thr17Met 
The proband is a female born to Libyan parents who were first cousins. She was reviewed aged 7 years, at 
which point was found to have severe microcephaly 42cm (<1st percentile, -7.7 SD). She has severe 
intellectual disability. She presented with generalised tonic clonic seizure at 6 months and was diagnosed 
with GDD in infancy failing to meet age appropriate milestones. She has 2 additional siblings who were 
similarly affected but passed away in childhood. 
 
Family 18: Individuals 27 and 28. NARS1 siblings with compound heterozygous c.1049T>C, 
c.1264G>A, p.Leu350Pro, p.Ala422Thr 
The proband is a 15-year-old female born to healthy non-consanguineous German parents. She presented 
in childhood with neurodevelopmental delay and progressive microcephaly. She failed to reach appropriate 
motor milestones sitting for the first time age 3 years. Speech developmental was also severely delayed 
and now aged 15 years her vocabulary is limited to a few words and she is unable to communicate 
effectively. She persisted to have severe intellectual disability and experiences frequent episodes of 
inappropriate laughter. She had her first generalised tonic clonic seizures at approximately 4 years of age, 
at which point she was documented as having an abnormal EEG. Her neurological examination was 
notable for an ataxic gait. She had muscle atrophy which is more pronounced in her lower limbs. She is 
hypotonic with reduced power distally and hyporeflexic in the lower limbs with upgoing plantars bilaterally. 
Sensation to sharp touch was impaired. A MRI brain ruled out any structural abnormalities and nerve 
conduction velocities confirmed demyelinating peripheral neuropathy. Her sister who is now 21 years of 
age and is clinically similar to her sister with severe intellectual disability, microcephaly and demyelinating 
peripheral neuropathy. However, she has never had seizures. 
 
Family 19: Individual 29-30. NARS1 siblings with compound heterozygous .1067A>C, c.203dupA, 
p.Asp356Ala, p.Met69Aspfs* 



The proband is a male born to non-consanguineous Turkish parents. He was born with a low weight (-2.38 
SD) and height (-3.76 SD) for gestational age. He failed to meet age appropriate developmental milestones 
in terms of motor skills and did not walk until 3 years of age. His speech was also severely delayed 
speaking his first words aged 4 years.  He began having generalised tonic clonic seizures aged 6 years at 
which point he underwent an MRI brain, which revealed thickening of gyri. Examination at follow up at 14 
years of age revealed severe microcephaly 49.2 cm (<1st percentile, -3.4 SD). His sister, also affected, is 
clinically identical with GDD and epilepsy. 
 
Family 20: Individual 31. NARS1 compound heterozygous variants c.268C>T, c.394G>T, p.Arg90*, 
p.Gly132Cys  
The proband is an 8 year old Canadian female born to healthy non-consanguineous parents. She was born 
at 37 weeks and had feeding difficulties from the beginning with associated failure to thrive. Developmental 
milestones were profoundly delayed. She did not walk until 6 years and 10 months and did not speak until 
she was 5 years old. At follow-up aged 8 years, her speech was limited to 3 words and she was unable to 
form sentences. From 1 to 3 years of age, she experienced five generalised tonic-clonic seizures. She is 
now seizure free and does not require anti-epileptic drugs. On examination, she was small for age with a 
weight of 11kg (-5.6 SD) and height of 95.3 cm (-7.6 SD). She has severe microcephaly (-3SD) and several 
dysmorphic features including hypotelorism, deep set eyes, a prominent nasal bridge and thin upper lip with 
smooth philtrum. Skeletal abnormalities include a right sided hip dysplasia and bilateral varus deformities 
requiring de-rotational osteotomies.  Due to severe intellectual disability, she struggled to co-operate with 
the neurological examination, however she appeared to be hypotonic and have impaired co-ordination. An 
MRI brain showed microcephaly with a thin corpus callosum and decreased white matter volume 
throughout. 
 
Family 21: Individual 32. NARS compound heterozygous c.1376 C>T, c.178 A>G, p.Thr459Ile, 
p.Lys60Glu 
The proband is a 3-year-old male born in the USA to healthy non-consanguineous parents.  He is 
microcephalic on examination with a head circumference of 43.5cm (-5 SD). His history is notable for global 
developmental delay characterised by severe language delays and delays in gross motor milestones, 
sitting at 10 months and starting to walk at 3 years. He now walks with an ataxic gait and has evidence of 
spasticity on examination. He also has epilepsy and began having generalised tonic clonic seizures in 
infancy. MRI brain revealed a small arachnoid cyst involving the right middle cranial fossa but was 
otherwise within normal limits. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Section 2: Supplementary Figures S1-S13  
Supplementary Figure 1 
 

 
 
 
Figure S1. Molecular modelling of NARS1 mutations. Wild type NARS1 and each mutation was 
modelled using the Phyre2 server1. We observed that each model gave rise to a “wild type” AsnRS1 
enzyme indicating that none of the mutations completely destabilizes the protein structure (left panels). The 
Arg11Pro, Thr17Met and Met34Leu mutations could not be modelled because they lie in the unknown 
UNE-N domain. The substrate depicted with balls on the figure corresponds to the ATP:Mg and L-Asp-
beta-NOHandenylate:PPi:Mg from the structure of B. malayi NARS1 that was superimposed to each model 
we obtained. They were superimposed with a very good concordance. From this study we propose that the 
mutations might have the following effects: Asn218Ser (affects the interaction between AsnRS1 and the 
anticodon arm of the tRNA), Arg322Leu (affects the stabilization of the aminoacyl-adenylate in the active 
site), Leu350Pro (little effect on AsnRS1 activity and dimer interface), Asn356Ala (might weaken the dimer 
stability), Ala422Thr (little effect on 3’ tRNA end binding), Gly509Ser (slight interference on dimer interface), 
Arg545Cys (see Figure 6). 

 
 
 
 
 



 
Supplementary Figure 2 
 
 
 
 

 
 
 
 
Figure S2. Model of human AsnRS1. This was obtained using the Phyre2 webserver. The latter was 
superposed with Brugia malayi AsnRS1 structure (2xti) complexed with ATP:Mg and L-Asp-ß-NOH 
adenylate:PPi:Mg (L-Asp-ß-NOH is shown in white color on the figure). The tRNA is tRNAAsp that results 
from the superposition of the AspRS/tRNAAsp complex from yeast with the human AsnRS1 model. Note that 
the UNE-N domain is absent from the modelled structure. The position of the mutations are indicated by 
yellow spheres.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 3 
 
 

 
 
Figure S3. In-situ expression of the NARS1 gene in mouse brain at three different ages, E15.5, P7 and 
adult. The NARS1 probe used was GENSAT1-BX1431. Data from the Gene Expression Nervous System 
Atlas (GENSAT) Project. Expression was moderate in the brain, higher in the cortex (*), cerebellum (+) and 
brainstem (#). 

 
 
 
Supplementary Figure 4 
 
 

 
 
Figure S4. Modified Taylor’s Venn diagram of amino acid properties, each amino acid is described by its 
physical or chemical properties (Taylor, TW, J, 1986, Theor. Biol. 119: 205-218).  AARs clinical phenotype 
severity seem to cluster into two areas (red ovals) according to the amino acid that is targeted. 



 
 

Supplementary Figure 5 
 

 
Figure S5. Transcriptomic gene expression analysis A. Principle component analysis of transcriptomic 
gene expression levels. B. MA plot showing normalised count number versus fold change, significantly 
differentially expressed gene shown in red. C. Cluster heatmap of top 750 most differentially expressed 
normalised gene counts. 

 
 
 



Supplementary Figure 6 
 

 
Figure S6. Supplementary iNPC data of top 20 (by significance) pathways associated with downregulated genes. (Filtered to <200 members) 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure 7 
 
 

 
 
Figure S7. Supplementary iNPC data of top 20 (by significance) pathways associated with upregulated genes. (Filtered to <200 members) 
 
 
 
 
 
 
 
 



 

Supplementary Figure 8 
 

 
 
Figure S8. Supplementary iNPC data of top 20 (by significance) GO terms associated with downregulated genes. (Filtered to <200 members) 

 
 
 
 
 
 
 
  



 
 
Supplementary Figure 9 
 

 
 
Figure S9. Supplementary iNPC data of top 20 (by significance) GO terms associated with upregulated genes. (Filtered to <200 members) 
 
In summary, downregulated genes have been associated with DNA replication, whereas upregulated genes like VEGF are associated with protein 
synthesis and processing. NARS1 gene expression was unaltered (p=0.45), while other tRNA synthetase genes were upregulated (DARS, RARS, WARS, 
TARS, YARS, GARS, SARS). LARS was downregulated & others were not altered. In the compound heterozygous individual (P29), the frameshift mRNA 
(p.Met69Aspfs) is only expressed at a 1:9 ratio compared to the allele with a single base change (this can be visualised if desired), also confirmed by 
Western blotting  showing decreased AsnRS1 expression. 
 
 



 
 
 

Supplementary Figure 10 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S10. Segregation studies by Sanger sequencing. The top panels shows segregation of the c.1633C>T, p.Arg545Cys variant in individuals P9 and 
P10, and their parents. The middle panel shows segregation of the c.1600C>T, p.Arg534* variant in individual P5 and his parents. The bottom shows 
segregation of the c.32G<C, p.Arg11Pro variant in individuals P24 and P25 and their parents. 
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Supplementary Figure 11 
 
 

Figure S11. Individual derived fibroblast and lymphoblast cells displaying loss of AsnARS1 
activity compared to control. Asparaginyl-tRNA synthetase activity reduced significantly than 
other tRNA synthetase in individuals’ and parents’ cells (c.1600C>T, p.Arg534* (P2), 
c.1633C>T, p.Arg545Cys (P9, P20), c.32G>C, p.Arg11Pro (P24), c.50C>T, p.Thr17Met 
(P26) and c.1067A>C, p.Asp356Ala / c.203dupA, p.M69Aspfs*4 (P29); TARS: Threonyl-
tRNA sythetase; KARS: lysyl-tRNA synthetase; GARS: Glycyl-tRNA synthetase and RARS: 
arginyl-tRNA synthetase were measured as control for AsnRS1 activity. 
 

Supplementary Figure 12 
 
 

 
Figure S12. Human NARS1 gene is able to complement fission yeast nrs1. Schematic of the 
yeast complementation assay. Fission yeast cells containing a plasmid 
expressing nrs1 gene with uracil selectable marker whose genomic copy of the nrs1 is 
deleted are transformed with plasmids containing the different variants of the human NARS1 
gene. These cells are promoted to lose the nrs1gene plasmids by incubating them in media 
with uracil for 24 hours. Five-fold serial dilutions of 2 different colonies of strains containing 
the different variants of NARS1 gene wt, c.1633C>T, p.Arg545Cys; c.50C>T, p.Thr17Met; 
c.1067A>C, p.Asp356Ala; c.1600C>T, p.Arg534*; c.653A>T, p.Asn218Ser; c.965G>T, 
p.Arg322Leu; c.1564C>T, p.Arg522*, the empty vector and wt cells were plated in media 
containing uracil, or media containing FOA, which allows the growth of only those cells that 
have lost the yeast nrs1 plasmid and whose NARS1 variant is able to complement nrs1D. 
 
 



Supplementary Figure 13 
 

 
 
Figure S13.  Microinjection of human NARS1 RNA into zebrafish embryos. a. Microinjection 
of the indicated doses of wild-type (WT) or c.1600C>T, p.Arg534* mutant capped RNA 
encoding human NARS1 into zebrafish embryos resulted in complete cyclopia and severe 
truncation of the body axis, a dwarf-like appearance. b. Low-power representative images of 
each experimental group at 5 days post-fertilisation. Dwarves are indicated by the red 
arrows. c. Quantification of animal body length and the proportion of animals exhibiting the 
dwarfic appearance for each experimental group, as indicated. Error bars are standard 
deviations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Section 3: Supplementary Tables S1-S6 

Table S1: ARS gene implicated in human disease  

Gene Locus Location of 
Protein 

Mode Disease Phenotype(s) Clinical 
severity 

Ref 

AARS1 16q22 Cytoplasm AD Charcot Marie Tooth disease type 2N Mild 2-6 

AR Epileptic encephalopathy, early infantile, 29 Moderate 

AARS2 6p21.1 Mitochondria AR Mitochondrial Infantile Cardiomyopathy Moderate 7-11 

Leukoencephalopathy with ovarian failure Moderate 

CARS1 11p15.4 Cytoplasm AR Microcephaly, DD, brittle hair and nails Moderate 12 

CARS2 13q34 Mitochondria AR Epilepsy encephalopathy, myoclonic 
epilepsy 

Moderate 13-16 

Combined oxidative phosphorylation 
deficiency 27 

DARS1 2q21.3 Cytoplasm AR Hypomyelination, brainstem, spinal cord and 
leg spasticity 

Moderate 17-19 

DARS2 1q25.1 Mitochondria AR Hypomyelination, brainstem, spinal cord, 
elevated lactate 

Severe 20-29 

EPRS1 1q41 Cytoplasm AR Leukodystrophy, hypomyelinating, 15 Moderate 30 

EARS2 16p12.2 Mitochondria AR Leukoencephalopathy and high lactate  Severe 31-36 

Combined oxidative 
phosphorylation deficiency 12 

FARSA 19p13.2 Cytoplasm AR Rajab interstitial lung disease with brain 
calcifications 

Moderate 37 

FARSB 2q36.1 Cytoplasm AR Rajab interstitial lung disease with brain 
calcifications 

Moderate 38; 39 

FARS2 6p25.1 Mitochondria AR Combined oxidative phosphorylation 
deficiency 14 

Moderate 40-45  

Spastic paraplegia 77 

GARS1 7p15 Cytoplasm & 
Mitochondria 

AD Charcot Marie Tooth disease type 2D Mild 3; 46-62 

AR Distal SMA type V, myalgia, cardiomyopathy 
 

HARS1 5q31.3 Cytoplasm AD Charcot Marie Tooth disease type 2W Mild 63; 64 

AR Usher Syndrome 3B Moderate 

HARS2 5q31.3 Mitochondria AR Perrault Syndrome 2 Mild 65; 66 

IARS1 9q22.31 Cytoplasm AR ID, GR, muscular hypotonia, hepatopathy, 
cholestasis 

Severe 67 

IARS2 1q41 Mitochondria AR Cataracts, GH deficiency, deaf, neuropathy, 
bone dysplasia 

Severe 68-70 

Leigh syndrome 

KARS1 16q23.1 Cytoplasm & 
Mitochondria 

AR Intermediate Charcot Marie Tooth disease 
type B 

Moderate 71-74 

Autosomal recessive deafness-89  

Visual impairment, microcephaly, DD, 
seizures 

Leukoencephalopathy 

LARS1 5q32 Cytoplasm AR Infantile hepatopathy Severe 75 

LARS2 3p21.31 Mitochondria AR Perrault syndrome 4 Mild 76 

Hydrops, lactic acidosis and sideroblastic 
anaemia 

MARS1 12q13.3 Cytoplasm AD Charcot Marie Tooth disease type 2U Mild 77-80  

AR Interstitial lung and liver disease Moderate 

MARS2 2q33.1 Mitochondria AR DD, sensorineural hearing loss, Spastic 
ataxia 3 

Mild 81; 82 

Combined oxidative phosphorylation 
deficiency 25 

Moderate 

NARS2 11q14.1 Mitochondria AR Alpers, Leigh syndrome, DD, ID, epilepsy, 
myopathy 

Severe 83-88 

Combined oxidative phosphorylation 
deficiency 24 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dysplasia


PARS2 3p21.31 Mitochondria AR Infantile-onset developmental delay and 
epilepsy 

Moderate 88 

Alpers syndrome 

QARS1 3p21.31 Cytoplasm AR Microcephaly, seizures, DD, cerebral 
cerebellar atrophy 

Severe 89 

RARS1 5q34 Cytoplasm AR hypomyelinating leukodystrophy 9 Severe 90-92 

RARS2 6q16.1 Mitochondria AR Epileptic encephalopathy, lactic acidosis 
neurological symptoms, pontocerebellar 
hypoplasia 6 

Severe 93-95 

SARS1 1p13.3 Cytoplasm AR Ataxia, weakness, ID, microcephaly, speech 
impaired 

Moderate 96 

SARS2 19q13.2 Mitochondria AR Hyperuricemia, pulmonary HT, renal failure, 
alkalosis 

Moderate 97 

TARS1 5p13.3 Cytoplasm AR Trichothiodystrophy, ichthyosis, ID, 
decreased fertility 

Moderate 98 

TARS2 1q21.2 Mitochondria AR Axial hypotonia and severe psychomotor 
delay 

Mild 99; 100 

Combined oxidative phosphorylation 
deficiency 21 

VARS1 6p21.33 Cytoplasm AR Severe DD, microcephaly, seizures, cortical 
atrophy 

Moderate 101-104 

VARS2 6p21.33 Mitochondria AR Microcephaly, epilepsy, 
encephalocardiomyopathy 

Moderate 99; 105-108  

Combined oxidative phosphorylation 
deficiency 20 

WARS1 14q32.2 Cytoplasm AD Distal hereditary motor neuropathy Mild 109 

WARS2 1p12 Mitochondria AR Ataxia, weakness, microcephaly, speech 
impaired, ID 

Moderate 96; 110-112 

YARS1 1p35.1 Cytoplasm AD Dominant-intermediate Charcot Marie Tooth 
disease 

Mild 106; 113  

AR Multisystem disease, DD, failure to thrive Moderate 

YARS2 12p11.2 Mitochondria AR myopathy, lactic acidosis, and sideroblastic 
anaemia 

Moderate 114-116 

ARS gene implicated in 36 human diseases from a total of 37 genes. The first letter of the ARSs’ gene 
name corresponds to the amino acid specificity of the corresponding ARS (based on the amino acid one-letter 
code) and 2 indicates that the gene encodes a mitochondrial-restricted isoform 117-119. Clinical phenotype is bases 
upon publications. Key: ID = intellectual disability, GH = growth hormone, GR = growth retardation, DD = 
developmental delay, AR = autosomal recessive, AD = autosomal dominant, HT = hypertension, SMA = spinal 
muscular atropy

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hyperuricemia


 

Table S2 : Detailed clinical features of individuals with NARS1 de novo heterozygous mutations. Families 1-8. 
Family 1 2 3 4 5 6 7 8 

Individual 1 2 3 4 5 6 7 8 

Inheritance de novo 
Heterozygous 

de novo 
Heterozygous 

de novo 
Heterozygous 

de novo 
Heterozygous 

de novo 
Heterozygous 

de novo 
Heterozygous 

de novo 
Heterozygous 

de novo 
Heterozygous 

Variant c.1600C>T 
p.Arg534* 

c.1600C>T 
p.Arg534* 

c.1600C>T 
p.Arg534* 

        c.1600C>T 
p.Arg534* 

c.1600C>T 
p.Arg534* 

c.1600C>T 
p.Arg534* 

c.1525G>A 
p.Gly509Ser 

c.965 G>T 
p.Arg322Leu 
 

Origin Dutch Dutch Dutch Caucasian Hispanic, European European UK European 

Consanguinity N N N N N N N N 

Gender / Age at 
follow-up 

F/ 17 F / 22 M / 10 M /13 F / 16 M / 5y 8m F / 2y 10m M /15 

Occipital Frontal Circumference (OFC)  
Birth 45.8cm <2p (-2.1SD) NA NA 33cm (10p) NA NA NA NA 

Follow –up 
Percentile / SD 

49cm 
<1p (-5SD) 

46.8cm 
<1p(-4.3 SD) 

50cm 
<1p (-2.2 SD) 

49cm 
<1p (-4.7SD) 

49.3cm at 13 y 
<1p (-4.5 SD) 

47cm 
<1p (-3.2SD) 

50 cm 
86p 

54cm 
27p 

Microcephaly Y Y Y Y Y Y N N 

Developmental Delay  
GDD Y Y Y Y Y Y Y Y 

Sitting (Months) 18 16 NA 16 11 NA 12 8 

Walking (Years) 3 2y 2 m 2y 6m N 3 23 2y 3m 2y 11m 

Language Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Neurological Findings  
Intellectual 
Disability 

Severe Severe Severe Profound Profound Severe Severe Severe 

Seizures GTC GTC NA Myoclonic / Partial GTC / Partial GTC GTC Partial/Myoclonic 

Peripheral 
Neuropathy 

Y Y NA N Y N NA NA 

Ataxia Y Y Y Y Y Y NA Y 

Imaging NAD NAD NAD NA NA Mild atrophy, CSF 
space enlargement 

NA NAD 

Clinical Features  
Dysmorphic 
Features 

Upslanting palpebral 
fissures 
Pes-cavus 
 

Clinodactyly 
Upslanting palpebral 
fissures 
Thoracic Kyphosis 
Wide spaced teeth 

Clinodactyly 
Retrognathia 

Upslanting 
palpebral fissures 
Hypertelorism 
Arachnodactyly, 
Pectus Excavatum 

Upslanting 
palpebral fissures 
Wide spaced teeth 
Low set ears 
Fleshy Helices 

Low set ears 
Overfolded Helices 
Syndactyly 

Large ears 
Long slender fingers 

Broad Forehead 

Tone NAD Reduced Increased Increased Reduced Increased Reduced Increased 

Power Reduced Reduced Reduced NAD Reduced Reduced NA NAD 

Sensation NA Reduced NA NAD Reduced NAD NA NA 

Co-ordination Ataxic gait Unilateral Intention 
Tremor 

Dysarthria Ataxic gait Ataxic gait Ataxic gait NA Ataxia 

Reflexes Reduced Reduced Increased Increased Reduced NAD Increased Increased 

Other N N Tremor 
/Myoclonus 

Stereotypies N N N Stereotypies 

Y = Yes,  N= No, M= Male, F= Female, NA= Not Available, p = percentile, SD = standard deviation, NAD = No abnormalities detected, GTC = Generalised Tonic Clonic Seizures 



 
 
 
 

 

Table S3: Detailed clinical features of individuals with NARS1 Homozygous mutation c.1633C>T, p.R545C including families 9-15. 

Family 9 9 10 11 11 11 11 12 12 13 13 14 15 15 15 

Individual 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

Origin North India North India North India Pakistan Pakistan Pakistan Pakistan Pakistan Pakistan Pakistan Pakistan Pakistan Pakistan Pakistan Pakistan 

Consanguinity Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

Gender / Age 
at follow-up 

M / 33 M / 17 M / 8 F / 17 F / 17 M / 19 F / 23 M / 8 M /21 M / 6m M / 6.5 M / 16 F / 30 M / 16 F / 13 

Occipital Frontal Circumference (OFC)     

Birth NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Follow –up 
Percentile / 
SD 

NA NA 46.5cm 
<1p 
 (-4.2 SD) 

52cm 
2p  
(-2.2 SD) 

49.5cm 
<1p  
(-4.5 
SD) 

52cm 
2p  
(-2.1 SD) 

50.3cm 
<1p  
(-3.8 SD) 

46cm 
<1p 
(4.6SD) 

51cm 
<1p 
(2.8SD) 

NA 49cm 
2p  
(-2.0SD) 

NA 50.8cm 
<1p 
(-3.3SD) 

48.2cm 
<1p 
(-4.5SD) 

48cm 
<1p 
(-4.4SD) 

Microcephaly Y Y Y Y Y y Y Y Y Y Y N Y Y Y 

Developmental Milestones & Intellectual Disabilities     

GDD Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

Sitting 
(Months) 

12m 12m 12m 12m 14m 12m 12m NA NA NA NA 7m 4y 1y 2y 

Walking 
(Years) 

NA NA 2y 1y 8m 2y 8m 2y 8m 2y 8m 6y 6m 3y 3y 3y 2y 10y 2y 3y 

Language Delayed Delayed Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Neurological Findings     

Intellectual 
Disability 

Severe Moderate Severe Severe Severe Severe Profound Severe Severe Severe Severe Moderate Severe Moderate Moderate 

Seizures GTC N N N N GTC GTC N N GTC GTC N Partial Partial GTC 

Ataxia Y Y Y Y N N N NA NA NA NA NA Y NA NA 

Peripheral 
Neuropathy 

Y Y N N N N N NA NA NA NA Y NA NA NA 

Imaging NAD NAD NAD NA NA NA NA NA NA NA NA NAD NA NA NA 

Clinical Findings     

Dysmorphic 
Features 

Contractures Scoliosis Clinodactyly 
Syndactyly 

Clinodactyly NAD Clinodactyly 
Short Limbs 

NAD NAD NAD NAD NAD NAD Dysplastic 
ears 
Syndactyly 

NA NA 

Tone Reduced Reduced NAD NAD NAD NAD NAD Reduced Reduced NA NA N N NA NA 

Power Reduced Reduced NAD NAD Reduced Reduced Reduced Reduced Reduced Reduced Reduced Reduced Reduced NA NA 

Sensation Reduced Reduced NAD NAD NAD NAD NAD NA NA NA NA Reduced NA NA NA 

Co-ordination Ataxic Ataxic Ataxic Ataxic NAD NAD NAD NA NA NA NA NA Ataxic NA NA 

Reflexes NAD NAD NAD Reduced Reduced NAD Reduced NA NA Reduced Reduced Reduced Reduced NA NA 

Y = Yes,  N= No, M= Male, F= Female, NA= Not Available, p = percentile, SD = standard deviation, NAD = No abnormalities detected, GTC = Generalised Tonic Clonic Seizures 



Table S4: Detailed clinical features of individuals with NARS1 mutations. Autosomal recessive inheritance. Families 16-20. 
Family 16 16 17 18 18 19 19 20 21 

Individual 24 25 26 27 28 29 30 31 32 

Inheritance Homozygous Homozygous Homozygous Compound Heterozygous Compound Heterozygous Compound Heterozygous Compound Heterozygous Compound 
Heterozygous 

Compound 
Heterozygous 

Variant c.32G>C 
 p. Arg11Pro 
 

c.32G>C 
 p. Arg11Pro 
 

c.50C>T 
p.Thr17Met 

c.1049T>C, p.Leu350Pro 
c.1264G>A, p.Ala422Thr 

c.1049T>C, p.Leu350Pro 
c.1264G>A, p.Ala422Thr 

c.1067A>C, p.Asp356Ala 
c.203dupA, p.Met69Aspfs* 

c.1067A>C, p.Asp356Ala 
c.203dupA, p.Met69Aspfs*4 
 

c.268C>T, p.Arg90*                     
c.394G>T, p.Gly132Cys 

c.1376 C>T, p.Thr459Ile  
c.178 A>G, p.Lys60Glu 
 

Origin Kosovo Kosovo Libya German German Turkey Turkey Canada USA 

Consanguinity N N Y N N N N N N 

Gender / Age 
at follow-up 

M / 2 F / 2y 6m F/ 7 F / 15 F  / 21 M/ 14y 2m F / 7y 10m F / 8 M/3 

Occipital Frontal Circumference (OFC)   

Birth 34cm 
20p 

NA NA 33cm 
11p 

NA NA NA NA NA 

Follow –up 
Percentile / 
SD 

43cm 
<1p (-4SD) 

40.5cm 
<1p(-5 SD) 

42cm 
<1p (-7.7SD) 

NA 
 

NA 
 

49.2Cm 
<1p(-3.4SD) 

47.5cm 
<1p(-3.4SD) 

41 cm 
<1p (-8.7SD) 

43.5cm 
<1p(-5SD) 

Microcephaly Y Y Y Y Y Y Y Y Y 

Developmental Milestones & Intellectual Disabilities   

GDD Y Y Y Y Y Y Y Y Y 

Sitting 
(Months) 

N N NA NA NA NA NA NA 10m 

Walking 
(Years) 

N N NA 3 3 3 2 6y 10m 3y 

Language N N Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Severely 
Delayed 

Neurological Findings   

ID Profound Severe Severe Severe Severe Severe Severe Severe Severe 

Seizures Myoclonic / 
GTC 

GTC GTC GTC N GTC GTC GTC GTC 

Peripheral 
Neuropathy 

NA NA NA Y Y NA NA NA NA 

Ataxia NA NA NA Y Y NA NA Y Y 

Imaging Delayed 
Myelination 

Delayed 
Myelination 

NA NAD NA Thickening of gyri NA Thin corpus callosum 
Decreased white matter 

Arachnoid Cyst 

Clinical Features   

Dysmorphic 
Features 

NAD NAD NA NAD NAD NAD NAD Hypotelorism 
 

NAD 

Tone Increased NAD NA Reduced Reduced NA NA Reduced Increased 

Power Reduced Reduced NA Reduced Reduced NA NA N N 

Sensation NA NA NA Reduced Reduced NA NA N N 

Co-ordination NA NA NA Ataxic gait Ataxic gait NA NA Ataxic Ataxic 

Reflexes Reduced Reduced NA Reduced NA NA NA N Increased 

Other N N N N N N N Hip dysplasia N 

Y = Yes,  N= No, M= Male, F= Female, NA= Not Available, p = percentile, SD = standard deviation, NAD = No abnormalities detected, ID = Intellectual Disability, GTC = Generalised Tonic Clonic Seizures, ASD = Autistic Spectrum Disorder 
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Table S5: Primer sequences 
 
Nrs1-PJR-
F 

TTTGTTAAATCATACCTCGAGATGGCGGGATTGGAATCAAAAGTTT 

Nrs1-PJR-
R 

GCCTCGCGAGTCGACCTCGAGTTAAGGTGTGCAACGTTCAGTAAATCG 

Nrs1DelFw  CTCTAACGAGACTATAAGTTATCCAAGGCCGGTTATTTGATATTTAACATTTTCACTAACTTCAAACTGTCCTTTTAAAACGGATCCCCGGGTTAATTAA 

Nrs1DelRv
  

AAATTCTAAGTAAACAACATAGTTCGCCCACTGTTCAAACATTAAAAGCTACCCATTTCTTCGATATGGATAAACTTTGCGAATTCGAGCTCGTTTAAAC 

Nrs1ck-L ACTAGCCGAAATTTTGGAATCA 

Nrs1ck-R CTAACTGACTCGCACCTAGCCT 

KanR CGGATGTGATGTGAGAACTGTATCCTAGC 

KanF CGCTATACTGCTGTCGATTCG 

NARS1_F GCGTTAGAAGGATATAGAGGCCA 

NARS1_R ACCATCTCGCAACACCAGAAA 

GAPDH_F TGTGGGCATCAATGGATTTGG 

GAPDH_R ACACCATGTATTCCGGGTCAAT 

 
 
 
Table S6. Missense mutations in NARS1 with the description of protein affects. 
 

Residue Predicted effect of the mutation on AsnRS1 protein 

Arg11Pro Unique domain of AsnRS1 (UNE-N), 

Thr17Met Unique domain of AsnRS1 (UNE-N), 

Arg322Leu Disturbance of the stabilization of aa-adenylate 

Leu350Pro Probably little effect on enzymatic activity and tRNA recognition, predictable effect on 
AsnRS1 dimer formation. 

Asp356Ala Mutant at the interface between the two enzymes, loss of the side chain of Asp356 and 
therefore probably an interaction with the dimmer becoming more unstable 

Ala422Thr Affects the 3 'end of the acceptor arm 

Gly509Ser Disrupts the end of the interface between the two subunits of AsnRS1 

Arg545Cys Potential disruption of the interaction with the acceptor arm of the tRNA 

 
Table S6: The substrate in the figures is the aminoacyl-adenylate of Brugia malayi Asparaginyl-tRNA 
synthetase complexed with ATP: Mg and L-Asp-beta-NOH adenylate: PPi: Mg. The models of wild, 
mutant and Brugia malayi structures were superimposed with very good agreement. Apart from the 
unique domain of AsnRS1, which cannot be modelled. The strongest effect in terms of catalysis would 
be expected for Arg322Leu and Asp356Ala. 
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Section 4: Supplemental methods 

Next-generation sequencing methods 
Families 5, 6, 8,10 were sequenced at GeneDx, where genomic DNA was extracted from 
the proband and parents (when available). The exonic regions and flanking splice 
junctions of the genome were captured using the Clinical Research Exome kit (Agilent 
Technologies, Santa Clara, CA) or the IDT xGen Exome Research Panel v1.0. Massively 
parallel (NextGen) sequencing was done on an Illumina system with 100bp or greater 
paired-end reads. Reads were aligned to human genome build GRCh37/UCSC hg19, and 
analysed for sequence variants using a custom-developed analysis tool. Additional 
sequencing technology and variant interpretation protocol has been previously 
described120. The general assertion criteria for variant classification are publicly available 
on the GeneDx ClinVar submission page 
(http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/) 
 
Families 17 and 19, Agilent sequence capture was used, as described elsewhere121.  They 
were subjected to exome capture with either the Agilent SureSelect Human All Exome 50 
Mb kit (Agilent Technologies, Inc., USA) or the Illumina Rapid Capture 37 Mb Enrichment 
kit. Sequencing with 100-bp paired-end reads was performed using either the Illumina 
HiSeq2000 or HiSeq4000 instruments (Illumina, Inc., USA), resulting in >94% recovery at 
10× coverage and >85% recovery at 20x coverage. GATK best practices pipeline was 
used for SNP and INDEL variant identification (http://www.broadinstitute.org/gatk/). 
Variants were annotated with in-house software1 and homozygous variant prioritization 
was done using custom Python scripts (available upon request) to keep variants with MAF. 
 
The rest of the cases were sequenced based on the Nextera Rapid  Capture  Exome  kit  
(Illumina)  and run  on  the  HiSeq  2500  platform  (Illumina), the  resulting  100 bp  paired-
end  sequence  reads  were  mapped  against  the  human  reference genome assembly 
19 (GRCh37) with the Burrows-Wheeler Aligner package 122 and read duplicates were 
removed with Picard. Variant   calling   and   indel  realignments  were  performed  with  
the  Genome  Analysis  Toolkit  (GATK) 123 and  variants  were  submitted to ANNOVAR 
for annotation124. 
 
Zebrafish modeling 
Zebrafish (Danio rerio) embryos were obtained from a wild-type strain and were raised at 
28.5 °C. Microinjections (~1 nl) were performed at the one-cell stage. The expression 
vector used was NARS1 (NM_004539) Human cDNA Clone (OriGene) cloned into pCS2+ 
(addgene) using CloneEZ from genescript as described above for the yeast studies. 
Plasmids where sequenced to confirm the correct insertion of the fragment. Mutant 
versions of this construct were generated using the QuikChange Site-Directed 
Mutagenesis kit (Stratagene). The sequences for all primers are available upon request. 
Capped RNA was synthesized using the mMESSAGE mMACHINE kit (Ambion). Live 
zebrafish were imaged on a Leica MZFL III stereo microscope, and body surface area was 
calculated using IPLab software (Biovision). All experiments with zebrafish were performed 
in compliance with local ethical and Home Office (UK) regulations, project license 70/6875. 
 
Yeast complementation assay of NARS1 gene 
The experiments were performed in an analogous way as described before7. In brief, cells 
were grown on EMM + ade+ ura to saturation (for 24 hours), to allow for the loss of the 
pJR-41XU-nrs1 plasmid. After this time, cell density was adjusted to 4 x 106 cells /ml, and 
five-fold dilutions were spotted onto EMM + ade + ura plates or EMM + ade + ¼ ura + FOA 

http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/
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plates to select for cells that have lost the plasmid expressing different NARS1 variants. All 
mutants constructed using the human NARS1 WT gene, are found in conserved amino 
acids identical to the yeast NARS1 WT, with the exception of c.1067A>C, p.Asp356Ala, 
which translated to a similar amino acid. These experiments showed that a yeast strain 
carrying an nrs1 deletion was well complemented by the c.1633C>T, p.Arg545Cys 
mutation. Given the increased growth, it would therefore fit with a conformational effect 
present in higher species that would only change the code here likely by tRNA interaction 
(Figure S12). 
 



26 

 

Section 5: Supplementary References 

1. Kelley, L.A., Mezulis, S., Yates, C.M., Wass, M.N., and Sternberg, M.J. (2015). The 

Phyre2 web portal for protein modeling, prediction and analysis. Nat Protoc 10, 845-

858. 

2. Latour, P., Thauvin-Robinet, C., Baudelet-Mery, C., Soichot, P., Cusin, V., Faivre, L., 

Locatelli, M.C., Mayencon, M., Sarcey, A., Broussolle, E., et al. (2010). A major 

determinant for binding and aminoacylation of tRNA(Ala) in cytoplasmic Alanyl-

tRNA synthetase is mutated in dominant axonal Charcot-Marie-Tooth disease. Am J 

Hum Genet 86, 77-82. 

3. Seburn, K.L., Nangle, L.A., Cox, G.A., Schimmel, P., and Burgess, R.W. (2006). An 

active dominant mutation of glycyl-tRNA synthetase causes neuropathy in a Charcot-

Marie-Tooth 2D mouse model. Neuron 51, 715-726. 

4. Lynch, D.S., Zhang, W.J., Lakshmanan, R., Kinsella, J.A., Uzun, G.A., Karbay, M., 

Tufekcioglu, Z., Hanagasi, H., Burke, G., Foulds, N., et al. (2016). Analysis of 

Mutations in AARS2 in a Series of CSF1R-Negative Patients With Adult-Onset 

Leukoencephalopathy With Axonal Spheroids and Pigmented Glia. JAMA Neurol 73, 

1433-1439. 

5. Dohrn, M.F., Glockle, N., Mulahasanovic, L., Heller, C., Mohr, J., Bauer, C., Riesch, E., 

Becker, A., Battke, F., Hortnagel, K., et al. (2017). Frequent genes in rare diseases: 

panel-based next generation sequencing to disclose causal mutations in hereditary 

neuropathies. J Neurochem 143, 507-522. 

6. Sundal, C., Carmona, S., Yhr, M., Almstrom, O., Ljungberg, M., Hardy, J., Hedberg-

Oldfors, C., Fred, A., Bras, J., Oldfors, A., et al. (2019). An AARS variant as the 

likely cause of Swedish type hereditary diffuse leukoencephalopathy with spheroids. 

Acta Neuropathol Commun 7, 188. 

7. Dallabona, C., Diodato, D., Kevelam, S.H., Haack, T.B., Wong, L.J., Salomons, G.S., 

Baruffini, E., Melchionda, L., Mariotti, C., Strom, T.M., et al. (2014). Novel (ovario) 

leukodystrophy related to AARS2 mutations. Neurology 82, 2063-2071. 

8. Gotz, A., Tyynismaa, H., Euro, L., Ellonen, P., Hyotylainen, T., Ojala, T., Hamalainen, 

R.H., Tommiska, J., Raivio, T., Oresic, M., et al. (2011). Exome sequencing identifies 

mitochondrial alanyl-tRNA synthetase mutations in infantile mitochondrial 

cardiomyopathy. Am J Hum Genet 88, 635-642. 

9. Sommerville, E.W., Zhou, X.L., Olahova, M., Jenkins, J., Euro, L., Konovalova, S., 

Hilander, T., Pyle, A., He, L., Habeebu, S., et al. (2019). Instability of the 

mitochondrial alanyl-tRNA synthetase underlies fatal infantile-onset cardiomyopathy. 

Hum Mol Genet 28, 258-268. 

10. Wang, X., Wang, Q., Tang, H., Chen, B., Dong, X., Niu, S., Li, S., Shi, Y., Shan, W., and 

Zhang, Z. (2019). Novel Alanyl-tRNA Synthetase 2 Pathogenic Variants in 

Leukodystrophies. Frontiers in neurology 10, 1321. 

11. Kuo, M.E., Antonellis, A., and Shakkottai, V.G. (2020). Alanyl-tRNA Synthetase 2 

(AARS2)-Related Ataxia Without Leukoencephalopathy. Cerebellum (London, 

England) 19, 154-160. 

12. Kuo, M.E., Theil, A.F., Kievit, A., Malicdan, M.C., Introne, W.J., Christian, T., 

Verheijen, F.W., Smith, D.E.C., Mendes, M.I., Hussaarts-Odijk, L., et al. (2019). 

Cysteinyl-tRNA Synthetase Mutations Cause a Multi-System, Recessive Disease That 

Includes Microcephaly, Developmental Delay, and Brittle Hair and Nails. American 

journal of human genetics 104, 520-529. 



27 

 

13. Coughlin, C.R., 2nd, Scharer, G.H., Friederich, M.W., Yu, H.C., Geiger, E.A., Creadon-

Swindell, G., Collins, A.E., Vanlander, A.V., Coster, R.V., Powell, C.A., et al. 

(2015). Mutations in the mitochondrial cysteinyl-tRNA synthase gene, CARS2, lead 

to a severe epileptic encephalopathy and complex movement disorder. J Med Genet 

52, 532-540. 

14. Samanta, D., Gokden, M., and Willis, E. (2018). Clinicopathologic Findings of CARS2 

Mutation. Pediatr Neurol 87, 65-69. 

15. Samanta, D. (2018). Cerebral Infarction in CARS2 Mutation. Pediatr Neurol. 

16. Hallmann, K., Zsurka, G., Moskau-Hartmann, S., Kirschner, J., Korinthenberg, R., 

Ruppert, A.K., Ozdemir, O., Weber, Y., Becker, F., Lerche, H., et al. (2014). A 

homozygous splice-site mutation in CARS2 is associated with progressive myoclonic 

epilepsy. Neurology 83, 2183-2187. 

17. Taft, R.J., Vanderver, A., Leventer, R.J., Damiani, S.A., Simons, C., Grimmond, S.M., 

Miller, D., Schmidt, J., Lockhart, P.J., Pope, K., et al. (2013). Mutations in DARS 

cause hypomyelination with brain stem and spinal cord involvement and leg 

spasticity. Am J Hum Genet 92, 774-780. 

18. Frohlich, D., Suchowerska, A.K., Voss, C., He, R., Wolvetang, E., von Jonquieres, G., 

Simons, C., Fath, T., Housley, G.D., and Klugmann, M. (2018). Expression Pattern of 

the Aspartyl-tRNA Synthetase DARS in the Human Brain. Front Mol Neurosci 11, 

81. 

19. Frohlich, D., Suchowerska, A.K., Spencer, Z.H., von Jonquieres, G., Klugmann, C.B., 

Bongers, A., Delerue, F., Stefen, H., Ittner, L.M., Fath, T., et al. (2017). In 

vivocharacterization of the aspartyl-tRNA synthetase DARS: Homing in on the 

leukodystrophy HBSL. Neurobiol Dis 97, 24-35. 

20. Scheper, G.C., van der Klok, T., van Andel, R.J., van Berkel, C.G., Sissler, M., Smet, J., 

Muravina, T.I., Serkov, S.V., Uziel, G., Bugiani, M., et al. (2007). Mitochondrial 

aspartyl-tRNA synthetase deficiency causes leukoencephalopathy with brain stem and 

spinal cord involvement and lactate elevation. Nature genetics 39, 534-539. 

21. Yelam, A., Nagarajan, E., Chuquilin, M., and Govindarajan, R. (2019). 

Leucoencephalopathy with brain stem and spinal cord involvement and lactate 

elevation: a novel mutation in the DARS2 gene. BMJ Case Rep 12. 

22. Shimojima, K., Higashiguchi, T., Kishimoto, K., Miyatake, S., Miyake, N., Takanashi, 

J.I., Matsumoto, N., and Yamamoto, T. (2017). A novel DARS2 mutation in a 

Japanese patient with leukoencephalopathy with brainstem and spinal cord 

involvement but no lactate elevation. Hum Genome Var 4, 17051. 

23. Lan, M.Y., Chang, Y.Y., Yeh, T.H., Lin, T.K., and Lu, C.S. (2017). 

Leukoencephalopathy with brainstem and spinal cord involvement and lactate 

elevation (LBSL) with a novel DARS2 mutation and isolated progressive spastic 

paraparesis. J Neurol Sci 372, 229-231. 

24. Kohler, C., Heyer, C., Hoffjan, S., Stemmler, S., Lucke, T., Thiels, C., Kohlschutter, A., 

Lobel, U., Horvath, R., Kleinle, S., et al. (2015). Early-onset leukoencephalopathy 

due to a homozygous missense mutation in the DARS2 gene. Mol Cell Probes 29, 

319-322. 

25. Yamashita, S., Miyake, N., Matsumoto, N., Osaka, H., Iai, M., Aida, N., and Tanaka, Y. 

(2013). Neuropathology of leukoencephalopathy with brainstem and spinal cord 

involvement and high lactate caused by a homozygous mutation of DARS2. Brain 

Dev 35, 312-316. 

26. Miyake, N., Yamashita, S., Kurosawa, K., Miyatake, S., Tsurusaki, Y., Doi, H., Saitsu, 

H., and Matsumoto, N. (2011). A novel homozygous mutation of DARS2 may cause a 

severe LBSL variant. Clin Genet 80, 293-296. 



28 

 

27. Tzoulis, C., Tran, G.T., Gjerde, I.O., Aasly, J., Neckelmann, G., Rydland, J., Varga, V., 

Wadel-Andersen, P., and Bindoff, L.A. (2012). Leukoencephalopathy with brainstem 

and spinal cord involvement caused by a novel mutation in the DARS2 gene. J Neurol 

259, 292-296. 

28. Synofzik, M., Schicks, J., Lindig, T., Biskup, S., Schmidt, T., Hansel, J., Lehmann-Horn, 

F., and Schols, L. (2011). Acetazolamide-responsive exercise-induced episodic ataxia 

associated with a novel homozygous DARS2 mutation. J Med Genet 48, 713-715. 

29. Lin, J., Chiconelli Faria, E., Da Rocha, A.J., Rodrigues Masruha, M., Pereira Vilanova, 

L.C., Scheper, G.C., and Van der Knaap, M.S. (2010). Leukoencephalopathy with 

brainstem and spinal cord involvement and normal lactate: a new mutation in the 

DARS2 gene. J Child Neurol 25, 1425-1428. 

30. Mendes, M.I., Gutierrez Salazar, M., Guerrero, K., Thiffault, I., Salomons, G.S., 

Gauquelin, L., Tran, L.T., Forget, D., Gauthier, M.S., Waisfisz, Q., et al. (2018). Bi-

allelic Mutations in EPRS, Encoding the Glutamyl-Prolyl-Aminoacyl-tRNA 

Synthetase, Cause a Hypomyelinating Leukodystrophy. American journal of human 

genetics 102, 676-684. 

31. Steenweg, M.E., Ghezzi, D., Haack, T., Abbink, T.E., Martinelli, D., van Berkel, C.G., 

Bley, A., Diogo, L., Grillo, E., Te Water Naude, J., et al. (2012). 

Leukoencephalopathy with thalamus and brainstem involvement and high lactate 

'LTBL' caused by EARS2 mutations. Brain 135, 1387-1394. 

32. Gungor, O., Ozkaya, A.K., Sahin, Y., Gungor, G., Dilber, C., and Aydin, K. (2016). A 

compound heterozygous EARS2 mutation associated with mild leukoencephalopathy 

with thalamus and brainstem involvement and high lactate (LTBL). Brain Dev 38, 

857-861. 

33. Taskin, B.D., Karalok, Z.S., Gurkas, E., Aydin, K., Aydogmus, U., Ceylaner, S., Karaer, 

K., Yilmaz, C., and Pearl, P.L. (2016). Early-Onset Mild Type Leukoencephalopathy 

Caused by a Homozygous EARS2 Mutation. J Child Neurol 31, 938-941. 

34. Kevelam, S.H., Klouwer, F.C., Fock, J.M., Salomons, G.S., Bugiani, M., and van der 

Knaap, M.S. (2016). Absent Thalami Caused by a Homozygous EARS2 Mutation: 

Expanding Disease Spectrum of LTBL. Neuropediatrics 47, 64-67. 

35. Biancheri, R., Lamantea, E., Severino, M., Diodato, D., Pedemonte, M., Cassandrini, D., 

Ploederl, A., Trucco, F., Fiorillo, C., Minetti, C., et al. (2015). Expanding the Clinical 

and Magnetic Resonance Spectrum of Leukoencephalopathy with Thalamus and 

Brainstem Involvement and High Lactate (LTBL) in a Patient Harboring a Novel 

EARS2 Mutation. JIMD Rep 23, 85-89. 

36. Talim, B., Pyle, A., Griffin, H., Topaloglu, H., Tokatli, A., Keogh, M.J., Santibanez-

Koref, M., Chinnery, P.F., and Horvath, R. (2013). Multisystem fatal infantile disease 

caused by a novel homozygous EARS2 mutation. Brain 136, e228. 

37. Krenke, K., Szczaluba, K., Bielecka, T., Rydzanicz, M., Lange, J., Koppolu, A., and 

Ploski, R. (2019). FARSA mutations mimic phenylalanyl-tRNA synthetase deficiency 

caused by FARSB defects. Clin Genet 96, 468-472. 

38. Antonellis, A., Oprescu, S.N., Griffin, L.B., Heider, A., Amalfitano, A., and Innis, J.W. 

(2018). Compound heterozygosity for loss-of-function FARSB variants in a patient 

with classic features of recessive aminoacyl-tRNA synthetase-related disease. Human 

mutation 39, 834-840. 

39. Zadjali, F., Al-Yahyaee, A., Al-Nabhani, M., Al-Mubaihsi, S., Gujjar, A., Raniga, S., and 

Al-Maawali, A. (2018). Homozygosity for FARSB mutation leads to Phe-tRNA 

synthetase-related disease of growth restriction, brain calcification, and interstitial 

lung disease. Human mutation 39, 1355-1359. 



29 

 

40. Elo, J.M., Yadavalli, S.S., Euro, L., Isohanni, P., Gotz, A., Carroll, C.J., Valanne, L., 

Alkuraya, F.S., Uusimaa, J., Paetau, A., et al. (2012). Mitochondrial phenylalanyl-

tRNA synthetase mutations underlie fatal infantile Alpers encephalopathy. Hum Mol 

Genet 21, 4521-4529. 

41. Yang, Y., Liu, W., Fang, Z., Shi, J., Che, F., He, C., Yao, L., Wang, E., and Wu, Y. 

(2016). A Newly Identified Missense Mutation in FARS2 Causes Autosomal-

Recessive Spastic Paraplegia. Human mutation 37, 165-169. 

42. Raviglione, F., Conte, G., Ghezzi, D., Parazzini, C., Righini, A., Vergaro, R., Legati, A., 

Spaccini, L., Gasperini, S., Garavaglia, B., et al. (2016). Clinical findings in a patient 

with FARS2 mutations and early-infantile-encephalopathy with epilepsy. Am J Med 

Genet A 170, 3004-3007. 

43. Finsterer, J., Scorza, F.A., and Scorza, C.A. (2018). Antiepileptic treatment may 

determine the outcome of FARS2 mutation carriers. Mol Genet Metab Rep 17, 45. 

44. Cho, J.S., Kim, S.H., Kim, H.Y., Chung, T., Kim, D., Jang, S., Lee, S.B., Yoo, S.K., 

Shin, J., Kim, J.I., et al. (2017). FARS2 mutation and epilepsy: Possible link with 

early-onset epileptic encephalopathy. Epilepsy Res 129, 118-124. 

45. Almalki, A., Alston, C.L., Parker, A., Simonic, I., Mehta, S.G., He, L., Reza, M., 

Oliveira, J.M., Lightowlers, R.N., McFarland, R., et al. (2014). Mutation of the 

human mitochondrial phenylalanine-tRNA synthetase causes infantile-onset epilepsy 

and cytochrome c oxidase deficiency. Biochim Biophys Acta 1842, 56-64. 

46. McMillan, H.J., Schwartzentruber, J., Smith, A., Lee, S., Chakraborty, P., Bulman, D.E., 

Beaulieu, C.L., Majewski, J., Boycott, K.M., and Geraghty, M.T. (2014). Compound 

heterozygous mutations in glycyl-tRNA synthetase are a proposed cause of systemic 

mitochondrial disease. BMC Med Genet 15, 36. 

47. Antonellis, A., Ellsworth, R.E., Sambuughin, N., Puls, I., Abel, A., Lee-Lin, S.Q., 

Jordanova, A., Kremensky, I., Christodoulou, K., Middleton, L.T., et al. (2003). 

Glycyl tRNA synthetase mutations in Charcot-Marie-Tooth disease type 2D and distal 

spinal muscular atrophy type V. Am J Hum Genet 72, 1293-1299. 

48. Liao, Y.C., Liu, Y.T., Tsai, P.C., Chang, C.C., Huang, Y.H., Soong, B.W., and Lee, Y.C. 

(2015). Two Novel De Novo GARS Mutations Cause Early-Onset Axonal Charcot-

Marie-Tooth Disease. PLoS One 10, e0133423. 

49. Corcia, P., Brulard, C., Beltran, S., Marouillat, S., Bakkouche, S.E., Andres, C.R., Blasco, 

H., and Vourc'h, P. (2019). Typical bulbar ALS can be linked to GARS mutation. 

Amyotroph Lateral Scler Frontotemporal Degener, 1-3. 

50. Rahane, C.S., Kutzner, A., and Heese, K. (2019). Establishing a human adrenocortical 

carcinoma (ACC)-specific gene mutation signature. Cancer Genet 230, 1-12. 

51. Nan, H., Takaki, R., Hata, T., Ichinose, Y., Tsuchiya, M., Koh, K., and Takiyama, Y. 

(2018). Novel GARS mutation presenting as autosomal dominant intermediate 

Charcot-Marie-Tooth disease. J Peripher Nerv Syst. 

52. Yu, X., Chen, B., Tang, H., Li, W., Fu, Y., Zhang, Z., and Yan, Y. (2018). A Novel 

Mutation of GARS in a Chinese Family With Distal Hereditary Motor Neuropathy 

Type V. Front Neurol 9, 571. 

53. Holloway, M.P., DeNardo, B.D., Phornphutkul, C., Nguyen, K., Davis, C., Jackson, C., 

Richendrfer, H., Creton, R., and Altura, R.A. (2016). An asymptomatic mutation 

complicating severe chemotherapy-induced peripheral neuropathy (CIPN): a case for 

personalised medicine and a zebrafish model of CIPN. NPJ Genom Med 1, 16016. 

54. Sun, A., Liu, X., Zheng, M., Sun, Q., Huang, Y., and Fan, D. (2015). A novel mutation of 

the glycyl-tRNA synthetase (GARS) gene associated with Charcot-Marie-Tooth type 

2D in a Chinese family. Neurol Res 37, 782-787. 



30 

 

55. Kawakami, N., Komatsu, K., Yamashita, H., Uemura, K., Oka, N., Takashima, H., and 

Takahashi, R. (2014). [A novel mutation in glycyl-tRNA synthetase caused Charcot-

Marie-Tooth disease type 2D with facial and respiratory muscle involvement]. Rinsho 

Shinkeigaku 54, 911-915. 

56. Eskuri, J.M., Stanley, C.M., Moore, S.A., and Mathews, K.D. (2012). Infantile onset 

CMT2D/dSMA V in monozygotic twins due to a mutation in the anticodon-binding 

domain of GARS. J Peripher Nerv Syst 17, 132-134. 

57. Hamaguchi, A., Ishida, C., Iwasa, K., Abe, A., and Yamada, M. (2010). Charcot-Marie-

Tooth disease type 2D with a novel glycyl-tRNA synthetase gene (GARS) mutation. J 

Neurol 257, 1202-1204. 

58. Achilli, F., Bros-Facer, V., Williams, H.P., Banks, G.T., AlQatari, M., Chia, R., Tucci, 

V., Groves, M., Nickols, C.D., Seburn, K.L., et al. (2009). An ENU-induced mutation 

in mouse glycyl-tRNA synthetase (GARS) causes peripheral sensory and motor 

phenotypes creating a model of Charcot-Marie-Tooth type 2D peripheral neuropathy. 

Dis Model Mech 2, 359-373. 

59. Abe, A., Numakura, C., Saito, K., Koide, H., Oka, N., Honma, A., Kishikawa, Y., and 

Hayasaka, K. (2009). Neurofilament light chain polypeptide gene mutations in 

Charcot-Marie-Tooth disease: nonsense mutation probably causes a recessive 

phenotype. J Hum Genet 54, 94-97. 

60. Dubourg, O., Azzedine, H., Yaou, R.B., Pouget, J., Barois, A., Meininger, V., Bouteiller, 

D., Ruberg, M., Brice, A., and LeGuern, E. (2006). The G526R glycyl-tRNA 

synthetase gene mutation in distal hereditary motor neuropathy type V. Neurology 66, 

1721-1726. 

61. Del Bo, R., Locatelli, F., Corti, S., Scarlato, M., Ghezzi, S., Prelle, A., Fagiolari, G., 

Moggio, M., Carpo, M., Bresolin, N., et al. (2006). Coexistence of CMT-2D and 

distal SMA-V phenotypes in an Italian family with a GARS gene mutation. 

Neurology 66, 752-754. 

62. Forrester, N., Rattihalli, R., Horvath, R., Maggi, L., Manzur, A., Fuller, G., Gutowski, N., 

Rankin, J., Dick, D., Buxton, C., et al. (2020). Clinical and Genetic Features in a 

Series of Eight Unrelated Patients with Neuropathy Due to Glycyl-tRNA Synthetase 

(GARS) Variants. J Neuromuscul Dis 7, 137-143. 

63. Vester, A., Velez-Ruiz, G., McLaughlin, H.M., Program, N.C.S., Lupski, J.R., Talbot, K., 

Vance, J.M., Zuchner, S., Roda, R.H., Fischbeck, K.H., et al. (2013). A loss-of-

function variant in the human histidyl-tRNA synthetase (HARS) gene is neurotoxic in 

vivo. Hum Mutat 34, 191-199. 

64. Puffenberger, E.G., Jinks, R.N., Sougnez, C., Cibulskis, K., Willert, R.A., Achilly, N.P., 

Cassidy, R.P., Fiorentini, C.J., Heiken, K.F., Lawrence, J.J., et al. (2012). Genetic 

mapping and exome sequencing identify variants associated with five novel diseases. 

PLoS One 7, e28936. 

65. Pierce, S.B., Chisholm, K.M., Lynch, E.D., Lee, M.K., Walsh, T., Opitz, J.M., Li, W., 

Klevit, R.E., and King, M.C. (2011). Mutations in mitochondrial histidyl tRNA 

synthetase HARS2 cause ovarian dysgenesis and sensorineural hearing loss of 

Perrault syndrome. Proc Natl Acad Sci U S A 108, 6543-6548. 

66. Demain, L.A.M., Gerkes, E.H., Smith, R.J.H., Molina-Ramirez, L.P., O'Keefe, R.T., and 

Newman, W.G. (2020). A recurrent missense variant in HARS2 results in variable 

sensorineural hearing loss in three unrelated families. J Hum Genet 65, 305-311. 

67. Kopajtich, R., Murayama, K., Janecke, A.R., Haack, T.B., Breuer, M., Knisely, A.S., 

Harting, I., Ohashi, T., Okazaki, Y., Watanabe, D., et al. (2016). Biallelic IARS 

Mutations Cause Growth Retardation with Prenatal Onset, Intellectual Disability, 

Muscular Hypotonia, and Infantile Hepatopathy. Am J Hum Genet 99, 414-422. 



31 

 

68. Schwartzentruber, J., Buhas, D., Majewski, J., Sasarman, F., Papillon-Cavanagh, S., 

Thiffault, I., Sheldon, K.M., Massicotte, C., Patry, L., Simon, M., et al. (2014). 

Mutation in the nuclear-encoded mitochondrial isoleucyl-tRNA synthetase IARS2 in 

patients with cataracts, growth hormone deficiency with short stature, partial 

sensorineural deafness, and peripheral neuropathy or with Leigh syndrome. Hum 

Mutat 35, 1285-1289. 

69. Moosa, S., Haagerup, A., Gregersen, P.A., Petersen, K.K., Altmuller, J., Thiele, H., 

Nurnberg, P., Cho, T.J., Kim, O.H., Nishimura, G., et al. (2017). Confirmation of 

CAGSSS syndrome as a distinct entity in a Danish patient with a novel homozygous 

mutation in IARS2. Am J Med Genet A 173, 1102-1108. 

70. Jabbour, S., and Harissi-Dagher, M. (2016). Recessive Mutation in a Nuclear-Encoded 

Mitochondrial tRNA Synthetase Associated With Infantile Cataract, Congenital 

Neurotrophic Keratitis, and Orbital Myopathy. Cornea 35, 894-896. 

71. McLaughlin, H.M., Sakaguchi, R., Liu, C., Igarashi, T., Pehlivan, D., Chu, K., Iyer, R., 

Cruz, P., Cherukuri, P.F., Hansen, N.F., et al. (2010). Compound heterozygosity for 

loss-of-function lysyl-tRNA synthetase mutations in a patient with peripheral 

neuropathy. Am J Hum Genet 87, 560-566. 

72. McMillan, H.J., Humphreys, P., Smith, A., Schwartzentruber, J., Chakraborty, P., 

Bulman, D.E., Beaulieu, C.L., Consortium, F.C., Majewski, J., Boycott, K.M., et al. 

(2015). Congenital Visual Impairment and Progressive Microcephaly Due to Lysyl-

Transfer Ribonucleic Acid (RNA) Synthetase (KARS) Mutations: The Expanding 

Phenotype of Aminoacyl-Transfer RNA Synthetase Mutations in Human Disease. J 

Child Neurol 30, 1037-1043. 

73. Santos-Cortez, R.L., Lee, K., Azeem, Z., Antonellis, P.J., Pollock, L.M., Khan, S., 

Irfanullah, Andrade-Elizondo, P.B., Chiu, I., Adams, M.D., et al. (2013). Mutations in 

KARS, encoding lysyl-tRNA synthetase, cause autosomal-recessive nonsyndromic 

hearing impairment DFNB89. Am J Hum Genet 93, 132-140. 

74. Itoh, M., Dai, H., Horike, S.I., Gonzalez, J., Kitami, Y., Meguro-Horike, M., Kuki, I., 

Shimakawa, S., Yoshinaga, H., Ota, Y., et al. (2019). Biallelic KARS pathogenic 

variants cause an early-onset progressive leukodystrophy. Brain : a journal of 

neurology 142, 560-573. 

75. Casey, J.P., McGettigan, P., Lynam-Lennon, N., McDermott, M., Regan, R., Conroy, J., 

Bourke, B., O'Sullivan, J., Crushell, E., Lynch, S., et al. (2012). Identification of a 

mutation in LARS as a novel cause of infantile hepatopathy. Mol Genet Metab 106, 

351-358. 

76. Pierce, S.B., Gersak, K., Michaelson-Cohen, R., Walsh, T., Lee, M.K., Malach, D., 

Klevit, R.E., King, M.C., and Levy-Lahad, E. (2013). Mutations in LARS2, encoding 

mitochondrial leucyl-tRNA synthetase, lead to premature ovarian failure and hearing 

loss in Perrault syndrome. Am J Hum Genet 92, 614-620. 

77. Gonzalez, M., McLaughlin, H., Houlden, H., Guo, M., Yo-Tsen, L., Hadjivassilious, M., 

Speziani, F., Yang, X.L., Antonellis, A., Reilly, M.M., et al. (2013). Exome 

sequencing identifies a significant variant in methionyl-tRNA synthetase (MARS) in a 

family with late-onset CMT2. J Neurol Neurosurg Psychiatry 84, 1247-1249. 

78. van Meel, E., Wegner, D.J., Cliften, P., Willing, M.C., White, F.V., Kornfeld, S., and 

Cole, F.S. (2013). Rare recessive loss-of-function methionyl-tRNA synthetase 

mutations presenting as a multi-organ phenotype. BMC Med Genet 14, 106. 

79. Hadchouel, A., Wieland, T., Griese, M., Baruffini, E., Lorenz-Depiereux, B., Enaud, L., 

Graf, E., Dubus, J.C., Halioui-Louhaichi, S., Coulomb, A., et al. (2015). Biallelic 

Mutations of Methionyl-tRNA Synthetase Cause a Specific Type of Pulmonary 

Alveolar Proteinosis Prevalent on Reunion Island. Am J Hum Genet 96, 826-831. 



32 

 

80. Alzaid, M., Alshamrani, A., Al Harbi, A.S., Alenzi, A., and Mohamed, S. (2019). 

Methionyl-tRNA synthetase novel mutation causes pulmonary alveolar proteinosis. 

Saudi Med J 40, 195-198. 

81. Bayat, V., Thiffault, I., Jaiswal, M., Tetreault, M., Donti, T., Sasarman, F., Bernard, G., 

Demers-Lamarche, J., Dicaire, M.J., Mathieu, J., et al. (2012). Mutations in the 

mitochondrial methionyl-tRNA synthetase cause a neurodegenerative phenotype in 

flies and a recessive ataxia (ARSAL) in humans. PLoS Biol 10, e1001288. 

82. Webb, B.D., Wheeler, P.G., Hagen, J.J., Cohen, N., Linderman, M.D., Diaz, G.A., 

Naidich, T.P., Rodenburg, R.J., Houten, S.M., and Schadt, E.E. (2015). Novel, 

compound heterozygous, single-nucleotide variants in MARS2 associated with 

developmental delay, poor growth, and sensorineural hearing loss. Hum Mutat 36, 

587-592. 

83. Vanlander, A.V., Menten, B., Smet, J., De Meirleir, L., Sante, T., De Paepe, B., Seneca, 

S., Pearce, S.F., Powell, C.A., Vergult, S., et al. (2015). Two siblings with 

homozygous pathogenic splice-site variant in mitochondrial asparaginyl-tRNA 

synthetase (NARS2). Hum Mutat 36, 222-231. 

84. Finsterer, J. (2018). Management of NARS2-Related Mitochondrial Disorder is Complex. 

Pediatr Neurol. 

85. Seaver, L.H., DeRoos, S., Andersen, N.J., Betz, B., Prokop, J., Lannen, N., Jordan, R., 

and Rajasekaran, S. (2018). Lethal NARS2-Related Disorder Associated With 

Rapidly Progressive Intractable Epilepsy and Global Brain Atrophy. Pediatr Neurol 

89, 26-30. 

86. Mizuguchi, T., Nakashima, M., Kato, M., Yamada, K., Okanishi, T., Ekhilevitch, N., 

Mandel, H., Eran, A., Toyono, M., Sawaishi, Y., et al. (2017). PARS2 and NARS2 

mutations in infantile-onset neurodegenerative disorder. J Hum Genet 62, 525-529. 

87. Simon, M., Richard, E.M., Wang, X., Shahzad, M., Huang, V.H., Qaiser, T.A., Potluri, 

P., Mahl, S.E., Davila, A., Nazli, S., et al. (2015). Mutations of human NARS2, 

encoding the mitochondrial asparaginyl-tRNA synthetase, cause nonsyndromic 

deafness and Leigh syndrome. PLoS Genet 11, e1005097. 

88. Sofou, K., Kollberg, G., Holmstrom, M., Davila, M., Darin, N., Gustafsson, C.M., 

Holme, E., Oldfors, A., Tulinius, M., and Asin-Cayuela, J. (2015). Whole exome 

sequencing reveals mutations in NARS2 and PARS2, encoding the mitochondrial 

asparaginyl-tRNA synthetase and prolyl-tRNA synthetase, in patients with Alpers 

syndrome. Mol Genet Genomic Med 3, 59-68. 

89. Zhang, X., Ling, J., Barcia, G., Jing, L., Wu, J., Barry, B.J., Mochida, G.H., Hill, R.S., 

Weimer, J.M., Stein, Q., et al. (2014). Mutations in QARS, encoding glutaminyl-

tRNA synthetase, cause progressive microcephaly, cerebral-cerebellar atrophy, and 

intractable seizures. Am J Hum Genet 94, 547-558. 

90. Nafisinia, M., Sobreira, N., Riley, L., Gold, W., Uhlenberg, B., Weiss, C., Boehm, C., 

Prelog, K., Ouvrier, R., and Christodoulou, J. (2017). Mutations in RARS cause a 

hypomyelination disorder akin to Pelizaeus-Merzbacher disease. Eur J Hum Genet 25, 

1134-1141. 

91. Mendes, M.I., Green, L.M.C., Bertini, E., Tonduti, D., Aiello, C., Smith, D., Salsano, E., 

Beerepoot, S., Hertecant, J., von Spiczak, S., et al. (2020). RARS1-related 

hypomyelinating leukodystrophy: Expanding the spectrum. Annals of clinical and 

translational neurology 7, 83-93. 

92. Matsumoto, N., Watanabe, N., Iibe, N., Tatsumi, Y., Hattori, K., Takeuchi, Y., Oizumi, 

H., Ohbuchi, K., Torii, T., Miyamoto, Y., et al. (2019). Hypomyelinating 

leukodystrophy-associated mutation of RARS leads it to the lysosome, inhibiting 

oligodendroglial morphological differentiation. Biochem Biophys Rep 20, 100705. 



33 

 

93. Edvardson, S., Shaag, A., Kolesnikova, O., Gomori, J.M., Tarassov, I., Einbinder, T., 

Saada, A., and Elpeleg, O. (2007). Deleterious mutation in the mitochondrial arginyl-

transfer RNA synthetase gene is associated with pontocerebellar hypoplasia. Am J 

Hum Genet 81, 857-862. 

94. Luhl, S., Bode, H., Schlotzer, W., Bartsakoulia, M., Horvath, R., Abicht, A., Stenzel, M., 

Kirschner, J., and Grunert, S.C. (2016). Novel homozygous RARS2 mutation in two 

siblings without pontocerebellar hypoplasia - further expansion of the phenotypic 

spectrum. Orphanet J Rare Dis 11, 140. 

95. Li, Z., Schonberg, R., Guidugli, L., Johnson, A.K., Arnovitz, S., Yang, S., Scafidi, J., 

Summar, M.L., Vezina, G., Das, S., et al. (2015). A novel mutation in the promoter of 

RARS2 causes pontocerebellar hypoplasia in two siblings. J Hum Genet 60, 363-369. 

96. Musante, L., Puttmann, L., Kahrizi, K., Garshasbi, M., Hu, H., Stehr, H., Lipkowitz, B., 

Otto, S., Jensen, L.R., Tzschach, A., et al. (2017). Mutations of the aminoacyl-tRNA-

synthetases SARS and WARS2 are implicated in the etiology of autosomal recessive 

intellectual disability. Hum Mutat 38, 621-636. 

97. Belostotsky, R., Ben-Shalom, E., Rinat, C., Becker-Cohen, R., Feinstein, S., Zeligson, S., 

Segel, R., Elpeleg, O., Nassar, S., and Frishberg, Y. (2011). Mutations in the 

mitochondrial seryl-tRNA synthetase cause hyperuricemia, pulmonary hypertension, 

renal failure in infancy and alkalosis, HUPRA syndrome. Am J Hum Genet 88, 193-

200. 

98. Theil, A.F., Botta, E., Raams, A., Smith, D.E.C., Mendes, M.I., Caligiuri, G., Giachetti, 

S., Bione, S., Carriero, R., Liberi, G., et al. (2019). Bi-allelic TARS Mutations Are 

Associated with Brittle Hair Phenotype. American journal of human genetics 105, 

434-440. 

99. Diodato, D., Melchionda, L., Haack, T.B., Dallabona, C., Baruffini, E., Donnini, C., 

Granata, T., Ragona, F., Balestri, P., Margollicci, M., et al. (2014). VARS2 and 

TARS2 mutations in patients with mitochondrial encephalomyopathies. Hum Mutat 

35, 983-989. 

100. Wang, Y., Zhou, X.L., Ruan, Z.R., Liu, R.J., Eriani, G., and Wang, E.D. (2016). A 

Human Disease-causing Point Mutation in Mitochondrial Threonyl-tRNA Synthetase 

Induces Both Structural and Functional Defects. J Biol Chem 291, 6507-6520. 

101. Okur, V., Ganapathi, M., Wilson, A., and Chung, W.K. (2018). Biallelic variants in 

VARS in a family with two siblings with intellectual disability and microcephaly: 

case report and review of the literature. Cold Spring Harb Mol Case Stud 4. 

102. Stephen, J., Nampoothiri, S., Banerjee, A., Tolman, N.J., Penninger, J.M., Elling, U., 

Agu, C.A., Burke, J.D., Devadathan, K., Kannan, R., et al. (2018). Loss of function 

mutations in VARS encoding cytoplasmic valyl-tRNA synthetase cause 

microcephaly, seizures, and progressive cerebral atrophy. Hum Genet 137, 293-303. 

103. Friedman, J., Smith, D.E., Issa, M.Y., Stanley, V., Wang, R., Mendes, M.I., Wright, 

M.S., Wigby, K., Hildreth, A., Crawford, J.R., et al. (2019). Biallelic mutations in 

valyl-tRNA synthetase gene VARS are associated with a progressive 

neurodevelopmental epileptic encephalopathy. Nat Commun 10, 707. 

104. Siekierska, A., Stamberger, H., Deconinck, T., Oprescu, S.N., Partoens, M., Zhang, Y., 

Sourbron, J., Adriaenssens, E., Mullen, P., Wiencek, P., et al. (2019). Biallelic VARS 

variants cause developmental encephalopathy with microcephaly that is recapitulated 

in vars knockout zebrafish. Nat Commun 10, 708. 

105. Taylor, R.W., Pyle, A., Griffin, H., Blakely, E.L., Duff, J., He, L., Smertenko, T., 

Alston, C.L., Neeve, V.C., Best, A., et al. (2014). Use of whole-exome sequencing to 

determine the genetic basis of multiple mitochondrial respiratory chain complex 

deficiencies. JAMA 312, 68-77. 



34 

 

106. Nowaczyk, M.J., Huang, L., Tarnopolsky, M., Schwartzentruber, J., Majewski, J., 

Bulman, D.E., Forge Canada Consortium, C.R.C.C., Hartley, T., and Boycott, K.M. 

(2017). A novel multisystem disease associated with recessive mutations in the 

tyrosyl-tRNA synthetase (YARS) gene. Am J Med Genet A 173, 126-134. 

107. Ma, K., Xie, M., He, X., Liu, G., Lu, X., Peng, Q., Zhong, B., and Li, N. (2018). A 

novel compound heterozygous mutation in VARS2 in a newborn with mitochondrial 

cardiomyopathy: a case report of a Chinese family. BMC Med Genet 19, 202. 

108. Alsemari, A., Al-Younes, B., Goljan, E., Jaroudi, D., BinHumaid, F., Meyer, B.F., 

Arold, S.T., and Monies, D. (2017). Recessive VARS2 mutation underlies a novel 

syndrome with epilepsy, mental retardation, short stature, growth hormone deficiency, 

and hypogonadism. Hum Genomics 11, 28. 

109. Tsai, P.C., Soong, B.W., Mademan, I., Huang, Y.H., Liu, C.R., Hsiao, C.T., Wu, H.T., 

Liu, T.T., Liu, Y.T., Tseng, Y.T., et al. (2017). A recurrent WARS mutation is a novel 

cause of autosomal dominant distal hereditary motor neuropathy. Brain 140, 1252-

1266. 

110. Theisen, B.E., Rumyantseva, A., Cohen, J.S., Alcaraz, W.A., Shinde, D.N., Tang, S., 

Srivastava, S., Pevsner, J., Trifunovic, A., and Fatemi, A. (2017). Deficiency of 

WARS2, encoding mitochondrial tryptophanyl tRNA synthetase, causes severe 

infantile onset leukoencephalopathy. Am J Med Genet A 173, 2505-2510. 

111. Wortmann, S.B., Timal, S., Venselaar, H., Wintjes, L.T., Kopajtich, R., Feichtinger, 

R.G., Onnekink, C., Muhlmeister, M., Brandt, U., Smeitink, J.A., et al. (2017). 

Biallelic variants in WARS2 encoding mitochondrial tryptophanyl-tRNA synthase in 

six individuals with mitochondrial encephalopathy. Hum Mutat 38, 1786-1795. 

112. Hubers, A., Huppertz, H.J., Wortmann, S.B., and Kassubek, J. (2020). Mutation of the 

WARS2 Gene as the Cause of a Severe Hyperkinetic Movement Disorder. Mov 

Disord Clin Pract 7, 88-90. 

113. Williams, K.B., Brigatti, K.W., Puffenberger, E.G., Gonzaga-Jauregui, C., Griffin, L.B., 

Martinez, E.D., Wenger, O.K., Yoder, M.A., Kandula, V.V.R., Fox, M.D., et al. 

(2019). Homozygosity for a mutation affecting the catalytic domain of tyrosyl-tRNA 

synthetase (YARS) causes multisystem disease. Hum Mol Genet 28, 525-538. 

114. Nakajima, J., Eminoglu, T.F., Vatansever, G., Nakashima, M., Tsurusaki, Y., Saitsu, H., 

Kawashima, H., Matsumoto, N., and Miyake, N. (2014). A novel homozygous 

YARS2 mutation causes severe myopathy, lactic acidosis, and sideroblastic anemia 2. 

J Hum Genet 59, 229-232. 

115. Sasarman, F., Nishimura, T., Thiffault, I., and Shoubridge, E.A. (2012). A novel 

mutation in YARS2 causes myopathy with lactic acidosis and sideroblastic anemia. 

Hum Mutat 33, 1201-1206. 

116. Riley, L.G., Cooper, S., Hickey, P., Rudinger-Thirion, J., McKenzie, M., Compton, A., 

Lim, S.C., Thorburn, D., Ryan, M.T., Giege, R., et al. (2010). Mutation of the 

mitochondrial tyrosyl-tRNA synthetase gene, YARS2, causes myopathy, lactic 

acidosis, and sideroblastic anemia--MLASA syndrome. Am J Hum Genet 87, 52-59. 

117. Lee, E.Y., Kim, S., and Kim, M.H. (2018). Aminoacyl-tRNA synthetases, therapeutic 

targets for infectious diseases. Biochem Pharmacol 154, 424-434. 

118. Ognjenovic, J., and Simonovic, M. (2018). Human aminoacyl-tRNA synthetases in 

diseases of the nervous system. RNA Biol 15, 623-634. 

119. Rajendran, V., Kalita, P., Shukla, H., Kumar, A., and Tripathi, T. (2018). Aminoacyl-

tRNA synthetases: Structure, function, and drug discovery. Int J Biol Macromol 111, 

400-414. 

120. Retterer, K., Juusola, J., Cho, M.T., Vitazka, P., Millan, F., Gibellini, F., Vertino-Bell, 

A., Smaoui, N., Neidich, J., Monaghan, K.G., et al. (2016). Clinical application of 



35 

 

whole-exome sequencing across clinical indications. Genetics in medicine : official 

journal of the American College of Medical Genetics 18, 696-704. 

121. Harripaul, R., Vasli, N., Mikhailov, A., Rafiq, M.A., Mittal, K., Windpassinger, C., 

Sheikh, T.I., Noor, A., Mahmood, H., Downey, S., et al. (2018). Mapping autosomal 

recessive intellectual disability: combined microarray and exome sequencing 

identifies 26 novel candidate genes in 192 consanguineous families. Mol Psychiatry 

23, 973-984. 

122. Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows-

Wheeler transform. Bioinformatics (Oxford, England) 25, 1754-1760. 

123. McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., 

Garimella, K., Altshuler, D., Gabriel, S., Daly, M., et al. (2010). The Genome 

Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA 

sequencing data. Genome research 20, 1297-1303. 

124. Wang, K., Li, M., and Hakonarson, H. (2010). ANNOVAR: functional annotation of 

genetic variants from high-throughput sequencing data. Nucleic acids research 38, 

e164. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 

 

Section 6: Consortia and networks involved in this study 

The Synaptopathies and Paroxysmal Syndromes (SYNaPS) Study Group 
(http://neurogenetics.co.uk/synaptopathies-synaps/) 
 
Study Group Members: 
 
Prof Stanislav Groppa 
Affiliation: Department of Neurology and Neurosurgery, Institute of Emergency 
Medicine, Chisinau, Republic of Moldova. 
 
Dr. Blagovesta Marinova Karashova 
Affiliation: Department of Paediatrics, Medical University of Sofia, Sofia 1431, 
Bulgaria 
 
Dr. Wolfgang Nachbauer 
Affiliation: Department of Neurology, Medical University Innsbruck, Anichstrasse 35, 
Innsbruck 6020, Austria 
 
Prof. Sylvia Boesch 
Affiliation: Department of Neurology, Medical University Innsbruck, Anichstrasse 35, 
Innsbruck 6020, Austria 
 
Dr. Larissa Arning 
Affiliation: Department of Human Genetics, Ruhr-University Bochum, Bochum 
44801, Germany 
 
Prof. Dagmar Timmann 
Affiliation: Braun Neurologische Universitätsklinik Universität Essen, Hufelandstr 55, 
Essen D-45122, Germany 
 
Prof. Bru Cormand 
Affiliation: Department of Genetics, Universitat de Barcelona, Barcelona 08007, 
Spain 
 
Dr. Belen Pérez-Dueñas  
Affiliation: Hospital Sant Joan de Deu, Esplugues de Llobregat 08950, Barcelona, 
Spain  
 
Dr Gabriella Di Rosa, MD, PhD  
Affiliation: Department of Pediatrics, University of Messina, Messina 98123, Italy 
 
Prof. Jatinder S. Goraya, MD, FRCP 
Affiliation: Division of Paediatric Neurology, Dayanand Medical College & Hospital, 
Ludhiana, Punjab 141001, India 
 
Prof. Tipu Sultan 
Affiliation: Division of Paediatric Neurology, Children's Hospital of Lahore, Lahore 
381-D/2, Pakistan 
 



37 

 

Prof Jun Mine 
Affiliation: Department of Paediatrics, Shimane University, Faculty of Medicine, 
Izumo, 693-8501, Japan   
 
Prof. Daniela Avdjieva, 
Affiliation: Department of Paediatrics, Medical University of Sofia, Sofia 1431, 
Bulgaria 
 
Dr. Hadil Kathom, 
Affiliation: Department of Pediatrics, Medical University of Sofia, Sofia 1431, Bulgaria 
 
Prof.Dr Radka Tincheva 
Affiliation: Head of Department of Clinical Genetics, University Pediatric Hospital, 
Sofia 1431, Bulgaria 
 
Prof. Selina Banu 
Affiliation: Neurosciences Unit, Institute of Child Health and Shishu Shastho 
Foundation Hospital, Mirpur, Dhaka 1216, Bangladesh 
 
Prof. Mercedes Pineda-Marfa 
Affiliation Servei de Neurologia Pediàtrica, l'Hospital Universitari Vall d'Hebron, 
Barcelona 08035, Spain 
 
Prof. Pierangelo Veggiotti 
Affiliation: Unit of Infantile Neuropsychiatry Fondazione 
Istituto Neurologico "C. Mondino" IRCCS, Via Mondino 2, Pavia 27100, Italy 
 
Prof. Michel D. Ferrari 
Affiliation: Leiden University Medical Center, Albinusdreef 2, Leiden 2333, 
Netherlands 
 
Prof. Alberto Verrotti  
Affiliation: University of L’Aquila, L’Aquila, Italy 
 
Prof Giangluigi Marseglia 
Affiliation: Department of Pediatrics, University of Pavia, IRCCS Policlinico "San 
Matteo", Pavia 27100, Italy 
 
Dr. Salvatore Savasta 
Affiliation: Division of Pediatric Neurology, Department of Pediatrics, University of 
Pavia, IRCCS Policlinico "San Matteo", Pavia 27100, Italy 
 
Dr. Mayte García-Silva 
Affiliation: Hospital Universitario 12 de Octubre, Madrid 28041, Spain 
 
Dr. Alfons Macaya Ruiz  
Affiliation: University Hospital Vall d'Hebron, Barcelona 08035, Spain  
 
Prof. Barbara Garavaglia 



38 

 

Affiliation: IRCCS Foundation, Neurological Institute “Carlo Besta”, Molecular 
Neurogenetics, 20126 Milan, Italy 
 
Dr. Eugenia Borgione 
Affiliation: Laboratorio di Neuropatologia Clinica, U.O.S. Malattie, Neuromuscolari 
Associazione OASI Maria SS. ONLUS – IRCCS, Via Conte Ruggero 73, 94018 
Troina, Italy 
 
Dr. Simona Portaro 
Affiliation: IRCCS Centro Neurolesi "Bonino Pulejo", SS113, c.da Casazza, 98124 
Messina, Italy 
 
Dr. Benigno Monteagudo Sanchez 
Affiliation: Hospital Arquitecto Marcide, Avenida de la Residencia S/N, Ferrol (A 
Coruña), 15401 Spain 
 
Dr. Richard Boles 
Affiliation: Courtagen Life Sciences, 12 Gill Street Suite 3700, Woburn, MA 01801 
USA 
 
Prof. Savvas Papacostas 
Affiliation: Neurology Clinic B, The Cyprus Institute of Neurology and Genetics, 6 
International Airport Road, 1683 Nicosia, Cyprus 
 
Dr. Michail Vikelis 
Affiliation: Iatreio Kefalalgias Glyfadas, 8 Lazaraki str, 3rd floor, 16675, Athens, 
Greece   
 
Prof Eleni Zamba Papanicolaou 
Affiliation: The Cyprus Institute of Neurology & Genetics, Nicosia, Cyprus 
 
Dr Efthymios Dardiotis 
Affiliation: UNIVERSITY HOSPITAL OF LARISSA, NEUROLOGY Department, 
Greece 
 
Prof Shazia Maqbool 
Affiliation: Department of Developmental and Behavioral Pediatrics, CH&ICH, 
Lahore, Pakistan 
 
Prof Shahnaz Ibrahim  
Affiliation: Department of Pediatrics and child health, Aga Khan University, Karachi, 
Pakistan 
 
Prof Salman Kirmani 
Affiliation: Department of Paediatrics & Child Health, The Aga Khan University, 
Karachi , Pakistan 
 
Dr. Nuzhat Noureen Rana  
Affiliation: Department of Paediatric Neurology, Children Hospital Complex and ICH, 
Multan, Pakistan   



39 

 

 
Dr. Osama Atawneh 
Affiliation: Hilal Pediatric Hospital Hebron, Hebron West Bank, Palestine 
 
Prof George Koutsis 
Affiliation: Neurogenetics Unit, Neurology Department, Eginition Hospital, National 
and Kapodistrian University, Athens, Greece 
 
Prof Salvatore Mangano 
Affiliation: Unità di Neuropsichiatria Infantile, AOUP "P.Giaccone" Palermo, Italy 
 
Dr Carmela Scuderi 
Affiliation: Associazione Oasi Maria SS, 94018 Troina, Italy 
 
Dr Eugenia Borgione  
Affiliation: Associazione Oasi Maria SS, 94018 Troina, Italy 
 
Dr Giovanna Morello  
Affiliation: Institute of Neurological Sciences, National Research Council, Mangone, 
Italy 
 
Dr Tanya Stojkovic  
Affiliation: Institute of Myology, Hôpital La Pitié Salpêtrière, Paris, France 
 
Prof Massimo Zollo 
Affiliation: CEINGE, Biotecnologie Avanzate S.c.a.rl., Naples, Italy 
 
Dr Gali Heimer  
Affiliation: University Hospital of Tel Aviv, Tel Aviv, Israel 
 
Prof Yves A. Dauvilliers  
Affiliation: University Hospital Montpellier, Montpellier, France 
 
Prof Pasquale Striano 
Affiliation: Institute “Giannina Gaslini”, Genova, Italy 
 
Dr Issam Al-Khawaja  
Affiliation: Albashir University Hospital, Amman, Jordan 
 
Dr Fuad Al-Mutairi  
Affiliation: King Saud University, Riyadh, Saudi Arabia 
 
Prof Sherifa Ahmed Hamed 
Affiliation: Assiut University Hospital, Assiut, Egypt 
 
Prof. Mohamed A. Abd El Hamed  
Affiliation: Department of Neurology and Psychiatry, Assuit University Hospital, 
Assiut, Egypt. 
 
Dr. Samson Khachatryan  



40 

 

Affiliation: "Somnus" Neurology Clinic Sleep and Movement Disorders Center, 
Yerevan, Armenia 
 
Dr. Ulviyya Guliyeva 
Affiliation: Mediclub clinic, Baku, Azerbaijan 
 
Dr. Sughra Guliyeva 
Affiliation: Mediclub clinic, Baku, Azerbaijan 
 
Dr. Kamran Salayev  
Affiliation: Azerbaijan State Medical University, Baku, Azerbaijan 
 
Dr. Georgia Xiromerisiou  
Affiliation: Department of Neurology, Medical School, University of Thessaly, Larissa, 
Greece 
 
Dr. Liana Fidani  
Affiliation: Department of Biology, Medical School, Aristotle University, Thessaloniki, 
Greece 
 
Dr. Cleanthe Spanaki  
Affiliation: Department of Neurology, Medical School, University of Crete, Heraklion, 
Greece 
 
Prof. Mhammed Aguennouz   
Affiliation: Department of Clinical and Experimental Medicine, University of Messina, 
Messina 98123, Italy 
 
Prof. Gabriella Silvestri  
Affiliation: Institute of Neurology, Università Cattolica del Sacro Cuore, Rome, Italy 
 
Dr. Chingiz Shashkin  
Affiliation: Kazakh National State University, Almaty, Kazakhstan 
 
Dr. Nazira Zharkynbekova 
Affiliation: Shymkent Medical Academy, Kazakhstan 
 
Dr. Kairgali Koneyev 
Affiliation: Kazakh National State University, Almaty, Kazakhstan 
 
Prof. Abdullah Al-Ajmi  
Affiliation: Neurology Unit, Department of Medicine, Al-Jahra Hospital, Kuwait 
 
Prof. Shen-Yang Lim   
Affiliation: Department of Biomedical Science, Faculty of Medicine, University of 
Malaya, Malaysia 
 
Dr. Farooq Shaikh   
Affiliation: Jeffrey Cheah School of Medicine and Health Sciences, Monash 
University Malaysia 



41 

 

 
Prof. Mohamed El Khorassani  
Affiliation: Children's Hospital of Rabat, University of Rabat, Rabat 6527, Morocco 
 
Prof. Arn M J M van den Maagdenberg  
Affiliation: Leiden University Medical Center, Albinusdreef 2, Leiden 2333, 
Netherlands 
 
Prof. Njideka U. Okubadejo   
Affiliation: College of Medicine, University of Lagos (CMUL) & Lagos University 
Teaching Hospital, Idi Araba, Lagos State, Nigeria 
 
Dr. Oluwadamilola O. Ojo   
Affiliation: College of Medicine, University of Lagos, (CMUL) & Lagos University 
Teaching Hospital (LUTH), Idi Araba, Lagos State, Nigeria. 
 
Prof. Kolawole Wahab  
Affiliation: University of Ilorin Teaching Hospital (UITH), Ilorin, Kwara State, Nigeria. 
 
Dr. Abiodun H. Bello   
Affiliation: University of Ilorin Teaching Hospital (UITH), Ilorin, Kwara State, Nigeria. 
 
Prof. Sanni Abubakar   
Affiliation: Ahmadu Bello University, Zaria, Kaduna State, Nigeria. 
 
Dr. Yahaya Obiabo   
Affiliation: Delta State University Teaching Hospital, Oghara, Delta State, Nigeria. 
 
Dr. Ernest Nwazor   
Affiliation: Federal Medical Centre, Owerri, Imo State, Nigeria. 
 
Dr. Oluchi Ekenze    
Affiliation: University of Nigeria Teaching Hospital, Ituku-Ozalla, Enugu State, 
Nigeria. 
 
Dr. Uduak Williams   
Affiliation: University of Calabar Teaching Hospital, Calabar, Cross Rivers State, 
Nigeria. 
 
Dr. Alagoma Iyagba   
Affiliation: University of Port Harcourt Teaching Hospital, Port Harcourt, Rivers State, 
Nigeria. 
 
Dr. Lolade Taiwo   
Affiliation: Babcock University, Ilishan, Remo & Federal Medical Centre, Abeokuta, 
Ogun State, Nigeria. 
 
Prof. Morenikeji Komolafe  
Affiliation: Obafemi Awolowo University Teaching Hospital (OAUTH), Ile-Ife, Osun 
State, Nigeria. 



42 

 

 
Dr. Olapeju Oguntunde   
Affiliation: Lagos University Teaching Hospital (LUTH), Nigeria. 
 
Dr. Konstantin Senkevich  
Affiliation: Almazov Medical Research Centre and Pavlov First Saint Petersburg 
State Medical University, Saint-Petersburg, Russia 
 
Prof. Fowzan S Alkuraya  
Affiliation: King Faisal Specialist Hospital and Research Center, Riyadh, Saudi 
Arabia 
 
Dr. Ganieva Manizha  
Affiliation: Avicenna Tajik State Medical University, Dushanbe, Tajikistan 
 
Dr. Maksud Isrofilov  
Affiliation: Avicenna Tajik State Medical University, Dushanbe, Tajikistan 
 
Dr. Erin Torti  
Affiliation: GeneDX, Gaithersburg, Maryland, USA. 
 
 
 
 


	ajhg_3048_mmc1.pdf
	Section 1: Supplementary Clinical Data
	Section 2: Supplementary Figures S1-S13
	Section 3: Supplementary Tables S1-S6
	Section 4: Supplemental methods
	Section 5: Supplementary References
	Section 6: Consortia and networks involved in this study


