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Asparagine Synthetase Deficiency is a recently described cause of profound intellectual disability, marked
progressive cerebral atrophy and variable seizure disorder. To date there has been limited functional data
explaining the underlying pathophysiology. We report a new case with compound heterozygous mutations in
the ASNS gene (NM_183356.3:c. [866G>C]; [1010C>T]). Both variants alter evolutionarily conserved amino
acids and were predicted to be pathogenic based on in silico protein modelling that suggests disruption of the
critical ATP binding site of the ASNS enzyme.

Keywords: ) . . .. .
Exome sequencing In patient fibroblasts, ASNS expression as well as protein and mRNA stability are not affected by these variants.
Asparagine However, there is markedly reduced proliferation of patient fibroblasts when cultured in asparagine-limited

growth medium, compared to parental and wild type fibroblasts. Restricting asparagine replicates the physiology
within the blood-brain-barrier, with limited transfer of dietary derived asparagine, resulting in reliance of
neuronal cells on intracellular asparagine synthesis by the ASNS enzyme. These functional studies offer insight
into the underlying pathophysiology of the dramatic progressive cerebral atrophy associated with Asparagine
Synthetase Deficiency.
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Epileptic encephalopathy
ATP binding
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1. Introduction

Compound heterozygous or homozygous missense variants in the
ASNS gene, encoding the enzyme asparagine synthetase, have been re-
cently shown to cause Asparagine Synthetase (ASNS) Deficiency
characterised by progressive microcephaly, cerebral atrophy and

Abbreviations: AED, antiepileptic medication; AMP, adenosine monophosphate;
ASNase, asparaginase; ASNS, asparagine synthetase; ATP, adenosine triphosphate; CSF,
cerebral spinal fluid; DD, developmental delay; DMEM, Dulbecco's modified Eagle
medium; EEG, electroencephalogram; ES, exome sequencing; GTC, generalised tonic
clonic; HC, head circumference; MRI, magnetic resonance imaging; MRS, magnetic
resonance spectroscopy; mTOR, mammalian target of rapamycin; NA, not applicable;
NR, not reported; NT, not tested; WT, wild type.

* Corresponding author at: Department of Medical Genetics, Sydney Children's
Hospital, High Street, Randwick, NSW 2031, Australia.
E-mail address: e kirk@unsw.edu.au (E.P. Kirk).
! These authors contributed equally to this work.
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1096-7192/© 2015 Elsevier Inc. All rights reserved.

profound developmental delay. To date there are six affected families
and five pathogenic variants in the ASNS gene reported in the literature
[1-3]. Other common clinical features include intractable neonatal or
infantile onset seizure disorders and axial hypotonia with appendicular
hypertonia and hyperreflexia (Table 1). Some, but not all, affected
individuals with ASNS deficiency have measurable abnormalities in
their plasma, urine or CSF amino acids (summarised in Table 1). Howev-
er, these differences, particularly in plasma and urine, can be subtle
due to the differences between cerebral and peripheral asparagine me-
tabolism and transport, and limitations of amino acid measurement [4].

The exact cause of neurological dysfunction in patients with ASNS
Deficiency has not yet been fully elucidated. Here, we describe a seven
year old boy with ASNS Deficiency due to novel compound heterozy-
gous missense mutations in the ASNS gene. We confirm that ASNS
Deficiency has a characteristic clinical and biochemical profile. We ex-
pand the current clinical literature by describing functional studies on
fibroblasts from the affected individual, his unaffected heterozygous
parents, and an unaffected control.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymgme.2015.08.007&domain=pdf
http://dx.doi.org/10.1016/j.ymgme.2015.08.007
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2. Materials and methods
2.1. Exome sequencing

High quality DNA was obtained by extraction from peripheral blood
in EDTA. Next Generation Sequencing was performed using a Nextera
rapid capture expanded exome kit, with libraries analysed on an
[llumina HiSeq2500. Reads were aligned to Human Genome Reference
Sequence Hg19/GRCh37 using BWA MEM, and single nucleotide and
short insertion/deletion variants were identified using HaplotypeCaller
from GATK.

Data filtering and variant prioritization were performed using
aligned BAM files and GEMINI (v 0.5.1b), incorporating data
from dbSNP (version 138), the 1000 Genomes project (release date
21/05/2011), and the Exome Variant Server (EVS) database
(ESP6500SI-V2), and Combined Annotation Dependent Depletion
(CADD) database. Variants were filtered out if they were in dbSNP,
had a frequency of >1% in both 1000 Genomes and EVS, were present
in an in-house control, or were predicted to have a low impact on
protein function. Any candidate variants from prioritization were
further assessed for pathogenicity using the following in silico predic-
tion tools (SIFT, PolyPhen2, PROVEAN, CADD) and were manually
checked on the Binary Alignment Map files through Integrative Geno-
mics Viewer (IGV) [5]. Informed consent for exome sequencing was
obtained and the research was approved by the ethics committee
from The Sydney Children's Hospital Network and the Prince of Wales
Hospital Campus, Sydney, Australia (HREC ref no 13/094 and LNR/13/
SCHN/112).

2.2. Sanger confirmation

To verify the candidate variants, bidirectional Sanger sequencing
was performed.

2.3. Protein modelling

A model of human ASNS was generated with SWISS-MODEL using
the glutamine-dependent bacterial ASNS-B structure (PDB ID 1CT9) as
a template [6-10]. The model of human ASNS matched the bacterial
structure well, and the adenosine monophosphate (AMP) molecule
from the bacterial structure was superimposed onto the human model.

2.4. Fibroblast cell line generation and culturing

Fibroblast cell lines were generated from the patient and parents
using standard methodology [11]. These primary fibroblasts as well as
wild type fibroblasts from the American Type Culture Collection
(ATCC) were cultured in supplemented Dulbecco's modified Eagle
medium (DMEM), as described previously [12].

2.5. RNA isolation and quantitative RT-PCR

Fibroblast cells were seeded at a density of 5 x 10% per well in a 12-
well plate, with three wells per condition and time point. Culture medi-
um was changed to fresh medium 12-14 h to achieve a nutritional
“basal state” before treating cells as described in the text. RNA was
collected using TRIzol Reagent (Invitrogen) per the manufacturer's
protocol. A 1 pg sample of total RNA was converted to cDNA using the
qScript cDNA synthesis kit (Quanta Biosciences). To measure ASNS or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA, RT-PCR
was performed using SYBR Green (Life Technologies) and a CFX-
Connect Real-Time System (Bio-Rad) following a protocol described
previously [12]. Steady state mRNA was measured using the following
primers: ASNS; GGCTGTGTGTTCAGAAGCT and AAGGAAGGGCTCCACT
TT and GAPDH; GCCTTCCGTGTTCCTACCC and CCTCAGTGTAGCCCAA
GATGC.

2.6. Protein isolation and immunoblotting

Fibroblasts were seeded at a density of 2 x 10° per 60-mm dish, with
a single dish per condition and time point. Culture medium was
changed 12-14 h to achieve a nutritional “basal state” before treatment.
Cells were washed with PBS and lysed using 300 pL of RIPA buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% sodium
deoxycholate, 0.1% SDS, and 1% triton X-100) supplemented with Pierce
Protease and Phosphatase Inhibitor Mini Tablets (Thermo Scientific).
Immunoblotting was performed as described previously [13]. Monoclo-
nal anti-ASNS primary antibody [14] and anti-mouse-HRP secondary
antibody (KPL) were used. Bound antibody was detected using Pierce
ECL Western Blotting substrate (Life Technologies).

2.7. Cell growth and ASNase challenge

Fibroblasts were seeded at a density of 2.5 x 10* per 60-mm dish,
with three dishes per time point and then treated with the indicated
ASNase concentration. Culture medium was changed 12-14 h before
ASNase treatment. At 0, 24, and 48 h post-treatment, cells were washed
with PBS, collected by trypsin treatment and counted twice per sample
using a Bright-Line haemocytometer (Sigma).

3. Results
3.1. Case report

PatientII: 1 (Fig. 2E) is the only child of non-consanguineous parents
of Chinese/Brunei heritage. Both parents are of normal intelligence and
have normal neurological examinations, including head circumferences.
There is no contributory family history.

II: 1 was born at 37 weeks of gestation after an uncomplicated
pregnancy, with normal routine antenatal scans at 12 and 20 weeks of
gestation. Head circumference at birth was 32.5 cm (3-10th centile or
1 and 2 SD below the mean, WHO Child Growth Standards), length
48 cm (10-25th centile) and weight 3340 g (50th centile). Apgar scores
were 8 at 1 min and 9 at 5 min. On day five of life, he was noted to have
Yjittery’ movements and episodic ‘stiffening’, without a specific diagno-
sis being made. He developed complex partial seizures in the first four
weeks of life and an EEG showed left temporal epileptiform activity.

He was initially commenced on phenobarbitone but progressed to
frequent prolonged tonic seizures which have remained resistant to
polypharmacy. Other seizure phenotypes include generalised tonic
clonic and multifocal clonic/myoclonic seizures. Since 2 years of age,
he has had multiple daily seizures and a propensity to status epilepticus.
EEGs evolved to show multifocal independent spike foci on an abnormal
slow, disorganised background. Drug trials have included phenytoin,
topiramate, nitrazepam, levetiracetam and sodium valproate. A
reduction in seizure frequency, as measured by the number of
hospitalisations for seizures (but not seizure cessation), occurred after
commencement of lamotrigine.

His developmental progression was limited in the first year of life; at
the age of 18 months he had some volitional hand use including the
ability to transfer and throw objects. Subsequently, there has been
developmental regression and stagnation: aged eight, he has no
volitional hand function, is wheelchair bound, fully dependent for all
activities of daily living, fed via PEG tube and has profound intellectual
disability and cortical visual impairment. He has no evidence of a senso-
rineural hearing deficit and has a structurally normal ophthalmological
examination.

On examination at age 6 he had postnatal microcephaly (see head
circumference chart Fig. 1C), sloping forehead with relatively promi-
nent midface, axial hypotonia with significant head lag and an inability
to sustain a sitting position. He had appendicular hypertonia with limb
hyperreflexia, clonus and up-going plantars.



Table 1
Comparison of Phenotype and Genotype for reported patients with Asparagine Synthetase Deficiency compared to affected patient described in this report.
Family (Ref) Compound Nucleotide change ASNS Frequency of variant Position of 1.Grantham Score ASNS ASNS protein levels Effect of
heterozygous/homozygous modification in EXAC database variant in 2. Polyphen-2 protein in patient fibroblasts  asparaginase
Patient (s) (accessed March protein model 3. SIFT levels in on cellular
Ethnicity 2015) 4. PROVEAN transfected proliferation
cells
Family 1 (this patient) Compound heterozygote ¢.866G>C p.Gly289Ala  NR but p.Gly289Asp  In the 1.60 N/A Unchanged compared  Reduced
Chinese/ Brunei reported with allele C-terminal asparagine 2.Probably damaging to wild type or cellular
frequency 8.243e-06 (  synthase domain (0.908) heterozygous parents.  proliferation in
1 heterozygote/ near ATP binding pocket 3.Damaging (0.000) N.B. ASNS expression patient
121316 tested 4.Deleterious increased when fibroblasts
individuals) (-6) fibroblasts cells compared to
depleted of asparagine  heterozygous
by adding asparaginase. parents and WT
¢.1010C>T p.Thr337lle  NR In the 1.89 N/A
C-terminal asparagine 2.Probably damaging
synthase domain (1)
near ATP binding pocket 3.Damaging (0.002)
4 Deleterious (-5.13)
Family 2 (Ruzzo et al Homozygous c.1084T>G p.Phe362Val  NR but n.b. another In the 1.50 Reduction  One patient NT
family A: Iranian Jews missense at that C-terminal asparagine 2.Damaging (0.95) in protein  (IL.1 from family A)
1 male patient) location. reported synthase domain 3.Damaging (0.04) abundance reduced ASNS
Family 3 (Ruzzo et al Homozygous with allele frequency 4.Deleterious (-6.49) abundance
family Iranian Jews 8.282x107°(1
B: male and female heterozygote/ 120748
siblings) tested individuals)
Family 3 (Ruzzo etal Homozygous c.1648C>T p.Arg550Cys  p.Arg550Cys R550 is located in the C 1.180 Increasein ~ NT NT
family C: 3 male Bangladeshi 2 heterozygouts / terminal region of the ASNS ~ 2.Damaging (1) protein
patients) 121,182 tested protein and the exact 3.Damaging (0.01). abundance
individuals or allele location in the protein can 4.Deleterious (-6.49)
frequency 1.657° not be resolved as
crystallographyof distal ¢
terminal region not available.
Family 4 (Ruzzo etal ~Compound heterozygous c.1648C>T p.Arg550Cys  p.Arg550Cys R550 is located in the distal C 1.180 Increasein ~ NT NT
family D: 3 male French Canadian 2 heterozygouts / terminal region of the ASNS ~ 2.Damaging (1) protein
patients) 121182 tested protein. 3.Damaging (0.01) abundance
individuals or allele 4.Deleterious (-6.49)
frequency 1.65-%>2
c.17C>A p.Ala6Glu p.Ala6Vval 2 In the N-terminal glutamine  1.107 Reduction  NT NT
heterozygotes out of ~ aminotransferase domain 2.Damaging (0.898) in protein
120,784 individuals. 3.Damaging (0.02) abundance
Allele frequency 4. Deleterious (-3.55)
1.65x107°
Family 5 (Ben Salem  Homozygous c.1193A>C p.Tyr398Cys  p.Tyr398Cys reported In the 1.194 NT NT NT
etalL: one affected  Emirati in 1 heterozygote/ C-terminal asparagine 2. Probably damaging
male) 121206test synthase domain near beta 3. Damaging (0.01)
individuals aspartyl AMP intermediate 4. Deleterious (-8)
Allele frequency formation site
825x10°
Family 6 (Alfadhel et  Homozygous ¢.1130A>G homozygous p.Tyr377Cys NR In the 1.194 NT NT NT
al: male and female Saudi Arabian [n.b. non canonical C-terminal asparagine 2. Probably damaging
siblings) transcript synthase domain (1)

NM_001178075.1
personal communication
Alfadhel, 2015)

3. Damaging
(0.001)(g)
4. Deleterious (-8.19)
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Family (Ref)

Neurological phenotype

Epilepsy phenotype including EEG

Neuroimaging/ Neuropathology in case of post mortem

Plasma amino acids

Family 1 (this patient)

-Head circumference 32 cm at birth
-Progressive postnatal microcephaly.
-Profound DD with developmental
regression at 18 months. Maximum
developmental age ~6/12.

-Cortical blindness

-Profound axial hypotonia and
appendicular hypertonia and
hyperreflexia.

-Worsening of movement disorder
with phenytoin infusions.

-Jittery episodes and episode of ‘stiffening’ noted

day 5 life

-Onset seizures within first 4 weeks of life
Type of seizures: mainly tonic (occ status) and

occasional complex partial.

-Variable EEGs mainly multifocal epileptogenic

foci with abnormal background.

-Seizure treatment: intractable to polytherapy
and worsening with age. Some seizure reduction

with lamotrigine.

- MRI 3 months: structurally normal other than microcephaly.-MRI- 4 years. Progressive
cortical and subcortical atrophy with moderate generalised enlargement of the ventricular
system and diffusely thin corpus callosum. Slender brainstem. Cerebellum not affected.No
simplified gyri MRS non-diagnostic but showing lactate peak

Glycine raised 472
umol/L (normal
119-368);

Asparagine low
18(22-81)
Phenylalanine low (27)
30-75.

(parents never
consented for CSF amino
acids).

Family 2(Ruzzo et al.
family A:
1 male patient)
Family 3 (Ruzzo et al.
family B: male and

-Head circumference 31-31.5cm at
birth

-Progressive postnatal microcephaly
-Profound DD

-Cortical blindness

-Jittery episodes from birth with episode of

spasticity
-Seizure onset 2 weeks to 1 month

-Type of seizures: infantile spasms, evolving to

tonic and myoclonic seizures.

MRI 3 months- diffuse cerebral atrophy, enlarged- extra-ventricular

spaces with normal size cerebellum and brainstem

MRI by 18 months, progressive cortical and

subcortical atrophy with delayed myelination, moderately enlarged lateral ventricles and
thin corpus callosum. Small brain stem with only very mildly affected cerebellum.

Not available (family A)
Family B

Glutamine raised (2/2)
Asparagine and
aspartate normal (2/2)

-Pons size not decreased
-No simplified gyri

female siblings) -No axial hypotonia but appendicular
hypertonia and hyperreflexia.

-No hyperekplexia

-EEG: hysparrythmia evolving to multiple
independent spike foci on slow background
-Seizure treatment: tonic and myoclonic
seizures partially responsive to AED polytherapy.

Family 3 (Ruzzo etal. -HC at birth 30.5cm- 33cm -Jittery episodes and hyperekplexia from birth MRI: decreased cerebral volume Aspartate low (1/1)

family C: 3 male
patients)

-Progressive postnatal microcephaly
-Profound DD

-Cortical blindness

-Axial hypotonia 2/3

-Appendicular hypertonia (3/3)
-Died between 3 and 6 months of age
of aspiration pneumonia

-Episodes of hypothermia

-No seizures
-EEG: disorganised background

-Decreased size of pons

-Simplified gyri

-1st sibling: Initial MRI showed left transverse sinus

thrombosis and cerebral dysgenesis

-2nd sibling mild restricted diffusion of

both thalami and ?basal ganglia MRS mildly elevated lactate peak.

Asparagine low (1/1)

Family 4 (Ruzzo et al.
family D: 3 male
patients)

-HC at birth 28.5cm (at 33.5 weeks
gestation) to 31.5cm

-Progressive postnatal microcephaly
-Profound DD

-Axial hypotonia

-Appendicular hypertonia

-Episodes of hypothermia

- Died between 4 days and 12 months
of age of aspiration pneumonia.

-Onset seizures 4 days to 9 months. Patient with MRI-decreased cerebral volume

later seizure onset had tremulous movements

and abnormal EEG at 4 days.

-Type of seizures: tonic, orobuccal, partial

complex.
-EEG suppression bursts and MISF.

-Partial seizures controlled with monotherapy

AED

-Decreased size of pons

-Simplified Gyri

Post mortem findings 1st sibling: cortical dysgenesis, absence of the bulbar arcuate
nucleus, periventricular leukomalacia; and marked gliosis.

2nd sibling: severe mesial temporal sclerosis and neuronal loss in regions CA3, CA4 and
CAT1, dysplasia of the olivary nucleus. Hydromelia of the spinal cord with secondary
degeneration of motor neurons and reactive gliosis.

Glutamine low (1/2) and
normal (1/2)

Aspartate normal (2/2)
Asparagine low (1/2)
and normal (1/2)

Family 5 (Ben Salem
et alL: one affected

-HC at birth 29.5cm
-Progressive postnatal microcephaly

-Seizure onset first day life
-Type :Myoclonic

MRI- Severe microcephaly
-Ventriculomegaly

Normal plasma and
urine amino acids

male) -Profound DD -EEG: multiple independent spike foci. -Decreased size of pons
-Cortical blindness -Treatment: intractable to polytherapy with AED -Thin corpus callosum
-Axial hypotonia -Simplified gyral pattern
-Appendicular hypertonicity and
hyperreflexia
Family 6 (Alfadhel et ~ HC at birth 26.5cm- 30cm -Seizure onset on first day of life MRI-Severe microcephaly, brain atrophy and delayed mylination, simplified gyriform Normal plasma

al.: male and female
siblings)

Progressive postnatal microcephaly
Profound DD

Axial hypotonia

Appendicular hypertonicity and
hyperreflexia

-Type: GTC and myoclonic
-EEG: multiple independent spike foci.

-Treatment: intractable to polytherapy with AED

pattern

glutamine, high-normal
csf glutamine

Plasma asparagine level
low, csf asparagine low
(not detected),

Abbreviations: AED = antiepileptic medication; CSF = cerebral spinal fluid; EEG = electroencephalogram; GTC = generalised tonic clonic; HC = head circumference; DD = developmental delay; MISF = multiple independent spike foci; MRI:

magnetic resonance imaging; MRS: magnetic resonance spectroscopy; NA = not applicable; NR = not reported; NT = not tested; WT = wild type.
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He has had extensive non-diagnostic neurological/neuroradiological
and metabolic investigations prior to enrolment in an exome sequenc-
ing (ES) study. He has no evidence of systemic organ involvement
with normal full blood count, renal and hepatic function and normal
renal ultrasounds. Serial MRI scans have demonstrated progressive
generalised cerebral atrophy including atrophy of the deep grey matter
in the basal ganglia. His brain MRI at 4 years (Fig. 1) demonstrated
generalised cerebral atrophy of the supratentorial and infratentorial
structures, thin corpus callosum, slender pons and marked reduction
of white matter. Brain magnetic resonance spectroscopy (MRS) demon-
strated an elevated lactate duplex at 1.3 parts per million (ppm).

3.2. Exome sequencing

Following filtering, two non-synonymous variants in ASNS
were identified. The first is predicted to result in the heterozygous
substitution of the normally encoded glycine at position 289 by an
alanine. The second is predicted to result in the heterozygous
substitution of the normally encoded threonine at position 337 by an
isoleucine (NM_183356.3:c. [866G>C]; [1010C>T]; NP_899199.2:p.
[Gly289Alal]; [Thr337Ile]). Both variants were predicted to be patho-
genic using Align GVD, Polyphen-2. PhyloP, SIFT, PROVEAN and CADD
(CADD scores 24.8 and 20.9 respectively). There were no other plausible
candidate variants identified on ES.

3.3. Sanger sequencing

The variants were shown to be in trans based on bidirectional Sanger
sequencing of parental samples; the mother was heterozygous for
¢.1010C>T and the father was heterozygous for c.886G>C (Fig. 2E).

3.4. Position of mutations in human ASNS protein

Modelling of the position of the proband's two ASNS variants
(Fig. 2F) indicates that G289 and T337 are located near the ATP binding
pocket. Therefore mutations at these sites could potentially alter ATP
binding or hydrolysis reducing enzyme efficiency.

3.5. Regulation of the ASNS gene and ASNS mRNA stability are unaffected by
the mutations (Fig. 3A)

Histidine deprivation of mammalian cells and tissues induces cell
stress and results in transcriptional ASNS mRNA induction triggered by
the well-characterized amino acid response (AAR) pathway [15,16].
Consequently, activating the AAR shows the functionality of ASNS
gene regulation. Fibroblasts harbouring both pathogenic variants
(affected child) did not show an increase in “basal” (with histidine)
ASNS mRNA expression relative to WT or heterozygous parental cells
(unaffected mother and unaffected father) (Fig. 3A). Therefore, in
non-stressed conditions, mRNA expression and stability appear to be
unaffected in the proband's cells. The kinetics and levels of mRNA
after activation of transcription by the AAR were also similar for all
cell lines suggesting that neither the heterozygous or compound hetero-
zygous state affects the regulation of the ASNS gene or the stability of
ASNS mRNA. Therefore, the clinical phenotype is not caused by reduced
ASNS gene expression.

3.6. ASNS protein stability

ASNS protein levels were measured in fibroblast cells transferred to
fresh DMEM and then monitored over a 24 h period to determine if the
mutations in the proband's cells affect protein stability (Fig. 3B). ASNS
protein levels were not dramatically altered in the patient's fibroblasts
relative to the WT and parental cell lines indicating that the mutations
do not cause aberrant degradation of the protein. Collectively, the data

support the hypothesis that the mutations do not alter mRNA or protein
content, but rather alter enzyme activity.

3.7. Cells harbouring both ASNS mutations do not proliferate in medium
depleted of asparagine

To determine if the detected mutations affect ASNS enzymatic activ-
ity, cells were grown in culture medium depleted of asparagine by the
addition of asparaginase (ASNase) to the medium. If the mutations neg-
atively affect ASNS activity, then the patient's fibroblasts will not be able
to synthesize the required asparagine, leading to slower proliferation of
the patient's cells relative to that of the parental or WT fibroblasts.
Fig. 3C shows that in asparagine-depleted medium, the growth of
the patient's fibroblasts stagnated relative to the parental and WT
fibroblasts, indicating that the detected ASNS variants deleteriously
affect the asparagine synthetic function of the enzyme. The parental
fibroblasts showed a slight growth defect in the highest ASNase concen-
tration, but were still able to grow, presumably because they have one
copy of a functioning enzyme and therefore, can still produce sufficient
amounts of functional ASNS protein.

3.8. The stress of asparagine depletion causes increased ASNS expression in
cells harbouring ASNS mutations

Even though the patient's cells did not proliferate in the ASNase
treated medium, the histidine depletion experiments (Fig. 3A) indicated
that transcriptional regulation of the gene was intact. To determine if
asparagine depletion also activated the gene via the AAR, as it should,
mRNA content was measured after ASNase treatment (Fig. 3D). The
data showed that the proband's cells induce ASNS mRNA levels in an
attempt to overcome the stress of asparagine depletion. This result
was in contrast to WT fibroblasts, for which ASNS expression was unal-
tered, as they can synthesize enough asparagine from existing ASNS
protein in asparagine-depleted conditions. As was the case for prolifer-
ation, the parental fibroblasts showed an intermediate effect with slight
induction of ASNS mRNA when asparagine was depleted.

4. Discussion

Asparagine is ubiquitously required for cellular growth and function.
It is considered a ‘non-essential’ amino acid, as it can be generated intra-
cellularly from the amino acids glutamine and aspartate via the ATP-
dependent synthetic enzyme ASNS. ASNS is composed of two distinct
domains, each with a separate catalytic site (Fig. 2D). The N-terminal
domain catalyzes glutamine hydrolysis to yield glutamate and ammo-
nia. The C-terminal active site of ASNS catalyzes the ATP-dependent
activation of the side-chain carboxylate of aspartate to form an electro-
philic intermediate, 3-aspartyl-AMP and inorganic pyrophosphate [4].
Transfer of ammonia to the aspartyl backbone completes the reaction.

We confirm characteristic neurological symptoms and signs for the
diagnosis of ASNS Deficiency (Table 1). The key neurological finding is
markedly progressive cerebral atrophy. Our patient's head circumfer-
ence at birth was within the low normal range, as was the case for
several other families (see Table 1). He had marked progressive postna-
tal microcephaly (Fig. 1C) which is a characteristic feature of this condi-
tion (Table 1). Although our patient had very limited developmental
progress in the first year of life, he subsequently lost developmental
milestones to a level of profound developmental delay, in keeping
with the other reported patients. Not all other reported patients have
detailed clinical information available so we do not know if develop-
mental regression was present in other affected individuals. Other
uniform neurological findings shared by our patient and the other
reported individuals are axial hypotonia, appendicular spasticity and
profound developmental delay [Table 1]. The lack of non-neurological
symptoms may seem, at first sight, surprising given the ubiquity of
ASNS protein expression and the asparagine requirement of all cells
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rgn 2 4 6 8 W 24 6 8 W
Barth 1

2 4 6 3 W

2 yoars 3 yoars
Age (completed months and years)

2488w 2 4 6 8 W
4

5 yoars

Fig. 1. A and B: MRI scan images of the proband's brain aged 4 years. A. Sagittal T1 (A) and axial T2 (B) weighted images. Note small cranial vault with craniofacial dysmorphism in keeping
with microcephaly, enlargement of the ventricles (E) and the supratentorial (A) and infratentorial (B) extra-axial spaces in keeping with global atrophy in both the supratentorial
and infratentorial compartments. Diffusely thin corpus callosum (C) and slender brainstem (D). C: Head circumference of proband plotted on WHO Child Growth Standard chart
(http://www.who.int/childgrowth/en/ accessed July 2015) demonstrating the head circumference was between —1 and — 2 SD from the mean at birth but rapidly decelerated to be

below —5 SD from the mean by the age of 20 months.

for proliferation and function [4]. However, this CNS-limited effect can
be explained by the ability of peripheral cells to compensate for ASNS
hypo-function by utilising dietary derived asparagine. In contrast, trans-
port of asparagine across the blood-brain-barrier is limited and reliant
on transporters that also transfer other amino acids [4]. The CSF content
of asparagine is 1-10% that of plasma [17]. Hence, cells within the
blood-brain barrier are relatively depleted of exogenous asparagine,
and dependent on intracellular ASNS synthesis. Moreover, neuronal
cells have a significant requirement for asparagine in the developing
and mature brain and ASNS is highly expressed in the human brain
[4]. In embryonic mice, ASNS expression is concentrated within
neural progenitor cells in ventricular and subventricular zones [18]
pointing towards the importance of asparagine metabolism in brain
development.

How the previously reported ASNS missense variants (1-3) result in
ASNS enzymatic hypo-function had not yet been comprehensively
explained. The five variants have all been non-synonymous missense
variants affecting highly conserved amino acids (p.F362V; p.R550C;
p.A6E; p.Y398 and p.Y377C). All have been predicted to be pathogenic
based on in silico prediction software (Table 1) and segregated with
the condition in the families.

Fibroblasts from our patient had no significant reduction in ASNS
mRNA or protein levels, suggesting that the variants reported here do
not decrease mRNA or protein stability or cause protein misfolding lead-
ing to the degradation of ASNS. Ruzzo et al. [1] investigated the

functional effect of the p.F363V, p.A6E and p.R550C variants by produc-
ing transfected cells (HEK293) which demonstrated no alteration in
ASNS mRNA level (similar to our findings), but reduced protein abun-
dance for two variants and increased protein abundance for one variant.
Despite the variability in protein expression in transfected cells, Ruzzo
et al. postulated that the clinical similarity in presentation between all
affected individuals point to all of the variants causing a loss of function
of the ASNS enzyme. No functional studies have been published on the
p.Y398 [2] and p.Y377C [3] variants. There appears to be no clear corre-
lation between phenotypic severity and effect of ASNS mutations on
protein expression (Table 1). This is more supportive of pathogenic
mutations in ASNS causing pathophysiology by altering enzymatic
activity rather than by reducing cellular enzyme levels. It is likely that
homozygous nonsense mutations in ASNS would not be compatible
with life.

Our study is novel in that we were able to demonstrate reduction in
synthetic function of the Asparagine Synthetase enzyme in our patient's
fibroblasts. This was demonstrated by limitation in cellular growth
when the cells were depleted of asparagine by the addition of ASNase
to the culture medium. We hypothesise that this limitation in aspara-
gine replicates the situation within the blood-brain barrier, where
central nervous system cells have high requirements for asparagine
but have limited availability of dietary derived asparagine. This would
therefore explain the selective and marked cerebral atrophy in ASNS
Deficiency patients. Protein modelling of the position of the mutated
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Fig. 2. A: Chromosomal location of ASNS at 7q21.3. B: Exons of ASNS gene. C: Position of G337 and G289 (this patient) in the ASNS gene, as well as positions of pathogenic variants described
in Ruzzo et al. and Ben Saleh et al. (ref. [1,2]). Variants described are spread throughout the gene in exons 3, 7,9, 10 and 13. The variant reported by Alfadhel et al. (ref. [3] and personal
communication, Alfadhel, 2015) was not in the canonical transcript but in a shorter transcript of ASNS (NM_001178075.1), and therefore could not be included in this diagram.
D: Functional regions of the ASNS protein (adapted from Ben Saleh et al., ref. [2]). T337 and G289 (this patient) are located proximal to the ATP binding sites that make up the ATP binding
pocket. E: Pedigree and chromatograms of DNA sequence changes in the ASNS gene. Compound heterozygous mutations were detected in the affected child (II: 1) NM_183356.3:c.
[866G>C]; [1010C>T]. His father (I: 1) is a heterozygote carrier of the c.866G>C variant and his mother (II: 2) is a heterozygote carrier of the c.1010C>T variant. F: A model of human
ASNS, generated with SWISS-MODEL using the glutamine-dependent bacterial ASNS-B protein as a template (8), demonstrating the location of the variants in the proband and pathogenic
variants described in Ruzzo et al. and Ben Saleh et al. (ref.[1,2]). Modelling of the position of the proband's two ASNS variants indicates that G289 and T337 are located near the ATP binding
pocket and therefore mutations at these sites could potentially alter ATP binding or hydrolysis reducing enzyme efficiency. The R550 variant described in Ruzzo et al,, (1) is not included as
crystallography could not be determined for the distal end of the C-terminal region and the variant described by Alfadhel et al. (3) is not included as is in a shorter, non-canonical transcript.

amino acid residues in our patient (Fig. 2F) demonstrated that the al-
tered residues (G289 and T337) are proximal to the ATP binding pocket
and therefore mutations at these sites could potentially alter ATP bind-
ing or hydrolysis to cause reduced enzyme efficiency.

Ruzzo et al. postulated that dietary asparagine supplementation may
provide therapeutic benefit in ASNS Deficiency patients, drawing on
some promising effects of serine supplementation (when given prior
to development of significant neurological symptoms) for the juvenile
form of serine deficiency [19]. However, there are several likely barriers
to the success of asparagine supplementation. As all patients described
to date with ASNS Deficiency have had a small head circumference at
birth and early (neonatal to early infancy) evidence of neurological
dysfunction, prenatal treatment would be required. We note that serine
supplementation has not had sustained therapeutic benefit when given
to serine deficient patients who are already symptomatic [15]. Secondly,
given the kinetics of asparagine transportation across the blood-brain
barrier it is not clear that dietary supplementation of asparagine
would result in significantly increased asparagine levels within
the central nervous system [17]. Thirdly, the need to supplement the
diet with high levels of asparagine may have detrimental effects
on the uptake of other amino acids that share the same transporters
[17]. This competitive effect could result in detrimental metabolic per-
turbation within many organs and, in particular, worsening of neurolog-
ical function by limitation of other essential amino acids.

There may be additional pathophysiological effects of reduced ASNS
function, such as toxicity due to the accumulation of asparagine precur-
sors aspartic acid and glutamine. ASNS has as yet incompletely under-
stood roles in the Glutamine-Glutamate Cycle that exists between
neurons and glial cells [20]. The only ASNS Deficiency patients with
documented CSF amino acids [3] did have high-normal levels of CSF
glutamine (Table 1). Our patient's parents declined CSF amino acid
measurement of the proband. Glutamine is a precursor to glutamate,
which is a well-recognised excitotoxin and epileptogenic amino acid
[21]. Therefore, such toxic effects may at least partially explain the
severe epileptic phenotype demonstrated in the majority of patients.

Other avenues for therapy may include utilising antiepileptic
medication that target the glutamate system, or trialling glutamate
scavengers, nitric oxide inhibitors or free radical scavengers [22]. It is
interesting to note that the only anti-epileptic with some possible
beneficial effect in our patient was lamotrigine; this drug inhibits
presynaptic voltage-gated sodium channels and reduces the presynap-
tic release of glutamate [23].

Mitochondrial dysfunction is thought to be important in the hepato-
toxic side-effects of ASNase [24], which depletes cellular asparagine in
peripheral cells by depleting plasma asparagine, leading to efflux of
intracellular asparagine and then destruction in the plasma. Therefore,
it would also be interesting to explore whether there is evidence of
central nervous system mitochondrial dysfunction in ASNS Deficiency
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Fig. 3. A: Regulation of the ASNS gene and ASNS mRNA stability are unaffected by the mutations. To assess ASNS mRNA expression and stability, fibroblasts were cultured in either complete
DMEM medium (+ His) or DMEM lacking histidine (— His) to activate the AAR and induced mRNA expression. Cells were collected 0, 4, 8, and 24 h post-treatment and mRNA was mea-
sured by qPCR. GAPDH mRNA, which is unaffected by histidine deprivation, was used as an internal control. Averages + standard deviation are shown. B: ASNS protein stability in fibro-
blast cells is unaffected by the mutations. Fibroblasts were cultured in complete DMEM for 0, 4, 8, and 24 h. ASNS protein levels were assessed by immunoblotting. C: Cells harbouring both
ASNS mutations (affected child) do not proliferate in medium depleted of asparagine. Fibroblasts were cultured in DMEM containing with 0,0.001, 0.1, or 1 U/mL of asparaginase (ASNase).
At 0, 24, and 48 h post-treatment, fibroblasts were collected by trypsin treatment and counted. Cells were grown in triplicate for each ASNase concentration and time point. Averages +
standard deviation are shown. D The stress of asparagine depletion causes an increase in ASNS expression in cells harbouring ASNS mutations. Cells were cultured in DMEM containing 0,
0.001, 0.1,and 1 U/mL ASNase. Cells were collected at 0,4, and 8 h post-treatment and steady state ASNS mRNA was measured by qPCR. GAPDH mRNA was used as an internal control, and

averages + standard deviation are shown.

patients. ASNase related hepatotoxicity has been successfully treated
with mitochondrial cofactors [25]. Further insight into the possibility
of CNS mitochondrial dysfunction in ASNS Deficiency patients might
be obtained by monitoring with magnetic resonance spectroscopy
(MRS) and CSF lactate measurement in cerebrospinal fluid (CSF) over
the progress of the condition, including during exacerbations of sei-
zures, for example with inter-current illnesses.

Our patient's brain MRS at 4 years demonstrated an elevated lactate
duplex at 1.3 parts per million (ppm). He has worsening of seizure con-
trol with febrile illnesses. CSF lactate and repeat MRS studies have been
declined by his parents. We note a mild lactate peak in one other patient
with ASNS Deficiency who had an MRS reported (1: family C; Supple-
mentary data and Table 1). However, there is a current lack
of effective treatments for patients with a primary central nervous
system mitochondrial condition, although this is an area of active
research [26].

Lastly we note that asparagine metabolism and transport may be
linked to the mTOR pathway [27] and targeting of this pathway, as
has been successful in other mTOR related epileptogenic conditions [28]
may have some benefit.

5. Conclusions

This study demonstrates how exome sequencing can alter the inter-
pretation of previous metabolic screening in the context of careful clin-
ical evaluation. Novel functional work on our patient's fibroblasts
confirmed the pathogenicity of the novel variants, allowing accurate ge-
netic counselling for the family. In addition, it led to new insights into
the underlying pathophysiology of ASNS Deficiency and raises the pos-
sibility of targeted treatments for this devastating condition.
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