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ABSTRACT  

Rapid genomic diagnosis programs are transforming rare disease diagnosis in acute 

pediatrics. A ventilated newborn with cerebellar hypoplasia underwent rapid exome 

sequencing (75 hours), identifying a novel homozygous ASNS splice-site variant 

(NM_133436.3:c.1476+1G>A) of uncertain significance. Rapid ASNS splicing studies 

using blood-derived mRNA from the family trio confirmed a consistent pattern of 

abnormal splicing induced by the variant (cryptic 5’ splice-site or exon 12 skipping) 

with absence of normal ASNS splicing in the proband. Splicing studies reported within 

10 days led to reclassification of c.1476+1G>A as pathogenic at age 27 days. Intensive 

care was redirected towards palliation. Cost analyses for the neonate and his 

undiagnosed, similarly affected deceased sibling, demonstrate that early diagnosis 

reduced hospitalization costs by AU$100,828. We highlight diagnostic benefits of 

adjunct RNA testing to confirm pathogenicity of splicing variants identified via rapid 

genomic testing pipelines for precision and preventative medicine. 
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Graphical Abstract 

We present rapid RNA studies that diagnosed a seriously ill newborn with Asparagine 

Synthetase Deficiency after a homozygous ASNS splicing variant was detected by 

ultra-rapid exome sequencing. 
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MAIN TEXT 

Rapid genomic diagnosis programs in neonatal and pediatric intensive care are 

transforming clinical practice by diagnosing monogenic disorders in less than 20 

hours (Clark et al., 2019). However, assessment of variants of uncertain significance 

identified in phenotypically concordant genes remains challenging, as supportive 

functional validation studies such as mRNA and functional protein analyses are not 

typically available within clinically meaningful timeframes. We present a seriously ill 

newborn who was diagnosed with asparagine synthetase deficiency as part of a rapid 

genomic diagnosis program, where the pathogenicity of a splicing variant of uncertain 

significance was confirmed via an integrated pipeline of rapid mRNA analyses. This 

case demonstrates the clinical and cost benefits of rapid mRNA analyses as part of a 

rapid genomic diagnosis program in pediatric acute care. A timeline for the diagnostic 

investigations undertaken in this case, including research-based mRNA splicing 

studies, is provided in Figure 1 part C. Additional information on the methodologies 

is given in the Supplementary Information, available online. 

The proband (II:6, Figure 1A-B) was a male neonate born at 36 weeks’ gestation to 

non-consanguineous parents (I:1 and I:2) of South Sudanese ethnicity, following a 

pregnancy complicated by antenatal detection of microcephaly and suspected 

pontocerebellar hypoplasia. The family had previously received genetic counselling in 

2011 following the death of a male sibling (II:2) at age 8 weeks. The sibling had a 

similar antenatal course to the proband and was ventilator-dependent from birth. He 

had significant microcephaly with a head circumference Z-score of -4.2 with 

otherwise normal growth parameters. In the absence of clinical improvement, the 

family elected to redirect the sibling’s care towards palliation and symptomatic 
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management, and the infant died at age 8 weeks. Post-mortem examination was 

declined. A suspected diagnosis of pontocerebellar hypoplasia type 4 was based on 

brain magnetic resonance imaging (MRI) findings (Figure 1A). Chromosomal 

microarray was normal and no further genetic testing was offered. The family 

received genetic counselling for a presumed autosomal recessive monogenic disorder. 

A further four siblings are healthy. 

The parents declined invasive prenatal genetic testing following identification of 

microcephaly and suspected pontocerebellar hypoplasia in the present case. Following 

an emergency Caesarean section for suspected fetal distress, the proband was 

intubated in the delivery room for poor respiratory effort and transferred to the 

neonatal intensive care unit. He remained ventilator-dependent with minimal 

respiratory effort. The proband had microcephaly with a head circumference Z score 

of -2.5 with otherwise normal growth parameters. He had abnormal movements with 

fisting, back-arching and posturing. There were no electrographic seizures. 

Neuroimaging with cranial ultrasound and later MRI demonstrated microcephaly with 

cerebellar hypoplasia (Figure 1B). 

The proband was referred for clinical genetics assessment at age 9 hours and 

approved for inclusion in a rapid genomic diagnosis program, the Australian 

Genomics Acute Care study, at age 12 hours. Following genetic counselling, the 

parents provided written consent for trio exome sequencing. Chromosomal 

microarray was requested and performed in tandem with rapid exome sequencing (see 

Figure 1C). 

Multiple homozygous variants were observed during variant prioritization, suggesting 

identity by descent despite absence of known parental consanguinity. Trio exome 
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sequencing identified a homozygous splicing variant in ASNS 

(Chr7(GRCh37):g.97482371C>T; NM_133436.3(ASNS):c.1476+1G>A). The 

essential splice-site variant was very highly conserved (PhyloP UCSC), absent from 

population databases (gnomAD, dbSNP, 1000G) and not previously reported in the 

ClinVar or HGMD databases or the medical literature (all databases accessed January 

2019). Segregation analysis confirmed biparental inheritance. Biallelic mutations in 

ASNS cause asparagine synthetase deficiency (MIM# 615574) (Alfadhel & El-Hattab, 

2018), a diagnosis consistent with the clinical features of the proband and his 

deceased sibling. The variant was classified as a variant of uncertain significance. 

Turnaround time from receipt of clinical specimens to issue of report was 75.5 hours. 

The trio exome sequencing results were disclosed to the parents, and written consent 

was obtained for supportive analyses to determine the pathogenicity of the variant, 

including biochemical measurement of asparagine in blood and CSF, segregation of 

the variant in the deceased sibling from DNA extracted from a cryopreserved 

fibroblast cell line, and mRNA splicing analyses of blood obtained from the proband 

and both parents, and later from a cryopreserved fibroblast cell line from the deceased 

sibling. 

Blood and CSF asparagine levels were 27 µmol/L (reference range 29-202) and 4 

µmol/L (reference range 0-20), respectively. These values were considered potentially 

consistent with, but not diagnostic of, asparagine synthetase deficiency. 

Chromosomal microarray results for the proband became available on day 9, 

demonstrating no clinically significant genomic imbalance. Two regions of 

homozygosity were detected on chromosomes 7 and 8. ASNS, located at chromosomal 

location 7q21.3, was within the chromosome 7 region of homozygosity. Retrospective 
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review of the deceased sibling’s microarray performed in 2011 demonstrated a similar 

region of homozygosity on chromosome 7 that also included the ASNS gene 

(Supplementary Information, Figure S1). 

Sanger sequencing of DNA extracted from a cryopreserved fibroblast cell line from a 

skin biopsy obtained from the deceased sibling identified the ASNS splicing variant in 

homozygous form.  

Data mining of RNA-seq data obtained from the GTEx Project (Consortium, 2013) 

showed that ASNS exon 12 is a canonical exon included in predominant ASNS 

isoforms expressed in brain, blood and skin (Supplementary Information, Figure S2). 

Therefore, splicing outcomes observed in blood and fibroblast RNA maintain 

relevance to the predominant ASNS isoform(s) in brain.  

RT-PCR splicing studies of ASNS cDNA synthesized from mRNA isolated from 

whole blood (proband and both parents) and fibroblasts (deceased sibling) confirmed 

abnormal splicing induced by the homozygous ASNS c.1476+1G>A variant (Figure 

2). Abnormal splicing events included: a) exon 12 skipping which removes 156 

nucleotides from the ASNS mRNA. This event is in-frame, removing 52 amino acids 

from the encoded asparagine synthetase enzymatic domain (p.(Asn441_Gln492del)); 

b) use of a cryptic 5’splice-site 48 nucleotides upstream of the native 5’splice-site 

which removes 48 nucleotides from exon 12. This event is in-frame, removing 16 

amino acids from the asparagine synthetase enzymatic domain 

(p.(Val477_Gln492del)); c) retention of intron 12, or both intron 11 and intron 12, 

which encode a premature termination codon and may be targeted by nonsense-

mediated decay. Transcripts that may escape nonsense-mediated decay encode 

asparagine synthetase proteins that lack a conserved region within the asparagine 
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synthetase enzymatic domain and are likely to be dysfunctional or non-functional 

(Figure 1D-E). A primer bridging exons 12 and 13, specific for normally-spliced 

ASNS transcripts, failed to amplify a product from cDNA for both affected siblings, 

though robustly amplified correctly spliced ASNS cDNA from the parent carriers and 

unrelated disease controls (Figure 2iii). These data infer there are no, or undetectably 

low levels of, correctly spliced ASNS transcripts in both affected individuals. 

Amplification of GAPDH at sub-saturating cycle lengths of 25 and 30 cycles 

confirmed similar cDNA loading for all samples. 

The results of biochemical evaluation, chromosomal microarray, and mRNA splicing 

analyses of the proband and both parents (reported within 10 days) were available on 

day 27 of life. Based on the additional evidence, the homozygous ASNS splicing 

variant was reclassified as pathogenic according to ACMG guidelines (Richards et al., 

2015), establishing a diagnosis of asparagine synthetase deficiency (MIM# 615574) 

(Alfadhel & El-Hattab, 2018).  

Genetic counselling was provided to the family and after a further 13 days with their 

child, the parents elected to redirect care towards palliation and symptomatic 

management, and the proband died at age 40 days (Figure 1C) 

Following receipt of segregation results in the deceased sibling, which became 

available subsequent to the proband’s death, confirmatory mRNA splicing analyses 

were performed on cryopreserved fibroblasts from the deceased sibling (see Figure 2). 

Total hospitalization length of stay for the proband and the deceased sibling was 40 

days and 59 days respectively, with a difference of 19 days. Based on average daily 

hospitalization costs in a pediatric intensive care unit of AU$6,200 (Schlapbach et al., 
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2017), less the cost of ultra-rapid trio exome sequencing ($12,000) and research 

mRNA splicing analysis ($2,486; reagents $433, Sanger sequencing $1,363, time 

$690 (in silico analyses, laboratory work, reporting)), this difference in length of stay 

equates to an estimated cost-saving following early diagnosis of AU$100,828. 

Potential additional cost savings related to reproductive testing to avoid another 

recurrence have not been estimated. 

Rapid genomic diagnosis programs have the potential to target therapy, clarify 

prognosis, avoid unnecessary or invasive investigations and interventions, and reduce 

health costs (Farnaes et al., 2018; French et al., 2019; Meng et al., 2017; Mestek-

Boukhibar et al., 2018; Petrikin et al., 2018; Stark et al., 2018; van Diemen et al., 

2017; Willig et al., 2015). Variants of uncertain significance are frequently identified 

by genomic testing (Grody, Thompson, & Hudgins, 2013). In the acute care setting, 

time taken to achieve diagnostic certainty may have a significant impact on clinical 

care. Despite recognition of the challenges associated with variants of uncertain 

significance (Petrikin, Willig, Smith, & Kingsmore, 2015), supportive functional 

genomics analyses have not been described to date as part of a rapid genomic 

diagnosis program (Farnaes et al., 2018; French et al., 2019; Meng et al., 2017; 

Mestek-Boukhibar et al., 2018; Petrikin et al., 2018; Stark et al., 2018; van Diemen et 

al., 2017; Willig et al., 2015). With a molecular diagnosis of a rare monogenic 

disorder achieved following mRNA analyses within the first four weeks of life, this 

case demonstrates the clinical and cost benefits of incorporating supportive testing as 

an adjunct to rapid genomic diagnosis programs. Results facilitated clinical decision 

making within a clinically appropriate timeframe, resulting in redirection of care 

towards palliation and symptomatic management, with projected cost savings by 

reducing hospitalization length of stay and diagnostic investigations following early 
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diagnosis. Importantly, a confirmed diagnosis of asparagine synthetase deficiency 

now enables reproductive genetic testing.  

Asparagine synthetase deficiency is a rare monogenic condition characterized by 

microcephaly with a progressive encephalopathy, severely delayed 

neurodevelopment, and early death (Alfadhel & El-Hattab, 2018). The spectrum of 

clinical severity varies between reported cases (Abhyankar et al., 2018; Alfadhel et 

al., 2015; Alrifai & Alfadhel, 2016; Ben-Salem et al., 2015; Galada et al., 2018; 

Gupta et al., 2017; Palmer et al., 2015; Sacharow et al., 2018; Seidahmed et al., 2016; 

Sun et al., 2017; Yamamoto et al., 2017), with no reported genotype-phenotype 

correlations (Alfadhel & El-Hattab, 2018). It has been suggested that asparagine 

synthetase deficiency should be considered in any neonate with microcephaly and an 

epileptic encephalopathy, which is the most common clinical presentation for this 

condition (Radha Rama Devi & Naushad, 2019). The two siblings in this report 

presented with a severe phenotype, with cerebellar hypoplasia and ventilator 

dependence from birth. mRNA analyses suggested absence, or extremely low levels, 

of normal ASNS splicing, undetectable by PCR amplification. Two of the three 

abnormal splicing events maintained the asparagine synthetase open reading frame, 

though deleted multiple sequential evolutionarily conserved amino acids that 

comprise the enzymatic domain (deleted residues are conserved to yeast/zebrafish). 

The severe neurological phenotype observed in both affected siblings is consistent 

with the high likelihood of enzymatic dysfunction or protein deficiency resulting from 

abnormal splicing of ASNS transcripts, which affects the conserved asparagine 

synthetase enzymatic domain. Although emerging technologies in clinical genetics 

raise the exciting potential for targeted treatments, therapies with asparagine have had 
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mixed results (Alrifai & Alfadhel, 2016; Sprute et al., 2019) and the degree of brain 

malformation makes the success of postnatal intervention less likely. 

Subsequent to diagnosis, RNA derived from blood (proband) and fibroblasts 

(deceased sibling) was subject to short-read RNA sequencing (150 nt paired-end 

reads). The blood specimen failed. RNA sequencing of the fibroblasts showed clear 

evidence for mis-splicing (exon-12 skipping, intron-12 retention, 5’cryptic splice site 

use). However, 15% of reads with cryptic splice site use were mis-mapped (100/667) 

and incorrectly aligned to the authentic 5’splice site junction with mis-matching 

(Supplementary Information, Figure S3). Short read RNA sequencing is prone to mis-

mapping, and particularly for mis-spliced reads that do not match the reference 

transcriptome. Short-read RNA sequencing is powerful though holds inherent 

limitations in that reads do not bridge multiple exons, in some cases presenting 

diagnostic uncertainty related to which isoform(s) and which allele(s) is/are affected 

by mis-splicing, especially in cases with alternative splicing of exons adjacent to a 

putative splicing variant. Due to these considerations, we recommend abnormal 

findings observed by short read RNA sequencing be confirmed by RT-PCR before 

being used clinically. Long read sequencing is entering the diagnostic horizon and 

may hold improved time and cost-efficiencies for diagnostic use as an alternative to 

multiple, bespoke PCRs, gel extraction and Sanger sequencing of amplicons.  

In conclusion, we present the neonatal diagnosis of asparagine synthetase deficiency 

facilitated by rapid genomic testing (exome sequencing and adjunct mRNA analyses) 

of a critically unwell neonate. Whilst not all variants of uncertain significance are 

amenable to clinical functional genomics, establishment of a rapid pipeline for mRNA 
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analyses has potential to increase the number of definitive diagnoses, with significant 

clinical and health economic benefits.  
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FIGURES 

Figure 1. Family pedigree, brain imaging, clinical time-line and schematic 

overview of pathogenic ASNS variants. A) Magnetic resonance imaging (MRI) of 

postnatal brain for the proband showing cerebellar hypoplasia. B) Pedigree showing 

the proband (arrow) and his deceased affected sibling. C) Timeline of clinical and 

genetic investigations, noting sequential re-classification of the homozygous ASNS 

c.1476+1G>A variant from a variant of uncertain significance to a pathogenic variant, 

and subsequent changes in clinical management. Wks: weeks of age. D) A schematic 

of the encoded asparagine synthetase protein showing the position of residues deleted 

through abnormal splicing induced by the c.1476+1G>A variant, as well as positions 

of previously reported ASNS variants classified as likely pathogenic or pathogenic 

taken from ClinVar. Residues annotated as comprising the functional domains are 
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taken from Uniprot (P08243). E) Evolutionary alignment of the amino acid residues 

encoded by ASNS exon 12 (NM_001673.4). Skipping of Exon -12, or use of the 

upstream 5’ cryptic splice site in exon 12, abnormally removes numerous highly 

conserved amino acids, many of which are invariant throughout vertebrate evolution. 
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Figure 2. Adjunct RT-PCR studies of ASNS pre-mRNA splicing. A) Gel 

electrophoresis of reverse transcription polymerase chain reaction (RT-PCR) 

reactions. RT-PCR was performed using mRNA isolated from whole blood from the 

family trio and three controls (C1 = disease control 1, male, 7 months; C2 = disease 

control 2, male, 5 years; C3 = control 3, female, 43 years), and subsequently, using 

cDNA from primary fibroblasts from the affected sibling and two controls (C4 = 

disease control 4, Male, 8 months; C5 = control 5, male fetus 31/40 weeks). P = 

affected proband; M = unaffected mother; F = unaffected father; S = affected sibling. 

i) Forward primer in exon 10 and reverse primer in exon 13. ii) Forward primer in 

exon 12 and reverse primer in the 3’UTR. iii) Forward primer bridging the junction of 

exon-12/ exon-13 to selectively amplify transcripts with normal splicing of exon 12-

13. We could not find evidence for normal exon 12-13 splicing in the proband and his 

sibling. iv) Forward primer in exon 10 and reverse primer in intron 12 to selectively 

amplify transcripts with intron 12 retention. Retention of intron 12, and or intron 11 

and 12, was not detected in controls and observed only in the affected individuals and 

parent carriers of the c.1476+1G>A variant. v) Forward and reverse primers in 

GAPDH used as a cDNA loading control. Replicate samples were subject to PCR for 

25 or 30 cycles to confirm sub-saturating PCR conditions and demonstrate loading 

and quality of cDNA. B) Sanger Sequencing of gel purified bands. Amplicon 1 was 

confirmed to correspond to normal splicing of exons 10-11-12-13 (444 bp). Amplicon 

2 corresponds to use of an exon 12 cryptic 5’ splice site (396 bp), 48 nucleotides 

upstream from the authentic 5’ splice site. Amplicon 3 corresponds to exon-12 

skipping (288 bp). Amplicon 4 corresponds to retention of intron 12 (322 bp). 

Amplicon 5 corresponds to retention of both intron 11 and 12 (411 bp). C) Schematic 

of the abnormal splicing events induced by the ASNS c.1476+1G>A variant, showing 
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the positions of the exon 12 5’ cryptic splice site and encoded stop codons resulting 

from retention of intron 11 or intron 12.  
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