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N-Acetylglutamate Synthase 
Deficiency Due to a Recurrent 
Sequence Variant in the 
N-acetylglutamate Synthase 
Enhancer Region
Monique Williams1, Alberto Burlina2, Laura Rubert2, Giulia Polo2, George J. G. Ruijter3, 
Myrthe van den Born3, Véronique Rüfenacht4, Nantaporn Haskins5, 
Laura J. C. M. van Zutven3, Mendel Tuchman5, Jasper J. Saris   3, Johannes Häberle4 & 
Ljubica Caldovic   5

N-acetylglutamate synthase deficiency (NAGSD, MIM #237310) is an autosomal recessive disorder of 
the urea cycle that results from absent or decreased production of N-acetylglutamate (NAG) due to 
either decreased NAGS gene expression or defective NAGS enzyme. NAG is essential for the activity of 
carbamylphosphate synthetase 1 (CPS1), the first and rate-limiting enzyme of the urea cycle. NAGSD is 
the only urea cycle disorder that can be treated with a single drug, N-carbamylglutamate (NCG), which 
can activate CPS1 and completely restore ureagenesis in patients with NAGSD. We describe a novel 
sequence variant NM_153006.2:c.-3026C > T in the NAGS enhancer that was found in three patients 
from two families with NAGSD; two patients had hyperammonemia that resolved upon treatment 
with NCG, while the third patient increased dietary protein intake after initiation of NCG therapy. Two 
patients were homozygous for the variant while the third patient had the c.-3026C > T variant and a 
partial uniparental disomy that encompassed the NAGS gene on chromosome 17. The c.-3026C > T 
sequence variant affects a base pair that is highly conserved in vertebrates; the variant is predicted to 
be deleterious by several bioinformatics tools. Functional assays in cultured HepG2 cells demonstrated 
that the c.-3026C > T substitution could result in reduced expression of the NAGS gene. These findings 
underscore the importance of analyzing NAGS gene regulatory regions when looking for molecular 
causes of NAGSD.

N-acetylglutamate synthase (NAGS; EC 2.3.1.1) is a urea cycle enzyme that catalyzes formation of 
N-acetylglutamate (NAG) from glutamate and acetyl coenzyme A1. NAG is an essential allosteric activa-
tor of carbamylphosphate synthetase 1 (CPS1, EC 6.3.4.16), which catalyzes the initial step of ureagenesis – 
ATP-dependent synthesis of carbamylphosphate from ammonia and bicarbonate2. Primary NAGS deficiency 
(NAGSD, MIM #237310) results from defects in NAGS gene and protein leading to decreased abundance or 
absence of NAG, decreased or absent CPS1 activity, reduced or absent urea synthesis and hyperammonemia3,4. 
Hyperammonemia is the principal biochemical symptom of NAGSD which manifests clinically with nausea, 
vomiting, cognitive changes, seizures and, in severe cases, coma and death; other biochemical symptoms include 
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high plasma glutamine and low or absent plasma citrulline4. Additionally, NAGSD can arise secondary to defects 
in organic and fatty acid metabolism3,4.

Human NAGS gene is located on chromosome 17 within band 17q21.31; NAGS spans approximately 8.5 kb 
and has seven exons that encode a 1605 bp open reading frame, starting at chr17:42,082,032 (GRCh37/hg19), six 
introns, a promoter, and an enhancer located about 3 kb upstream of the transcription start sites5–9. The NAGS 
promoter directs transcription of the NAGS gene from multiple transcription start sites located between 20 and 
120 bp upstream of the NAGS translation initiation codon9. The NAGS promoter controls transcription of the 
NAGS gene through binding of specificity protein 1 (Sp1) and cAMP response element binding (CREB) transcrip-
tion factors9. The NAGS enhancer binds hepatic nuclear factor 1 (HNF1) and nuclear factor Y (NF-Y) transcrip-
tion factors and is responsible for liver-specific expression of the NAGS gene9.

Primary NAGSD is an autosomal recessive disorder that affects approximately 1 in 2,000,000 people10. 
Majority of patients with NAGSD are homozygous for the disease causing NAGS allele11. Most NAGSD causing 
sequence variants are within NAGS coding region or affect splicing of the NAGS mRNA11–15; a sequence vari-
ant in the NAGS enhancer (NM_153006.1:c.-3064 C > A) caused NAGSD by reduced NAGS expression due to 
decreased binding of HNF1 to its binding site8. Quick and accurate diagnosis of NAGSD is essential because it is 
the only urea cycle disorder that can be completely treated with a single drug, i.e. N-carbamylglutamate (NCG), 
a chemical analog of NAG that binds to and activates CPS116,17 to completely restore ureagenesis in patients with 
NAGSD4,18. NAGSD can be diagnosed by sequencing of the NAGS gene and the diagnosis is supported by the 
markedly enhanced ureagenesis in response to treatment with NCG5–8.

We describe a novel sequence variant in the NAGS enhancer that occurred independently in two families 
whose members had NAGSD, totaling to three independent families with NAGS enhancer variants with appar-
ent clinical consequences. This novel variant is pathogenic because it is associated with recurrent episodes of 
hyperammonemia (and epilepsy) that were promptly resolved upon treatment with NCG and caused reduced 
expression in a functional assay consisting of a reporter gene in cultured cells.

Materials and Methods
All methods were performed in accordance with the relevant guidelines and regulations of the participat-
ing institutions. Mutation analysis was conducted with the approval of the Institutional Review Boards of the 
Erasmus Medical Center of the Sophia Children’s Hospital and the University Hospital of the University of Padua. 
Informed consent was obtained either from all study subjects or their parents/guardians.

Subject 1.  History.  The female subject is the only child of non-consanguineous parents. Mother is from 
Russia while father is Dutch. Pregnancy, delivery and neonatal period were normal. She was breastfed until the 
age of 3 months. She had a normal development, smiling, first words at 6 months and walking at 18 months. At 
the age of 2–3 years, she refrained from milk and dairy products, fish and meat.

Presentation.  A female patient, 3 years and 9 months old, was referred because of encephalopathy (Glasgow 
coma scale, GCS, 6). Her CT scan indicated diffuse bilateral obliteration of peripheral cerebral spinal fluid, hypo-
density of white matter with loss of white-gray demarcation, and diffuse hypodense aspect of the white matter as a 
result of global cerebral ischemia. Four days prior, she had been restless, drowsy/lethargic, and repeating incom-
prehensible sentences. She seemed tired, but would get up in the night. With increasing loss of consciousness, 
she was admitted to the hospital. An EEG was suspicious for focal epilepsy. She was treated with diazepam and 
valproate. Brain MRI, taken after treatment, was normal. Laboratory investigations revealed compensated meta-
bolic acidosis (pH 7.50, pCO2 2.4 kPA, HCO3 18.6 mmol/L, BE −7), elevated lactate 4.0 mmol/L (ref. 1.0–1.8) and 
ammonia (314 and 207 µmol/L, ref. <50). Amino acids in plasma (prior to treatment) showed increased alanine 
1043 µmol/L (ref. 176–480), normal glutamine 482 µmol/L (ref. 400–720), and decreased citrulline 10 µmol/L 
(ref. 17–50) and arginine 17 µmol/L (ref. 32–128); isoleucine, leucine and valine were also decreased. Urinary 
orotic acid was normal as was blood acylcarnitine profile. She was started on a high caloric drip, without protein 
but did not improve clinically and was therefore transferred to the Pediatric Intensive Care Unit (PICU). The 
patient suffered a similar period with abnormal behavior a month prior to this event, but the cause of her strange 
behavior remained unclear.

Clinical follow up.  After admission at PICU, patient was temporarily ventilated because of the low GCS. In addi-
tion to hypercaloric intake (need for insulin due to hyperglycemia), she was started on i.v. arginine (250 mg/kg/d  
loading dose, then same dose as continuous infusion over 24 h, plus nitrogen scavengers sodium benzoate 
and sodium phenylacetate (250 mg/kg as initial loading dose followed by maintenance dose at 250 mg/kg/d). 
Ammonia levels decreased from maximum 462 µmol/L to 103 µmol/L, but increased again after 3 days to 
194 µmol/L. Therefore, nitrogen scavengers were increased to 400 mg/kg/d and NCG started simultaneously 
(5 × 200 mg/d). With this treatment and after reintroduction of protein at final dose of 1 g/kg/d, ammonia levels 
normalized and remained normal.

Based on initial results, ornithine transcarbamylase (OTC) deficiency was suspected and NCG treatment 
was stopped. Two weeks later, another episode of hyperammonemia occurred which resolved immediately after 
reintroduction of NCG as the only treatment. This fast response to NCG together with the self-imposed protein 
restriction suggested NAGSD.

Routine DNA analysis of NAGS and CPS1 coding exons, including the flanking intronic regions, did not 
reveal any sequence variants. Liver enzyme activity analyses were all normal: NAGS 94 µIE/mg protein (ref. >34), 
NAGS after arginine stimulation 197 µIE/mg protein (ref. >144), CPS1 26.7 mIE/mg protein (ref. >12), and OTC 
489 mIE/mg protein (ref. >160).
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A novel homozygous c.-3026C > T variant in the NAGS enhancer region was identified (Figure S1 and 
Supplementary Sequencing Results). The mother tested heterozygous for this variant, while the father did not 
carry the mutation. Parallel genetic testing of patient’s DNA using SNP array revealed one single, unusually large, 
39 Mb, region of homozygosity (ROH). This region contains most of 17q21.31, including the NAGS gene, and 
extends until the telomere. These results are consistent with a monosomic rescue resulting in a partial uniparental 
disomy (UPD) of chromosome 17 (Fig. 1). A common SNP rs151305517 (MAF 21%), that was detected in DNA 
from peripheral blood of the father, was absent from the DNA of patient 1 and her mother, thus strengthening the 
diagnosis of maternal UPD.

Subject 2.  History.  Subject 2 is a female, who was born at term after an uncomplicated pregnancy. Her phys-
ical examination was normal and she was discharged home at 4 days old. In the first years of life, she had normal 
physical and neurological development. When she was 6 years old, she presented with an episode of fever and 
vomiting with slow speech, anxiety, confusion, disorientation and altered consciousness requiring hospitalization.

Review of the past medical history was notable for poor feeding and problematic eating habits with rejection 
of meat and fish. Her weight and height were at the 3rd percentile. Her medical history also revealed that during 
episodes of fever, she suffered similar episodes of vomiting and slow speech attributed to infections. The mother 
described increasing tiredness for some days prior to the episode.

Presentation.  At admission, patient’s neurological examination demonstrated no focal signs and no gait distur-
bances. Both EEG and brain CT were normal. Laboratory investigation including blood cell count, electrolytes, 
glucose, liver function, renal function, lactate, blood gas analysis and urinary ketones were all normal. No signs 
of intoxications: blood alcohol, barbiturate, diphenylhydantoin, digoxin and benzodiazepines were not found. A 
portosystemic shunt was ruled out with abdominal ultrasound and MRI analysis.

Her blood ammonia level was 251 µmol/L (reference range 0–35) which remained elevated despite continuous 
i.v. glucose fluids. Due to persistent hyperammonemia, treatment with sodium benzoate was initiated. A com-
plete metabolic work-up including the plasma amino acid profile showed high glutamine (895 µmol/L), alanine  
(719 µmol/L) while urinary organic acids and blood acylcarnitine profile were normal. No orotic acid was 
detected in the urine collected during acute hyperammonemic episode. Subsequently, an allopurinol loading test 
was performed showing neither orotic acid nor orotidine. Screening of the gene panel for UCD, which includes 
CPS1, OTC, ASS1 and ASL coding exons did not reveal any pathogenic sequence variants.

Three months after this episode, she presented again with a similar psychotic picture that required hospi-
talization. Metabolic investigations revealed hyperammonemia (236 µmol/L), elevated glutamine in plasma  
(855 µmol/L) and in the CSF (2243 µmol/L; ref. 390–824). These data, consistent with a proximal urea cycle defect, 
including NAGSD, suggested to change therapy from sodium benzoate to NCG at an initial dose of 100 mg/kg/d. 
Shortly after this change, ammonia normalized and the child regained her normal activity.

Clinical follow up.  Treatment with NCG was continued at 50 mg/kg/d and the patient has shown no further 
clinical manifestation even during fever episodes, her appetite improved, including tolerance to natural protein 
foods and her protein intake could be increased to 1.8 g/kg/d. Patient’s weight and height reached the 50th per-
centile and the neurological and developmental assessments were normal. Despite the negative results for NAGS 
mutation(s) in the coding region and splice sites we decided to continue the therapy with NCG. After mutation 
analysis of patient 1 revealed the NM_153006.2:c.-3026C > T variant in the NAGS enhancer we revisited the 
previous sequencing results in this patient and found that she is also homozygous for the c.-3026C > T sequence 
variant (Figure S1 and Supplementary Sequencing Results). Both parents are heterozygous carriers of the variant, 
which confirms recessive inheritance and excludes the possibility of a small deletion and/or allele dropout.

Figure 1.  Patient 1 SNP Array results, Illumina HCS850 hg19. Top – Chromosome 17 ideogram, NAGS 
is located in band 17q21.31, starting at g.42,082,032(GRCh37/hg19). Middle – copy number Log2R profile 
of individual probes (range −2 to 2). Bottom – Heterozygosity plot of polymorphic probes (SNPs) using 
individual BAF values (range 0 to 1). The patients ROH (yellow shaded segment) as called by software starts at 
g.41,823,402, and spans 39 Mb and 14 k probes.
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Subject 3.  History.  Subject 3 is the dizygotic twin sister of patient 2. She presented with poor appetite and 
avoidance of foods with high protein content. Her weight and height were at 5th percentile. Unlike her sister, 
patient 3 never had the behavioural problems during fever episodes although her mother noticed irritability for 
few days after the fever subsided.

Clinical follow up.  After patient’s sister was diagnosed with NAGSD, a metabolic work-up was performed 
including direct analysis of the NAGS enhancer revealing the same homozygous c.-3026C > T change as in patient 
2 (Figure S1 and Supplementary Sequencing Results). Pre-prandial plasma ammonia was normal but the post-
prandial plasma ammonia rose to 85 µmol/L while plasma glutamine increased to 1109 µmol/L. She was put on 
NCG (50 mg/kg/d) with normalization of biochemical parameters and an unexpected increased appetite for high 
protein foods.

Mutation Analysis of the NAGS gene.  NAGS mutation analysis using DNA from peripheral blood cells 
was performed as described previously19. Sequencing of the NAGS enhancer and promoter8 was subsequently 
included in the mutation analysis of the NAGS gene.

SNP array analysis of DNA from patient 1 was performed with Illumina Gene Chip 850 in a standard clinical 
laboratory procedure. Illumina GenomeStudio and Biodiscovery Nexus SE v7.5 were used for genotyping, deter-
mination of copy number imbalance, and ROH analysis.

Bioinformatic Analysis of the NAGS Regulatory Region.  Sequence of the NAGS upstream regula-
tory region (chr17:42,0798,560-42,082,100 of the GRCh37/hg19 human genome assembly) and the conserva-
tion scores for each position were downloaded from the UCSC Genome Browser (https://genome.ucsc.edu/). 
Sequences of NAGS enhancers from 30 mammals (Table S1) were downloaded from the UCSC Genome Browser 
and aligned using Clustal Omega20. LOGO representation of the multiple sequence alignment was generated 
using WebLOGO 321.

Plasmid Construction and Expression Studies.  Expression plasmid p4.23hE_Mut, which 
harbors NAGS enhancer mutation found in patients was generated with mutagenic primers 5′- 
AGAGGGCCATGTCCCCAGGCAGCC-3′ and 5′-GGCTGCCTGGGGACATGGCCCTCT-3′, and p4.23hE 
plasmid as template8 using Quick Change Lightning Mutagenesis kit (Agilent Technologies) according to man-
ufacturer’s instructions. Presence of the enhancer mutation was confirmed by DNA sequencing of the resulting 
plasmid.

Human HepG2 hepatoma cells (ATCC) were cultured in complete EMEM medium (ATCC) supplemented 
with 10% fetal bovine serum (ATCC) and 5% penicillin/streptomycin (Life Technologies); cells were cultured 
at 37 °C in atmosphere containing 5% CO2. Cells were plated in the 24-well plates at 1.5 × 105 cells/well; 24 hr. 
later cultured cells reached 90–95% confluency. Cells were transfected with Lipofectamine 3000 reagent (Life 
Technologies) mixed with 0.5 µg of plasmid DNA. The ratio of experimental plasmids, which express firefly lucif-
erase luc2, and pGL4.74, which expresses Renilla reniformis luciferase and was used as a transfection efficiency 
control, was 1000:1.

Cells were harvested 24 hr. after transfection and used for reporter gene assay with the Dual Luciferase 
Reporter Assay System (Promega) and Berthold Centro 960 luminometer according to the manufacturer’s 
instructions. Firefly luciferase activities were normalized to activity of Renilla luciferase to correct for differ-
ences in transfection efficiency, and to firefly luciferase activity from the p4.23hE plasmid harboring wild-type 
NAGS enhancer. Results are average of three independent experiments, each carried out in triplicate. Values were 
expressed and mean ± SEM and analyzed using Student t-test.

Results
Human NAGS Gene Regulatory Region.  Human NAGS gene regulatory region encompasses approxi-
mately 4 kb; it harbors several regions of high conservation in mammalian genomes that cluster in the NAGS pro-
moter, immediately upstream of NAGS exon 1, and in the NAGS enhancer, which is located about 3 kb upstream 
of the NAGS translation initiation codon (Fig. 2A). Human NAGS enhancer is approximately 300 bp long and 
binds transcription factors HNF1 and NF-Y that are important for NAGS expression in the liver (Fig. 1B and8,9). 
ENCODE project revealed that human NAGS enhancer also binds transcription factor NF1C in HepG2 cells 
(Fig. 2B and22).

Identification of Disease Causing Sequence Variant in the NAGS Enhancer.  All three patients in 
this study presented with hyperammonemia and a metabolic profile suggestive for a proximal urea cycle disor-
der. Treatment with NCG led to normalization of plasma ammonia in patients 1 and 2 while withdrawal of this 
treatment resulted in recurrence of hyperammonemia in both patients. The third patient in this study markedly 
increased dietary protein intake after initiation of treatment with NCG. Therefore, genetic investigations were 
expanded beyond the routine sequencing of the coding NAGS exons to include the NAGS gene regulatory regions.

Sequencing of the NAGS regulatory region in all three patients revealed a C to T change at position chr17: 
42,079,006 (GRCh37/hg19 human genome assembly), which is 3026 bp upstream of the NAGS translation ini-
tiation codon, within intron1 of PYY, and within the Nuclear Factor IC (NFIC) transcription factor binding site 
(Fig. 2B). This sequence variant has not been reported in dbSNP147 and 1000 Genomes project databases; this 
region has not been released for query in the Genome Aggregation Database (gnomAD, version2.0)23. Estimates 
of evolutionary conservation and computational mutation effect prediction tools were used to determine whether 
c.-3026C > T sequence variant could be a cause of NAGSD. The genomic evolutionary rate profiling (GERP)24,25 
and Phylo-P26 scores for the base pair affected by the c.-3026C > T variant are 4.51 (on the scale of −12.36 to 6.81) 
and 2.749 (on the scale of −20 to 7.532), respectively, indicating evolutionary constraint at this position while the 
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PhastCons score26 of 0.999 (on the scale of 0–1) indicates that the c.-3026C is part of a conserved element. The 
CADD (Combined Annotation-Dependent Depletion) scaled C-score, which includes the previous scores in a 
weighted model, for the c.-3026C > T is 19.36 indicating that this variant is among 1–2% of the most deleterious 
variants in the human genome27, and MutationTaster228 classified this variant as disease causing. Additionally, 
c.-3026C > T variant was classified as deleterious by each of the five variant prediction tools (CADD, DANN, 
FATHMM, FunSeq2 and GWAVA) that are combined into PredictSNP2 platform29. Because computational pre-
diction of the effects of sequence variants are not always accurate we carried out functional testing in cultured 
cells.

Expression Studies.  Reporter gene assays in cultured HepG2 cells were used to test whether the 
c.-3026C > T sequence variant could be responsible for decreased expression of the NAGS gene and NAGSD 
in three patients. The C to T change corresponding to the c.-3026C > T variant was engineered into p4.23Enh 
construct8 and resulting construct p4.23hE_Mut was transfected into HepG2 cells. The p4.32Enh construct, har-
boring wild-type NAGS enhancer, was used as a positive control and p4.23, which lacks NAGS enhancer, was a 
negative control. The relative firefly luciferase activity was approximately 20% lower in HepG2 cells transfected 
with the p4.23hE-Mut construct than in cells transfected with the construct harboring wild-type NAGS enhancer 
(Fig. 3). This suggests that the c.-3026C > T NAGS sequence variant could cause reduction of NAGS gene expres-
sion and NAGSD.

Discussion
Herein we describe a recurrent pathogenic sequence variant c.-3062C > T that resides in the NAGS enhancer 
region and was found in three patients with. Two of the patients from two different families presented with hyper-
ammonemia that resolved upon treatment with NCG; the third patient is a twin sister of one of the patients that 
presented with hyperammonemia. In all three patients the c.-3026C > T sequence variant, located within NAGS 
enhancer and 3026 bp upstream of the NAGS translation initiation site8,9, was the only sequence variant that could 
explain their disease. In addition to the c.-3026C > T sequence variant, patient 1 also had an extensive ROH that 
encompasses the NAGS gene on chromosome 17, which is consistent with chromosomal rearrangement result-
ing in partial UPD of chromosome 17. This case highlights the importance of combining metabolic screening, 
SNP-array, and mutation analysis of DNA in diagnosing NAGSD. Patients 2 and 3 are dizygotic twins and each 
is homozygous for the c.-3026C > T variant. Unlike patient 1, who had severe neurological symptoms associated 
with hyperammonemia, patients 2 and 3 did not have seizures or abnormal brain MRI. Both sisters presented 
with altered behavior associated with febrile episodes, poor feeding, and avoidance of high protein foods prior 
to NAGSD diagnosis and treatment with NCG. All of these symptoms resolved after treatment with NCG was 

Figure 2.  Upstream regulatory region of the human NAGS gene. (A) Map and conservation of the NAGS 
regulatory region. The NAGS promoter and enhancer span respective regions chr17:42,081,416–42,082,031 
and chr17:42,078,768–42,079,095 of the GRCh37/hg19 human genome build. (B) LOGO representation of the 
multiple sequence alignment of NAGS enhancers from 30 mammals. The height of each letter corresponds to 
its conservation. HNF1 and NF-Y binding sites are shown in magenta. The NF1C binding site is shown in blue. 
Mutated base pair is highlighted in yellow and indicated with red asterisk (*). Magenta asterisk indicates site 
that was mutated in patient with NAGSD8.
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initiated. This underscores the importance of the response of patient’s hyperammonemia to NCG treatment in 
diagnosing NAGSD.

The c.-3026C > T variant maps in the vicinity of the NF-Y transcription factor binding site9 and within Nuclear 
Factor IC (NFIC) binding site, which has been identified using chromatin immunoprecipitation followed by 
sequencing carried out as part of the ENCODE project30,31. Although NFIC transcription factor is a DNA-binding 
protein that interacts with transcription machinery32, the presence of its binding site within an enhancer is not 
unusual as many enhancers have been shown to interact with transcription machinery when regulating expres-
sion of their target genes33. The high conservation scores of the base pair affected by the c.-3026C > T variant 
indicate that it resides in a conserved element, and suggests evolutionary constraint in vertebrates and impor-
tance for the NAGS enhancer function. This is reflected in computational predictions that c.-3026C > T variant 
is deleterious (PredictSNP2) and disease causing (MutationTaster2). Because computational predictions of the 
functional effects of sequence variants do not always agree with the expert opinion34, we carried out functional 
testing with reporter gene constructs, which revealed that the c.-3026C > T variant could affect expression of the 
NAGS gene. Taken together clinical, biochemical and molecular evidence strongly suggest that the c.-3026C > T 
variant is pathogenic and caused NAGSD in three patients experiencing physiological stress. As a consequence, 
and including the previous single case, we recommend adding sequencing of the NAGS enhancer region both in 
direct NAGS gene analysis using Sanger sequencing and when next generation approaches are performed.

References
	 1.	 Caldovic, L. & Tuchman, M. N-acetylglutamate and its changing role through evolution. Biochem. J. 372, 279–290 (2003).
	 2.	 Brusilow, S. W., Horwich, A. L. Urea Cycle Enzymes in Scriver CR The Metabolic & Molecular Bases of Inherited Disease vol. 2 (eds 

Beaudet, A. L., Sly, W. S. & Valle, D.) 1909–1963 (McGraw-Hill, 2001).
	 3.	 Ah Mew, N. & Caldovic, L. N-acetylglutamate synthase deficiency: an insight into the genetics, epidemiology. pathophysiology, and 

treatment. The application of clinical genetics. 4, 127–135 (2011).
	 4.	 Haberle, J. Role of carglumic acid in the treatment of acute hyperammonemia due to N-acetylglutamate synthase deficiency. 

Therapeutics and clinical risk management. 7, 327–332 (2011).
	 5.	 Caldovic, L. et al. Cloning and expression of the human N-acetylglutamate synthase gene. Biochem. Biophys Res Commun. 299, 

581–586 (2002).
	 6.	 Elpeleg, O., Shaag, A., Ben-Shalom, E., Schmid, T. & Bachmann, C. N-acetylglutamate synthase deficiency and the treatment of 

hyperammonemic encephalopathy. Ann. Neurol. 52, 845–849 (2002).
	 7.	 Haberle, J. et al. Mutation analysis in patients with N-acetylglutamate synthase deficiency. Hum. Mutat. 21, 593–597 (2003).
	 8.	 Heibel, S. K. et al. N-carbamylglutamate enhancement of ureagenesis leads to discovery of a novel deleterious mutation in a newly 

defined enhancer of the NAGS gene and to effective therapy. Hum. Mutat. 32, 1153–1160 (2011).
	 9.	 Heibel, S. K. et al. Transcriptional regulation of N-acetylglutamate synthase. PLoS One. 7, e29527, https://doi.org/10.1371/journal.

pone.0029527 (2012).
	10.	 Summar, M. L. et al. The incidence of urea cycle disorders. Mol. Genet. Metab. 110, 179–180 (2013).
	11.	 Sancho-Vaello, E. et al. Understanding N-acetyl-L-slutamate synthase deficiency: mutational spectrum, impact of clinical mutations 

on enzyme functionality, and structural considerations. Hum. Mutat. 37, 679–694 (2016).
	12.	 Al Kaabi, E. H. & El-Hattab, A. W. N-acetylglutamate synthase deficiency: novel mutation associated with neonatal presentation and 

literature review of molecular and phenotypic spectra. Mol. Genet. Metab. Rep. 8, 94–98 (2016).
	13.	 Caldovic, L., Morizono, H. & Tuchman, M. Mutations and polymorphisms in the human N-acetylglutamate synthase (NAGS) gene. 

Hum. Mutat. 28, 754–759 (2007).
	14.	 Kim, J. H. et al. Short-term efficacy of N-carbamylglutamate in a patient with N-acetylglutamate synthase deficiency. J. Hum. Genet. 

60, 395–397 (2015).
	15.	 van de Logt, A. E., Kluijtmans, L. A., Huigen, M. C. & Janssen, M. C. Hyperammonemia due to adult-onset N-acetylglutamate 

synthase deficiency. JIMD Rep. 31, 95–99 (2016).
	16.	 Grisolia, S. & Cohen, P. P. The catalytic role of carbamyl glutamate in citrulline biosynthesis. J. Biol. Chem. 198, 561–571 (1952).
	17.	 Grisolia, S. & Cohen, P. P. Catalytic role of glutamate derivatives in citrulline biosynthesis. J. Biol. Chem. 204, 753–757 (1953).
	18.	 Caldovic, L. et al. Restoration of ureagenesis in N-acetylglutamate synthase deficiency by N-carbamylglutamate. J Pediatr. 145, 

552–554 (2004).
	19.	 Haberle, J., Denecke, J., Schmidt, E. & Koch, H. G. Diagnosis of N-acetylglutamate synthase deficiency by use of cultured fibroblasts 

and avoidance of nonsense-mediated mRNA decay. J Inherit. Metab. Dis. 26, 601–605 (2003).
	20.	 Sievers, F. et al. Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 

7, 539 (2011).
	21.	 Crooks, G. E., Hon, G., Chandonia, J. M. & Brenner, S. E. WebLogo: a sequence logo generator. Genome Res. 14, 1188–1190 (2004).
	22.	 Gerstein, M. B. et al. Architecture of the human regulatory network derived from ENCODE data. Nature. 489, 91–100 (2012).
	23.	 Lek, M. et al. Analysis of protein-coding genetic variation in 60,706 humans. Nature. 536, 285–291 (2016).

Figure 3.  Effect of the c.-3026C > T sequence variant on gene expression. Luciferase expression is significantly 
different between wild-type and c.-3026C > T enhancers. An asterisk (*) indicates P < 0.05.

http://dx.doi.org/10.1371/journal.pone.0029527
http://dx.doi.org/10.1371/journal.pone.0029527


www.nature.com/scientificreports/

7SCIENTIfIC REPOrTS |  (2018) 8:15436  | DOI:10.1038/s41598-018-33457-0

	24.	 Cooper, G. M. et al. Single-nucleotide evolutionary constraint scores highlight disease-causing mutations. Nat Methods. 7, 250–251 
(2010).

	25.	 Goode, D. L. et al. Evolutionary constraint facilitates interpretation of genetic variation in resequenced human genomes. Genome 
Res. 20, 301–310 (2010).

	26.	 Siepel, A. et al. Evolutionarily conserved elements in vertebrate, insect, worm, and yeast genomes. Genome Res. 15, 1034–1050 
(2005).

	27.	 Kircher, M. et al. A general framework for estimating the relative pathogenicity of human genetic variants. Nat. Genet. 46, 310–315 
(2014).

	28.	 Schwarz, J. M., Cooper, D. N., Schuelke, M. & Seelow, D. MutationTaster2: mutation prediction for the deep-sequencing age. Nat. 
Methods. 11, 361–362 (2014).

	29.	 Bendl, J. et al. PredictSNP2: A unified platform for accurately evaluating SNP effects by exploiting the different characteristics of 
variants in distinct genomic regions. PLoS Comput. Biol. 12, e1004962 (2016).

	30.	 Myers, R. M. et al. A user’s guide to the encyclopedia of DNA elements (ENCODE). PLoS Biol. 9, e1001046 (2011).
	31.	 Birney, E. et al. Identification and analysis of functional elements in 1% of the human genome by the ENCODE pilot project. Nature. 

447, 799–816 (2007).
	32.	 Gronostajski, R. M. Roles of the NFI/CTF gene family in transcription and development. Gene. 249, 31–45 (2000).
	33.	 Li, W., Notani, D. & Rosenfeld, M. G. Enhancers as non-coding RNA transcription units: recent insights and future perspectives. 

Nat. Rev. Genet. 17, 207–223 (2016).
	34.	 van der Velde, K. J. et al. Evaluation of CADD scores in curated mismatch repair gene variants yields a model for clinical validation 

and prioritization. Hum Mutat. 36, 712–719 (2015).

Acknowledgements
This work was supported by Public Health Service Grant R01DK064913 from the National Institutes of Health. 
Work on urea cycle disorders is supported by the Swiss National Science Foundation (grant 310030_153196 to 
JH). Mutation analysis for NAGSD at the Zurich laboratory is supported by Orphan Europe Recordati. We want 
to acknowledge Dr. Dicky J. Halley for careful commenting and Dr. Grazia M. Mancini for her clinical expertise 
and insight.

Author Contributions
Monique Williams, MD PhD – clinical diagnosis, treatment and description of patient 1. Alberto Burlina, MD 
– clinical diagnosis, treatment and description of patients 2 and 3. Laura Rubert – clinical diagnosis, treatment 
and description of patients 2 and 3. Giulia Paolo – clinical diagnosis, treatment and description of patients 2 
and 3. Myrthe van den Born–Clinical Molecular Geneticist who interpreted SNP array and sequencing to 
diagnose UPD. George JG Ruijter–Clinical Biochemist for metabolic analysis. Laura JCM van Zutven – Clinical 
Cytogeticist for SNP array analysis. Jasper J Saris, PhD – Clinical Molecular Geneticist who interpreted SNP 
array and sequencing to diagnose UPD. Véronique Rüfenacht – NAGS gene sequencing. Nantaporn Haskins – 
prepared reporter gene constructs and carried out functional testing of the sequence variant. Mendel Tuchman, 
MD – critically revised the manuscript. Johannes Häberle, MD – wrote the manuscript and supervised NAGS 
gene sequencing. Ljubica Caldovic, PhD – wrote the manuscript and supervised functional testing.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33457-0.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-33457-0
http://creativecommons.org/licenses/by/4.0/

	N-Acetylglutamate Synthase Deficiency Due to a Recurrent Sequence Variant in the N-acetylglutamate Synthase Enhancer Region ...
	Materials and Methods

	Subject 1. 
	History. 
	Presentation. 
	Clinical follow up. 

	Subject 2. 
	History. 
	Presentation. 
	Clinical follow up. 

	Subject 3. 
	History. 
	Clinical follow up. 

	Mutation Analysis of the NAGS gene. 
	Bioinformatic Analysis of the NAGS Regulatory Region. 
	Plasmid Construction and Expression Studies. 

	Results

	Human NAGS Gene Regulatory Region. 
	Identification of Disease Causing Sequence Variant in the NAGS Enhancer. 
	Expression Studies. 

	Discussion

	Acknowledgements

	Figure 1 Patient 1 SNP Array results, Illumina HCS850 hg19.
	Figure 2 Upstream regulatory region of the human NAGS gene.
	Figure 3 Effect of the c.




