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Abstract
Background: The urea cycle plays a key role in preventing the accumulation of toxic 
nitrogenous waste products, including two essential enzymes: ornithine transcarba-
mylase (OTC) and argininosuccinate lyase (ASL). Ornithine transcarbamylase de-
ficiency (OTCD) results from mutations in the OTC. Meanwhile, argininosuccinate 
lyase deficiency (ASLD) is caused by mutations in the ASL.
Methods: Blood tandem mass spectrometric analysis and urea organic acidemia 
screening were performed on five Chinese cases, including three OTCD and two 
ASLD patients. Next-generation sequencing was then used to make a definite diag-
nosis, and the related variants were validated by Sanger sequencing.
Results: The five patients exhibited severe clinical symptoms, with abnormal bio-
chemical analysis and amino acids profile. Genetic analysis revealed two variants 
[c.77G>A (p.Arg26Gln); c.116G>T (p.Gly39Val)] in the OTC, as well as two vari-
ants [c.1311T>G (p.Tyr437*); c.961T>A (p.Tyr321Asn)] in the ASL. Conservation 
analysis showed that the amino acids of the two novel mutations were highly con-
served in different species and were predicted to be possibly damaging with several 
in silico prediction programs. 3D-modeling analysis indicated that the two novel 
missense variants might result in modest distortions of the OTC and ASL protein 
structures, respectively.
Conclusions: Two novel variants expand the mutational spectrums of the OTC and 
ASL. All the results may contribute to a better understanding of the clinical course 
and genetic characteristics of patients with urea cycle disorders.
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1 |  INTRODUCTION

Urea cycle disorders (UCDs) is an inherited metabolic error 
in the nitrogen waste-disposal system transforming ammonia 
to urea (Helman, Pacheco-Colón, & Gropman,  2014). The 
entire urea cycle comprises six enzymes and two amino acid 
transporters. The six enzymes are N-acetylglutamate syn-
thase (NAGS, EC 2.3.1.1), carbamoyl-phosphate synthase I 
(CPS1, EC 6.3.4.16), ornithine transcarbamylase (OTC, EC 
2.1.3.3), argininosuccinate synthase (ASS, EC 6.3.4.5), argi-
ninosuccinate lyase (ASL, EC 4.3.2.1), and arginase (ARG, 
EC 3.5.3.1) (Nagata, Matsuda, & Oyanagi, 1991; Nakamura, 
Kido, Mitsubuchi, & Endo, 2014; Nassogne, Héron, Touati, 
Rabier, & Saudubray, 2005). The two amino acid transport-
ers are ornithine transporter (ORNT1; ornithine/citrulline 
carrier) and citrin (aspartate/glutamate carrier) (Matsumoto 
et al., 2019). Ornithine transcarbamylase is a mitochondrial 
urea cycle enzyme that catalyzes the reaction between car-
bamyl phosphate and ornithine to form citrulline and phos-
phate, which is essential for the conversion of neurotoxic 
ammonia into nontoxic urea in mammals and other ureotelic 
animals (Chongsrisawat et  al.,  2018). Ornithine transcar-
bamylase deficiency (OTCD, MIM #311250) is the most 
common inherited defect of urea genesis because the OTC 
is located on X chromosome (Caldovic, Abdikarim, Narain, 
Tuchman, & Morizono,  2015; Lindgren, De Martinville, 
Horwich, Rosenberg, & Francke, 1984). The OTC is located 
on the short arm of the X chromosome within band Xp21.1 
and encodes a 354-residue polypeptide, including a leader se-
quence of 32 amino acids and a mature peptide of 322 amino 
acids, and the posttranscriptional modification takes place 
upon entry into mitochondria (Maestri, Lord, Glynn, Bale, & 
Brusilow, 1998). Caldovic et al. (2015) updated the disease- 
causing mutations of the OTC to a total of 417, including 
29 first-reported mutations. In March 2018, 507 OTC muta-
tions were reported in the Human Gene Mutation Database 
(HGMD) [http://www.hgmd.org/]. Most OTC mutations con-
sist of single-base substitutions (approximately 84%), while 
smaller proportions consist of small deletions or insertions 
(12%) and larger deletions (4%) (Horwich, Kalousek, Fenton, 
Pollock, & Rosenberg, 1986). As reported in the literature, 
the clinical symptoms of OTCD include recurrent vomiting, 
coma, cerebral edema, neurobehavioral changes, or even 
death (Choi et al., 2015; Storkanova et al., 2013). Since the 
onset of OTCD symptoms is extremely variable, it is essential 
to accumulate information on genetic analysis to determine 
genotype/phenotype correlation for an accurate diagnosis.

Argininosuccinate lyase, as the fourth step of UCD, cat-
alyzes the hydrolytic cleavage of argininosuccinate into 
fumarate and arginine, which is essential for ammonia de-
toxification (Baruteau et  al.,  2017; Hu et  al.,  2015; Wen 
et al., 2016). Biochemically, ASL deficiency (ASLD, MIM 
#207900), the second most common UCD, frequently presents 

with the accumulation of argininosuccinate and citrulline, 
and the depletion of arginine in body fluids (Yankol, Mecit, 
Kanmaz, Acarli, & Kalayoglu,  2017). Argininosuccinate 
lyase deficiency follows an autosomal-recessive trait and is 
caused by a defect of an enzyme ASL. The enzyme is ex-
pressed in many organs but the highest concentrations are in 
periportal hepatocytes, which are the only cells expressing 
the full urea cycle (O'Brien & Barr, 1981; Yu, Thompson, 
Yip, Howell, & Davidson, 2001). Clinically, ASLD patients 
are variable, from severe neonatal forms displaying serious 
brain damage and death to milder late-onset forms displaying 
mental retardation, vomiting, failure to thrive, and behavioral 
disorders (Kim et  al.,  2018; Rostami, Haberle, Setoudeh, 
Zschocke, & Sayarifard, 2017). As reported in the literature, 
ASLD is the second most common UCD caused by patho-
genic variants in the ASL located on chromosome 7 within 
band q11.2, which encodes a 464-amino acid protein. Balmer 
et al. (2014) updated the number of mutations of the ASL to 
134 in 2014. According to the HGMD, 154 mutations in the 
ASL have been reported up to March of 2018 (http://www.
hgmd.org/). The clinical phenotype is highly heterogeneous 
and molecular genetic testing is useful for the diagnosis of 
ASLD.

In the present study, we report on five Chinese patients 
with UCDs, including three OTCD patients and two homozy-
gous patients with ASLD. Their clinical manifestations and 
molecular genetic characteristics are also described in detail. 
Furthermore, two novel mutations of the OTC [c.116G>T 
(p.Gly39Val)] and the ASL [c.961T>A (p.Tyr321Asn)] are 
reported, which expand the mutational spectrum of the OTC 
and ASL.

2 |  MATERIALS AND METHODS

2.1 | Ethical compliance

This project was approved by the Ethics Committee of 
Quanzhou Women and Children's Hospital. The parents of 
these patients gave written informed consent for molecular 
study and publication.

2.2 | Patients and laboratory tests

We retrospectively analyzed five patients (four males and 
one female) diagnosed with UCD between September 
2013 and March 2018 at Quanzhou Women and Children's 
Hospital. Patients 1–3 were diagnosed with OTCD, and pa-
tients 4 and 5 were diagnosed with ASLD. Patient 2 is the 
elder sister of patent 3. She is a 17-month-old girl and has 
been hospitalized repeatedly due to liver problem. Amino 
acid levels on the dried blood spot were analyzed by liquid 

http://www.hgmd.org/
http://www.hgmd.org/
http://www.hgmd.org/
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chromatography–tandem mass spectrometry (ACQUITY 
TQD; Waters, Milford, MA, USA). Urine samples were 
collected and prepared based on the method previously de-
scribed by Fu, Iga, Kimura, and Yamaguchi (2000), and 
analyzed with gas chromatography–tandem mass spectrom-
etry (7890B/5977A; Agilent Technologies, Santa Clara, CA, 
USA).

2.3 | Next-generation sequencing (NGS) and 
Sanger sequencing

Genomic DNA was extracted from dried blood spots of each 
patient. After library preparation, solution hybridization, and 
beads capture, the genomic DNA was sequenced for candi-
date inherited metabolic diseases-related genes (NAGS [MIM 
608300], OTC [MIM 300461], CPS1 [MIM 608307], ASS1 
[MIM 603470], ASL [MIM 608310], ARG1 [MIM 608313], 
SLC25A13 [MIM 603859], ORNT1 [MIM 603861], OAT 
[MIM 613349]) with a high-throughput sequencing instru-
ment (Illumina Nextseq 500).

Sanger sequencing was used to validate the identified 
variants. The interest regions were amplified using cus-
tom oligonucleotide primers and standard PCR condi-
tions. The primers were used as follows: OTC (c.116G>T) 
forward primer: 5′-AAAGAATGCCTTATCAA-3′, re-
verse primer: 5′-TGTATGCCTGTATGCTC-3′, prod-
uct length 401  bp; ASL (c.961T>A) forward primer: 
5′-CCTCTGGGCTGATGGTGG-3′, reverse primer: 
5′-GCAGCAGTTTCTGTCCTTTCC-3′, product length 
664 bp. The PCR cycle consisted of an initial denaturation 
step of 2 min at 95°C followed by 36 cycles of 30 s at 95°C, 
1 min at 60°C, and 1 min at 72°C, and a final step at 72°C 
for 2 min. After purification of the PCR products, direct se-
quencing was performed using an ABI Prism 3500 Genetic 
Analyzer (Applied Biosystems, Foster City, CA, USA).

2.4 | Bioinformatics analysis

We checked the identified variants in frequently used data-
bases such as the Human Gene Mutation Database (http://
www.hgmd.cf.ac.uk/ac/index.php), ClinVar (https://www.
ncbi.nlm.nih.gov/clinv ar/), dbSNP (https://www.ncbi.nlm.
nih.gov/pro- jects/SNP/), ExAC consortium (http://exac.
broad insti tue.org/), and the 1,000 Genome Project database 
(http://www.1000g enomes.org/). The variants were further 
assessed for possible pathogenicity using several bioinfor-
matic programs, including SIFT, PolyPhen-2, PROVEAN, 
and MutationTaster. Multiple amino acid sequences of dif-
ferent species were extracted from the National Center for 
Biotechnology Information (NCBI) and aligned to evaluate 
the evolutionary conservation of the variants using DNAman 

software. To build three-dimensional (3D) models of OTC 
and ASL, homology modeling was used utilizing Swiss 
Model Workspace, and PDB files were then submitted to 
Swiss-PdbViewer 4.10 for the 3D-structure.

3 |  RESULTS

3.1 | Clinical characteristics and genotypes 
of three OTCD patients

Patient 1, a male infant, was hospitalized for severe jaundice, 
coma, and respiratory depression at 2 days of age. Biochemical 
analysis revealed hyperammonemia (400 μmol/L, reference: 
10–47 μmol/L), hypoglycemia (1.6 mmol/L, reference: 3.8–
6.1 mmol/L), and prolonged clotting time. Newborn screening 
testing revealed the amino acids levels: citrulline 2.66 μmol/L 
(reference: 5.5–38  μmol/L); methionine 106.63  μmol/L 
(reference: 7–45  μmol/L); tyrosine 464.05  μmol/L (refer-
ence: 33–300 μmol/L); alanine 2,558.06 μmol/L (reference:  
110–644  μmol/L); and glycine 1,114.45  μmol/L (refer-
ence: 178–900  μmol/L). The urinary orotic acid level was 
132.92 μmol/mmol creatinine (reference: 0.0–1.5 μmol/mmol  
creatinine). The NGS results revealed a single nucleotide 
change from G to A, c.77G>A in the OTC, and he was diag-
nosed as early-onset OTCD. The nucleotide change resulted 
in a hemizygous missense mutation, p.Arg26Gln, which has 
been previously reported in the OTCD patients (Grompe, 
Caskey, & Fenwick, 1991).

Patient 2, a girl, started to present with hyperammonemia 
and liver dysfunction at 7 months of age. She was diagnosed 
as late-onset female OTCD and started on arginine, sodium 
benzoate, and a low-protein diet to reduce the level of serum 
ammonia, along with reduced glutathione, potassium mag-
nesium aspartate, and compound glycyrrhizin tablets for 
liver protection. During the next 10 months, she had multiple 
hospital admissions for recurrent hyperammonemia and de-
teriorating liver function. At 17 months of age, biochemical 
analysis revealed hyperammonemia (>280 μmol/L, reference: 
10–47 μmol/L), increased alanine aminotransferase (226 U/L, 
reference: 0–40 U/L), and elevated aspartate aminotransferase 
(214 U/L, reference: 0–40 U/L). The amino acid analysis re-
vealed that citrulline was in the normal range (19.46 μmol/L, 
reference: 5.5–38  μmol/L). However, the urinary orotic 
acid level was significantly increased (35.54  μmol/mmol  
creatinine, reference: 0.0–1.5 μmol/mmol creatinine). A cra-
nial magnetic resonance imaging scan revealed abnormal 
signals in the bilateral frontal lobe, which suggested the prob-
ability of brain injury, and the diffusion of cerebral edema in 
the bilateral telencephalon was also observed. She deterio-
rated rapidly afterward and died at the age of two-and-a-half 
years. The results of the genetic analysis revealed that she 
carried a novel heterozygote c.116G>T mutation in exon 2 of 

http://www.hgmd.cf.ac.uk/ac/index.php
http://www.hgmd.cf.ac.uk/ac/index.php
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/pro
https://www.ncbi.nlm.nih.gov/pro
http://exac.broadinstitue.org/
http://exac.broadinstitue.org/
http://www.1000genomes.org/
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the OTC (Figure 1b), which had not been previously reported 
in the literature or registered in the HGMD, NCBI, dbSNP, 
or 1,000 Genomes databases. The nucleotide change resulted 
in a missense mutation (p.Gly39Val), which was predicted to 
be possibly damaging with several in silico prediction pro-
grams (Table 1). The Gly residue at position 39 of OTC was 
assessed to be highly conserved among different species with 
DNAman software (Figure  1c). Additionally, 3D-modeling 
analysis showed that the mutation c.116G>T (p.Gly39Val) 
resulted in a replacement of Gly with Val having a much 
larger side chain, and then induced an extension of ami-
no-acid side chain, which might trigger modest structural 
distortion of the OTC protein (Figure 2). Taken together, the 
c.116G>T (p.Gly39Val) variant was considered deleterious 
and likely to be pathogenic.

Patient 3, the younger brother of patient 2, was brought to 
our hospital for jaundice, hypotonia, and poor responses at the 
age of 1 day. The serum ammonia was 160 μmol/L (reference: 
10–47 μmol/L), which then increased to >280 μmol/L after 
2 days. Prolonged clotting time was also observed. Tandem 
mass spectrometry revealed low citrulline (2.55 μmol/L, ref-
erence: 5.5–38 μmol/L) and several acylcarnitine increases. 
His parents refused treatment and a urinary organic acids pro-
file was not detected. Genetic analysis revealed a hemizygous 
mutation c.116G>T (Figure 1b). He (Ⅱ-3) was diagnosed as 
early-onset OTCD. Sanger sequencing confirmed that the 
hemizygous mutation was the same with his elder sister (pa-
tient 2, Ⅱ-2). They had a male sibling (Ⅱ-1, deceased), also 

suspected to be, but not proven, OTCD. His mother (Ⅰ-2) was 
confirmed to carry the heterozygous mutation c.116G>T 
(p.Gly39Val) in another hospital, and she had a normal phe-
notype until now. The novel mutation was inherited from his 
mother. The pedigree was shown in Figure 1a.

3.2 | Clinical characteristics and 
genotypes of two patients with ASLD

Patient 4, a premature male infant, was hospitalized for 
poor response, convulsions, and hypotonia at 7  days 
of age. Laboratory tests revealed hyperammonemia 
(>280  μmol/L, reference: 10–47  μmol/L), high alpha- 
fetoprotein (AFP, 40,589.44  ng/ml, reference: 0–7  ng/ml), 
greatly increased total bilirubin (TBIL, 218.6  μmol/L, ref-
erence: 5.1–19.0  μmol/L), elevated direct bilirubin (DBIL, 
106.6 μmol/L, reference: 0–6.8 μmol/L), and high total bile 
acid (206.4 μmol/L, reference: 0–10 μmol/L). Metabolic aci-
dosis and prolonged clotting time were also observed. Amino 
acid analysis revealed increased citrulline (266.87  μmol/L, 
reference: 5.5–38 μmol/L), methionine (66.34 μmol/L, refer-
ence: 7–45 μmol/L), and alanine (656.08 μmol/L, reference: 
110–644 μmol/L). Urinary organic acid analysis revealed that 
orotic acid was 13.67 μmol/mmol creatinine (reference: 0.0–
1.5 μmol/mmol creatinine), and uracil was 33.6 μmol/mmol  
creatinine (reference: 0.0–7.0 μmol/mmol creatinine). Orotic 
acid is a feature that may be observed in patients with ASLD. 

F I G U R E  1  (a) Pedigree of patients 2 and 3. The arrow denotes proband with the OTCD family. Patient 2 (Ⅱ-2) is heterozygous for c.116G>T 
(p.Gly39Val) and patient 3 (Ⅱ-3) carries the hemizygous mutation c.116G>T (p.Gly39Val). (b) Validation of the novel OTC mutation by Sanger 
sequencing. Ⅱ-2. Patient 2 has a heterozygous mutation c.116G>T (p.Gly39Val) in exon 2; Ⅱ-3. Patient 3 is hemizygous for c.116G>T (the variant 
is indicated by a red arrow). Their mother has a heterozygous mutation c.116G>T, which was validated in another hospital. (c) Multiple sequence 
alignment using Clustal X. The glycine residue at position 39 (highlighted by a red box) is highly conserved among different species
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The impaired recycling of ornithine causes an accumulation 
of carbamyl phosphate, leading to the overproduction of oro-
tic acid and pyrimidine in the absence of a source of orni-
thine (Erez, Nagamani, & Lee, 2011; Parsons, Scott, Pinto, 
Carter, & Snyder,  1987). Argininosuccinate in urine and 
plasma was not measured for the lack of equipment in our 
hospital. Genetic analysis revealed that he had a homozygous 
nonsense mutation c.1311T>G in exon 17 of the ASL. He 
was diagnosed with ASLD. The nucleotide change resulted 
in a termination codon at position 437 (p.Tyr437*), which 
has been reported in ASLD patients (Lin, Yu, Li, Zheng, & 
Fu, 2017; Wen et al., 2016).

Patient 5, a male infant, was born to consanguineous par-
ents (maternal cousins) as the first child. He was hospitalized 
for convulsions and poor feeding at 1 day of age. Laboratory 
tests indicated hyperammonemia (>280  μmol/L, reference: 
10–47  μmol/L), high TBIL (170.7  μmol/L, reference: 5.1–
19.0  μmol/L), and slightly increased DBIL (13.0  μmol/L, 
reference: 0.0–6.8 μmol/L). Tandem mass spectrometry re-
vealed increased citrulline (172.18  μmol/L, reference: 5.5–
38 μmol/L). Argininosuccinate in urine and plasma was not 
measured. Genetic analysis revealed that he had a homozy-
gous novel mutation c.961T>A (p.Tyr321Asn) located in 
exon 13 of the ASL (Figure 3b), which has not been reported 
previously in the literature or registered in HGMD, NCBI 
dbSNP, or the 1,000 Genomes databases. The pedigree is 
shown in Figure 3a. The Tyr residue at position 321 of ASL 
was also assessed to be highly conserved (Figure  3c). For 
mutation p.Tyr321Asn, the disappearance of the bulky and 
rigid phenyl side chain should trigger some mild steric struc-
tural distortion of the ASL protein (Figure 4). Furthermore, 
the mutation p.Tyr321Asn led to some distant interactions 
of the amino acid with an adjacent domain and made new 
hydrogen bonds with the side chain of Asn114, backbone of 
Ala203, and side chain of Thr233, which might be expected 
to further cause distortion of the ASL architecture (Figure 4). 
The variant was predicted to be possibly damaging by in 
silico prediction programs (Table 1). Overall, the missense 
variant was likely deleterious. He was diagnosed as ASLD 
and treated with low protein diet and arginine hydrochloride. 
Serum ammonia was decreased to 43  μmol/L (reference: 
10–47 μmol/L) after 4 days. However, he had multiple hos-
pital admissions for limb weakness, liver damage, vomit, and 
convulsions during the next 2 years.

Clinical features, phenotypes, and mutations of the five 
UCD patients are, respectively, summarized in Tables 2 and 3.  
The mutations in all patients were validated by direct DNA 
sequencing. The Gly residue at position 39 of OTC and the 
Tyr residue at position 321 of ASL were both assessed to 
be highly conserved among different species with DNAman 
software. Additionally, the two novel variants were pre-
dicted to be possibly damaging in several in silico prediction 
programs.T
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4 |  DISCUSSION

Pediatric rare diseases are often rapid deterioration with high 
mortality, which can be improved by early diagnosis and 
treatment. Ornithine transcarbamylase deficiency is a rare in-
born error caused by mutation in the OTC. In this report, two 
missense mutations were identified in three OTCD patients. 
Patients 1 and 3 were, respectively, hemizygous missense 
mutation of c.77G>A and c.116G>T in the OTC, and both 

presented severe early-onset forms. The late-onset patient 2, 
the elder sister of patient 3, carried a heterozygote mutation 
c.116G>T. The mutation c.77G>A was first reported in 1989 
in a 5-year-old Hispanic boy who was mildly mentally re-
tarded. He presented at 2 weeks of age with hyperammonemic 
coma (Grompe, Muzny, & Caskey, 1989). The single nucleo-
tide variant c.77G>A resulted in an Arg26Gln change and then 
decreased OTCase mRNA through disruption of the leader 
sequence, which was required for directing mitochondrial 

F I G U R E  2  Three-dimensional 
modeling structure analysis of wild-type 
and mutant products of OTC. Green dashed 
lines represent hydrogen bonds and the 
green number shows the hydrogen bonds 
distances. (a) A segment of the OTC 
structure showing Gly39 hydrogen bonding 
with Leu341. (b) A segment of the OTC 
structure showing Val39 having much larger 
side chain and equally hydrogen bonding 
with Leu341. The larger side chain may 
induce an extension of the amino-acid side 
chain, which might distort the structure of 
OTC protein. (The color in this figure is 
that selected by the Secondary Structure 
Succession of Swiss-PdbViewer 4.10.)

F I G U R E  3  (a) Pedigree of patient 
5. The arrow denotes the proband. (b) 
Sanger sequencing analysis of the ASL, 
respectively, identified the mutation 
c.961T>A (p.Tyr321Asn) in exon 13 
(Ⅰ-1) heterozygous in his father, (Ⅰ-2) 
heterozygous in his mother, and (Ⅱ-1) 
homozygous in patient 5 (the variant is 
indicated by a red arrow). (c) Multiple 
sequence alignment using Clustal X. The 
tyrosine residue at position 321 (highlighted 
by a red box) is highly conserved among 
different species
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localization of the OTC precursor. In China, c.77G>A has 
also been reported in an OTCD boy exhibiting poor suck at 
11 days, who ultimately died at 13 days (Shao et al., 2017). 
In our study, patient 1 presented with hyperammonemic coma 
and respiratory depression at 2 days of age. Thus, we specu-
lated that the c.77G>A missense mutation was associated 
with the early-onset type of OTCD. Furthermore, the muta-
tion c.116G>T (p.Gly39Val) was first reported in our study. 
c.116G>A (p.Gly39Asp) has been reported to affect an evo-
lutionarily conserved amino acid, and the possibility of poly-
morphism has been excluded (Shchelochkov et  al.,  2009). 
Another mutation, c.115G>T (p.Gly39Cys), having been 
detected in either neonatal or late-onset OTCD patients, was 
predicted to cause a potential turn in a poorly conserved do-
main of protein (Calvas et al., 1998). Therefore, the glycine 
was predicted to be located in a conserved position of the 
OTC polypeptide, which means the variant at this site might 
be deleterious. Several in silico prediction programs predicted 
the variant to be possibly damaging. 3D-modeling analysis 
demonstrated that the mutation c.116G>T (p.Gly39Val) in-
duced an extension of the amino-acid side chain and might 
distort the structure of the OTC protein. Overall, the missense 
variant was likely deleterious based on the above results of 
various function-prediction algorithms.

As reported in the literature, early-onset patients of OTCD 
usually show no residual OTC enzyme activity and null 

alleles (McCullough et  al.,  2000), while female late-onset 
patients are unfavorably lyonized (Grompe et al., 1991). For 
the reason, the early-onset patients 1 and 3 exhibited acute 
phenotype and ultimately died. However, the late-onset pa-
tient 2 had less serious clinical symptoms, probably because 
of skewed lyonization. As reported in the literature, about 
20% of female carriers of OTC mutations present symptom-
atic OTCD (Caldovic et al., 2015; Maestri et al., 1998), and, 
unfortunately, patient 2 is one of these 20%. However, her 
mother had been normal in phenotype until now, which may 
be explained by random X-chromosome inactivation. When 
the inactivation is skewed to express more of the mutated al-
lele, an X-linked recessive disorder may affect female carriers 
(Yorifuji et al., 1998), and the skewed X-inactivation possibly 
led to the different phenotypes of patient 2 and her mother.

In this study, patients 4 and 5 both had unique homozy-
gous mutations in the ASL, including the nonsense mutation 
c.1311T>G (p.Tyr437*) in patient 4 and the missense muta-
tion c. 961T>A (p.Tyr321Asn) in patient 5. The c.1311T>G 
mutation was first reported in an ASLD patient in 2013 
(Maestri et al., 1998), and was first identified in a Chinese 
patient in 2017 (Lin et  al.,  2017). A conservation analysis 
indicated that the amino acid was highly conserved in dif-
ferent species, suggesting that the variant might be deleteri-
ous. Furthermore, this nonsense variant resulted in premature 
termination of the protein, decreased by 28 amino acids, 

F I G U R E  4  Three-dimensional modeling structure analysis of wild-type and mutant products of ASL. Green dashed lines represent hydrogen 
bonds and the green number shows the hydrogen bonds distances. (a) A segment of the ASL structure showing Tyr321 has a side chain of benzene 
and it has no hydrogen bonds with the adjacent domain. (b) A segment of the ASL structure showing that Asn321 has a side chain without benzene 
and that its backbone makes new hydrogen bonds with the side chain of Asn114, the backbone of Ala203, and the side chain of Thr233. The 
disappearance of the bulky and rigid benzene side chain and new hydrogen bonds may induce a distortion of the ASL protein structure. (The color 
in this figure is that selected by the Secondary Structure Succession of Swiss-PdbViewer 4.10.)



8 of 10 |   ZHENG Et al.

which might affect the stability of the protein and lead to 
ASLD (Lin et al., 2017). The missense mutation c.961T>A 
(p.Tyr321Asn) was first determined in this study. A conser-
vation analysis in different species showed that this amino 
acid was highly conserved among different species. Several 
in silico prediction programs predicted the variant to be 
possibly damaging. 3D-modeling analysis revealed that the 
mutation c.961T>A (p.Tyr321Asn) changed the amino acid 
side chain and that the introduction of hydrogen bonds might 
further distort the structure of ASL protein. Taken together, 
the missense mutant is likely deleterious based on the above 
results.

Herein, three OTCD patients and two ASLD patients all 
presented with hyperammonemia, and the ultimate death of 
patients 1, 3, and 4 emphasizes the significance of early di-
agnosis and monitoring in the early stages of life. Children 
with UCD are usually only recognized after symptoms 
of hyperammonemia, such as lethargy and coma, which 
means a significant delay in diagnosis. Furthermore, some 
patients never experience symptomatic hyperammonemias 

but nevertheless develop severe psychomotor retardation. 
A delay in diagnosis results in either death or neurodisabil-
ity (Nassogne et al., 2005; Picca et al., 2001). Therefore, an 
accurate genetic diagnosis is essential not only for the ap-
propriate management of the patients, but also for genetic 
counseling in the context of subsequent pregnancies and 
carrier testing.

5 |  CONCLUSIONS

We have characterized the clinical presentations, biochemical 
manifestations, and mutation analysis of five Chinese UCD 
patients, including three OTCD patients and two patients 
with ASLD. Two novel mutations (c.116G>T [p.Gly39Val]; 
c.961T>A [p.Tyr321Asn]) have been identified by NGS 
and then validated by Sanger sequencing, which enrich the 
mutational spectrums of the OTC and ASL. Conservation 
analysis showed that these amino acids are highly conserved 
across a broad range of species, and 3D-modeling analysis 

T A B L E  2  Clinical features identified in the five Chinese UCD patients

No.
Age at 
onset Type Sex Clinical presentation Clinical outcome

Family history 
of similar 
disease

CIT (reference: 
5.5–38 μmol/L)

AMON level 
(reference: 
10–47 μmol/L)

1 2 days N M Severe jaundice, 
coma, respiratory 
depression

Death No 2.66 400

2 7 months L F Hyperammonemia, 
liver dysfunction

Brain injury, 
cerebral edema

Yes, younger 
brother 
(patient 3)

ND >280

3 1 day N M Jaundice, hypotonia, 
poor responses

Death Yes, elder 
sister  
(patient 2)

2.55 >280

4 7 days N M Poor response, 
convulsions, 
hypotonia

Death No 266.87 >280

5 1 day N M Convulsions, poor 
feeding

Limb weakness, 
liver damage, 
vomit, convulsion

No 172.18 >280

Abbreviations: AMON, ammonia; CIT, citrulline; F, female; L, late-onset phenotype; M, male; N, neonatal-onset phenotype; ND, not detected.

T A B L E  3  Details of OTC and ASL gene mutations in the five UCD patients

Patient no. Gene
Reference 
sequence

Exon 
position

Nucleotide 
change

Amino acid 
change

Mutation 
type

Type of 
change Novelty Reference

1 OTC NM_000531.5 1 c.77G>A p.Arg26Gln Missense Hemizygous Reported [1]

2 OTC NM_000531.5 2 c.116G>T p.Gly39Val Missense Heterozygous Novel This study

3 OTC NM_000531.5 2 c.116G>T p.Gly39Val Missense Hemizygous Novel This study

4 ASL NM_000048.3 17 c.1311T>G p.Tyr437* Stopgain Homozygous Reported [24]

5 ASL NM_000048.3 13 c.961T>A p.Tyr321Asn Missense Homozygous Novel This study

Note: The reference sequence used in this study was based on the NCBI37/hg19 assembly of the human genome.
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showed that the two novel missense variants may, respec-
tively, distort the OTC and ASL protein structures. More 
information about the biological relevance of the mutations 
will hopefully be available from the genotype database. In 
particular, knowledge of genotypes associated with clinical 
and biochemical phenotypes would be beneficial for patients 
and their families.
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