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Abstract

Background Carbamoyl phosphate synthetase 1 (CPS1) deficiency (OMIM 237300), an autosomal recessive rare
and severe urea cycle disorder, is associated with hyperammonemia and high mortality.

Methods Herein we present 12 genetic variants identified in seven clinically well-characterized Chinese patients
with CPS1 deficiency who were admitted to the Children’s Medical Center of Peking University First Hospital from Sep-
tember 2014 to August 2023.

Results Seven patients (two male and five female patients including two sisters) experienced symptoms onset
between 2 days and 13 years of age, and they were diagnosed with CPS1 deficiency between 2 months and 20 years.
Peak blood ammonia levels ranged from 160 to 1,000 pmol/L. Three patients showed early-onset CPS1 deficiency,
with only one surviving after treatment with sodium phenylbutyrate, N-carbamoyl-L-glutamate, and liver transplanta-
tion at 4 months, showing a favorable outcome. The remaining four patients had late-onset CPS1 deficiency, present-
ing with mental retardation, psychiatric symptoms, and self-selected low-protein diets. Among the 12 CPST variants
identified in these patients, 10 were novel, with all patients exhibiting compound heterozygosity for CPST mutant
alleles. Seven variants (c.149T>C, c616 A>T, 1145 C>T,c.1294G > A, ¢3029 C>T, 3503 A>T, and c.3793 C>T)
resulted in single amino acid substitutions. Three frameshift variations (c.2493del, ¢.3067dup, and c.3241del) were
identified, leading to enzyme truncation. One mutation (c.3506_3508del) caused an in-frame single amino acid dele-
tion, while another (c.2895+ 2T > C) resulted in aberrant splicing.

Conclusions Except for two known variants, all other variants were identified as novel. No hotspot variants were
observed among the patients. Our data contribute to expanding the mutation spectrum of CPST.
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Background

Carbamoyl phosphate synthetase 1 (CPS1) deficiency
(OMIM 237300), an autosomal recessive inherited dis-
ease, is a rare and severe type of urea cycle disorder char-
acterized by hyperammonemia [1-3]. CPS1 acts as the
rate-limiting enzyme initiating ammonia detoxification
in the urea cycle by synthesizing carbamoyl phosphate
from bicarbonate, ammonia, and adenosine triphos-
phate with N-acetylglutamate. Mutations in CPSI lead
to enzyme activity deficiency, severely impeding the con-
version of ammonia to carbamoyl phosphate. This results
in hyperammonemic encephalopathy and liver damage,
evident through symptoms such as vomiting, poor feed-
ing, loss of consciousness, seizures, and rapid clinical
deterioration, often leading to high mortality [4, 5]. The
symptoms of CPS1 deficiency can vary widely, manifest-
ing at any age. Typically, phenotypes are categorized into
neonatal-onset and late-onset forms based on the age
of onset [4]. Neonatal-onset forms are associated with a
poorer prognosis and higher mortality rates compared
to late-onset forms, which demonstrate a survival rate of
>90% [6]. The incidence of CPS1 deficiency is 1/62,000 to
1/1,300,000 worldwide [7, 8]. Only a few cases of CPS1
deficiency have been reported in China [9-11].

The severity of CPS1 deficiency, whether early- or late-
onset, is influenced by residual enzyme activity related to
the defect and the specific variant site and type. However,
there has been limited analysis regarding the correla-
tion between genotypes and phenotypes in patients with
CPS1 deficiency. Our study aims to investigate the clini-
cal features, metabolic profiles, and genotypes of seven
cases of CPS1 deficiency, alongside discussing the poten-
tial relationship between genotypes and phenotypes.

Methods

Patients

Our study was approved by the Hospital Institution
Committee in accordance with the Declaration of Hel-
sinki. Written informed consent was obtained from the
parents of each participant. Seven patients with CPS1
deficiency were from six non-consanguineous Chinese
families. They were admitted to Peking University First
Hospital between September 2014 and August 2023.

Routine examination
Clinical and laboratory data at onset and follow-up were
collected. Data from routine physical examination and
complete blood count; blood ammonia, glucose, lactic
acid, and blood gas; liver and kidney function; and brain
magnetic resonance imaging (MRI) were analyzed.

Blood amino acid and acylcarnitine profiles in dried
blood spots were analyzed by liquid chromatography—
tandem mass spectrometry (API 3200, Triple Quad 4500;
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Applied Biosystems, CA, USA). ChemoView software
was used to automatically calculate metabolite concen-
tration. Urine organic acids were determined using gas
chromatography-mass spectrometry (GC-MS, GCMS-
QP2010plus; Shimadzu, Kyoto, Japan).

Genetic testing

Genomic DNA from peripheral blood samples was
extracted and purified. Whole exon sequencing was con-
ducted for seven patients and their parents. The DNA
was sequenced on Illumina Hiseq2500 (Illumina, San
Diego, USA). Each variant was compared with 1000
Genomics, the ExAC database (http://exac.broadinsti
tute.org/), and the gnomAD database (http://gnomad.
broadinstitute.org/). Purified DNA samples were sent to
Euler Genomics (Beijing, China), Berry Genomics Cor-
poration (Beijing, China), and Running Gene Inc. (Bei-
jing, China) for whole exon sequencing to screen variants
in patients. Mutation Taster, PolyPhen-2, and SIFT were
also referred to for in silico analysis of the variants to pre-
dict pathogenicity. The variants were evaluated accord-
ing to the HGMD and Clinvar. The pathogenicity of the
selected variants was assessed according to the American
College of Medical Genetics and Genomics guidelines
[12]. The variants were classified as pathogenic, likely
pathogenic, variants of uncertain significance (VUS),
likely benign, or benign.

Results

Clinical and biochemical features

Seven patients were included in this study, including two
(28.6%) male and five (71.4%) female patients (Table 1).
The age of onset ranged from 2 days to 13 years, and
the patients were diagnosed at the age of 2 months to 20
years. Among the patients, three were diagnosed by post-
mortem examination.

Three patients (Patients 1 to 3) had neonatal-onset
type. They exhibited reluctance to feed, convulsions, and
loss of consciousness after breast milk feeding on days 2,
3, and 10 of life, respectively.

Patient 1 was treated with 250 mg/kg/day oral sodium
phenylbutyrate and 130 mg/kg/day N-carbamoyl-L-glu-
tamate intermittently upon the onset of symptoms, and
a strict low-protein diet was started after diagnosis. Her
condition stabilized with no vomiting; blood ammonia
levels reduced from 514 pumol/L before treatment to 60
pumol/L after treatment, but anorexia and feeding dif-
ficulty did not improve. The physical growth and move-
ment development were retarded. The infant underwent
a liver transplant from her father at the age of 4 months.
Subsequently, her blood ammonia levels returned to the
normal range. She was fed with ordinary formula, and her
general condition significantly improved. Her physical
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and psychomotor development gradually reached those
of healthy infants. The girl, now 3 years old, shows nor-
mal physical and mental development.

Patient 2 experienced poor feeding, convulsions, and
coma on the third day of life. His blood ammonia level
was >1,000 umol/L. Patient 3 showed similar symptoms
on day 10 of life, with a blood ammonia level of 489
umol/L. Both patients underwent emergency manage-
ment, including hemodialysis and a low-protein diet.
Despite these interventions, they showed rapid deterio-
ration and severe hyperammonemia and died on days 5
and 16 of life, respectively. Their blood and urine samples
were taken for postmortem metabolic and gene analysis.

Four patients (Patients 4 to 7) were late-onset type
with various non-specific symptoms. Patients 4 and
5 presented symptoms at the age of 2 and 4 months,
respectively. Patients 6 and 7 presented with symptoms
aged 3 years and 13 years, respectively. They had diverse
degrees of mental retardation and psychotic behav-
ioral disorders, such as apathy and short temper, and
avoided high-protein foods. Patient 4 presented with
non-specific symptoms, including crying, irritability, and
developmental delay since 2 months of age, with a high
blood ammonia level of 168 pmol/L. Patient 5 showed
developmental delay since 4 months of age and later
developed neuropsychiatric symptoms during puberty.
She was diagnosed at the age of 20 years at our hospital.
Patient 6 had recurrent severe symptoms such as vomit-
ing, seizures, loss of consciousness, and coma following
acute infections starting at 3 years of age. The definite
diagnosis of CPS1 deficiency was made at the age of 6
years before death. Patient 5 and Patient 7 were sisters.
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Patient 7 had anorexia, altered temperament, and other
neuropsychiatric disorders such as hallucinations since
puberty. She experienced headaches, vomiting, seizures,
coma after fever, and acute upper respiratory tract infec-
tion at the age of 26 years and died after 5 days. Patient
7 was diagnosed with CPS1 deficiency by postmortem
gene analysis. All four patients received treatment involv-
ing intravenous and oral ammonia scavengers, including
250 mg/kg/day sodium phenylbutyrate, 250-300 mg/
kg/day sodium benzoate, 300 mg/kg/day arginine, and
50-200 mg/kg/day levocarnitine.

The blood ammonia of the seven patients was elevated
to 160 to 1,000 umol/L. Their blood citrulline levels were
either lower than or within the lower end of the normal
range (2.3-6.5 umol/L, normal range 5-40 pmol/L).
Blood arginine levels were also lower than or within the
lower end of the normal range (1.6-8.3 pmol/L, normal
range 5-50 pmol/L). Urine organic acid analysis revealed
normal orotic acid and uracil levels. All patients showed
varied liver dysfunction.

Patients 1 and 6 underwent brain magnetic resonance
imaging during the acute episode. Patient 1 showed short
T1 and long T2 abnormal signals on both globus pallidus
sites, in accordance with hyperammonemic encephalopa-
thy (Fig. 1a and b). Patient 6 showed slight bilateral ven-
triculomegaly and an enlarged subarachnoid space in the
temporal lobe.

Four patients (Patient 2, 3, 6, and 7) presented with
severe hyperammonemic encephalopathy after acute
infections or breast milk intake. The patients’ clinical
conditions exacerbated rapidly, and all four patients died
several days after symptom onset. Their blood ammonia

Fig. 1 a Brain magnetic resonance imaging (MRI) of Patient 1 at 10 days of age upon initial acceptance into our study before treatment. Brain MRI
was performed at 3.0T at Peking University First Hospital. The axial T1 image revealed symmetrical diffuse high-signal shadows on both globus
pallidus sites (indicated by the red arrow). b Brain MRI of Patient 1 at 10 days of age. The axial T2 image revealed symmetrical diffuse high-signal

shadows on both globus pallidus sites (indicated by the red arrow)
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level stabilized between 64 and 80 pmol/L with oral
sodium phenylbutyrate and a protein-restricted diet.
However, the psychological and behavioral abnormalities
and mental retardation did not improve.

Gene analysis

Twelve CPSI variants were identified (NM_001875.4)
from the seven patients included in this study (Table 2).
Only two mutations, c.1145 C>T (p.Pro382Leu) [13]
and ¢.3029 C>T (p.Thr1010Met) [14], have been previ-
ously reported to cause CPS1 deficiency. The remaining
10 variants were novel. We assessed the pathogenicity of
these novel variants using various prediction online tools,
including Mutation Taster [15], PolyPhen-2 [16], and
SIFT [17], and interpreted them according to the stand-
ards and guidelines of the American College of Medical
Genetics and Genomics (ACMG) and the Association
for Molecular Pathology [12]. The five novel missense
variations, namely ¢.149T >C, c.616 A>T, c.1294G > A,
¢.3503 A>T, and ¢.3793 C>T, were all located in the
highly conserved regions of the translated protein.
Three frameshift variations (c.2493del, ¢.3067dup, and
c.3241del), one deletion (c.3506_3508del), and one
splicing variation (c.2895+2T >C) were detected. Four
(c.2493del, ¢.3067dup, c.3241del, and c.3506_3508del)
were pathogenic  variations. Three (c.149T>C,
c.3793 C>T, and c.2895+2T>C) were likely patho-
genic. Four (c.616 A>T, c.1294G>A, ¢.3029 C>T, and
¢.3503 A>T) were VUS. The data have been uploaded
to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar, sub-
mission ID SUB12523111, ClinVar accession nos.:
SCV003762244 to SCV003762254).

Genotype-phenotype correlations

Three of the 7 patients (Patients 1-3) had neonatal-onset
type, and they carried three missense variants ¢.149T > C,
¢.3503 A>T and c.3793 C>t respectively. Most of the
variants in our study were located in exon 25 (3/14) and
exon 29 (2/14) and were in the carbamate phosphoryla-
tion domain (6/14). Notably, many of the variants in our
study showed substitutions of Leu (2/14), Thr (2/14) and
Pro (2/14) residues.

Discussion
Herein we provide an account of the clinical presenta-
tions, biochemical features, genetic analysis, and out-
comes of seven Chinese patients with CPS1 deficiency.
Given the scarcity of research on this topic, our findings
hold significant value for both clinicians and physicians
dealing with such cases.

Our study included seven patients who exhibited a
range of manifestations of CPS1 deficiency, spanning
from the neonatal period to puberty. Among them, three
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were categorized as early-onset and four as late-onset
type, each presenting with varied clinical symptoms.
High-protein diets and acute infections emerged as the
main triggers for onset in these patients. Notably, their
blood ammonia levels were elevated, and liver dysfunc-
tion was evident. Four patients died, while three showed
improvement following metabolic treatment comprising
a low-protein diet, ammonia scavengers, and sympto-
matic drugs. One patient underwent N-carbamoyl-L-glu-
tamate therapy and liver transplantation as part of their
treatment regimen.

Patients with CPS1 deficiency usually present with
nonspecific clinical manifestations in childhood. CPS1
deficiency can be divided into two types depending on
the age of onset: the lethal early-onset (onset during the
first month after birth) and the less severe late-onset
(onset after the neonatal period) types [18, 19]. In this
study, three cases (42.9%) were identified as having early-
onset CPS1 deficiency. Only one infant recovered, while
two died during the neonatal period. The results indicate
that the prognosis of the early-onset type is extremely
poor. Four cases (57.1%) were late-onset type, present-
ing symptoms from the age of 2 months to 13 years. The
heterogeneity of the clinical manifestations was more
significant, including developmental delay, mental and
behavioral abnormalities, and anorexia. Among these
four patients with late-onset CPS1 deficiency, two devel-
oped acute hyperammonemia and encephalopathy after
infection. The disease progressed rapidly, and the patients
died. These cases suggest that we should pay high atten-
tion to hyperammonemia and the underlying etiological
disease. For late-onset types, despite stable clinical condi-
tions, there remained a high risk of life-threatening meta-
bolic crisis triggered by infections or high-protein diets.

The primary methods for detecting CPS1 deficiency
include blood ammonia tests and gene analyses. No spe-
cific abnormalities are typically observed in blood amino
acid and urine organic acid profiles. Notably, urinary oro-
tic acid test results are negative, which helps distinguish
CPS1 deficiency from other urea cycle disorders [20]. The
definite diagnosis depends on detection of CPSI patho-
genic variants or liver CPS1 enzyme activity assay [1, 21].
In our study, blood ammonia levels of all patients were
significantly elevated. The peak level of blood ammonia
of Patient 2 was up to 1,000 pmol/L on Day 3, and the
patient died on Day 5. Blood citrulline and arginine lev-
els in all seven patients were below or within the lower
limits of the normal range; however, glutamic acid levels
in three patients were elevated, aligning with findings in
existing literature [22]. These results suggested a definite
diagnosis of CPS1 deficiency.

CPS1 is located on chromosome 2q35, contains 38
exons and 37 introns, and encodes the CPS1 protein of
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1,462 amino acids [23, 24] (Fig. 2). More than 270 muta-
tions have been reported on Human Gene Mutation
Database (HGMD; http://www.hgmd.cf.ac.uk/ac/index.
php). Up to now, no hot-spot variations of CPSI has been
reported. In this study, 12 CPSI variations were detected
among seven patients, of which only two variations have
been previously reported [12, 13]. The other ten are
novel. In addition to five missense variations, three were
frameshift variations, one was a deletion, and one was a
splicing variation. According to the ACMG pathogenicity
grading, four were pathogenic, three were likely patho-
genic, and three were VUS. The novel 10 variants further
enrich the CPSI pathogenic gene variation database.

The existing literature does not reveal any obvious gen-
otype—phenotype correlations among patients with CPS1
deficiency. As we did not perform enzyme activity analy-
sis in this study, we attempted to analyze genotype—phe-
notype correlations based on the clinical manifestations
of our patients. Most variants identified in this study
were located in the CPS1 domain (6/14, 42.9%), indicat-
ing that the CPS1 domain plays a vital role in enzyme
activity and clinical presentation.

Notably, five of the novel mutations were missense
changes. Among them, ¢.149T>C and c.616 A>T were
observed in the N-terminal domain. This domain is
hypothesized to activate catalytic activity to stabilize
the enzyme [13]. ¢.149T >C was found in very severe
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neonatal patients, while c.616 A>T was found in late-
onset patients, indicating that the variants in the same
domain influence residual enzyme activity differently
in patients. ¢.2493delA introduces a stop codon in the
integrating domain, which is vital for proper enzyme
folding and regulatory cross-talk between NAG and
phosphorylation sites [25]. This may explain the neona-
tal type observed in Patient 1 in this study. The variant
¢.3029 C>T, on the other hand, in late-onset patients,
may account for attenuated clinical manifestations and
partial residual enzyme activity. In the third severe neo-
natal patient, ¢.3503 A>T was found to coexist with a
second allele where a conserved valine residue is deleted
(c.3506_3508del), resulting in severe effects from these
two single amino acid variations.

On the opposite side of the clinical spectrum, data per-
taining to late-onset patients also shed light on the lack
of severity for the novel missense mutation c.1294G > A,
as it coexists with a null allele in two sisters with late-
onset CPS1 deficiency (Patients 5 and 7). In addition, the
frequently reported c.1145 C>T variant was found in a
late-onset patient (Patient 6), further supporting that this
missense mutation does not completely abolish CPS1
activity.

At present, promptly reducing blood ammonia produc-
tion is key to the treatment of CPS1 deficiency, as patient
prognosis is strongly influenced by peak blood ammonia
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Fig. 2 Exon and domain structure of CPST, along with the localization of CPS1 variants from this study. Human CPST comprises 1,462 amino acids.
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levels. Commonly used methods for managing this con-
dition include the administration of phenylbutyric acid,
benzoate, L-arginine, and L-citrulline, as well as liver
transplantation [26, 27]. L-carnitine was also supplied
to avoid secondary carnitine deficiency. N-carbamoyl-L-
glutamate is an analog of N-acetylglutamic acid, which
can activate CPS1 enzyme activity and promote the syn-
thesis of carbamoyl phosphate. The drug is approved
for the treatment of N-acetylglutamic acid synthetase
deficiency. Earlier studies [28-30] have reported good
outcomes on treating patients with CPS1 deficiency
with N-carbamoyl glutamic acid. In our study, the clini-
cal symptoms of Patient 1 were significantly relieved
after N-carbamoyl glutamic acid was administered with
increased tolerance to natural protein, and the blood
ammonia stabilized, which allowed for liver transplanta-
tion. The child underwent paternal liver transplantation
at 4 months of age and became the youngest child with
CPS1 deficiency in the world to have successfully under-
gone liver transplantation.

Conclusions

In conclusion, CPS1 deficiency represents a serious form
of urea cycle disorder, with a low incidence, high mor-
tality and disability, and poor prognosis. This condition
manifests as devastating acute attacks with severe conse-
quences impacting multiple organs. Analyzing the geno-
type—phenotype relationship revealed that the variants
¢.149T > C, ¢.3503 A>T, ¢.3793 C>T, and ¢.3506_3508del
markedly reduce CPS1 protein activity, while ¢.1294G > A
and c.1145 C>T cause partial deficiency. Notably, no
hotspot variants were identified among the patients in
our study. These results further expand the mutation
spectrum of CPS1.
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