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Abstract

Citrullinemia type 1 is an autosomal recessive metabolic disease caused by
ASS1 gene mutations encoding argininosuccinic acid synthetase enzyme which
is within the pathway of arginine and nitric oxide biosynthesis. Disease confir-
mation was done by ASSI gene mutation analysis using next-generation
sequencing, DNA Sanger sequencing. The study group was 17 citrullinemia
type 1 patients from 10 unrelated families referred to Iranian National Society
for Study on Inborn Errors of Metabolism's clinic between 2008 and 2020. Clin-
ical, laboratory, and molecular data were retrospectively evaluated. Eleven dif-
ferent ASSI gene mutations were detected in 13 (76%) of 17 neonatal, three
(18%) of 17 late infantile, and one (6%) of 17 asymptomatic patients. Severe
developmental delay and intractable seizures despite metabolic control was
outcome of neonatal form survivor. Two late infantile form patients live meta-
bolically controlled with quite normal performance. DNA mutations are as fol-
lows: seven missense, one nonsense, and two insertion/deletion mutations in
12, two, and three patients, respectively. Five novel mutations were detected
including a homozygous GG deletion in exon 12 (c.790_791delGG;p.
Gly264Profs*3) and a homozygous mutation in exon 7 (c.440C>T; p.
Met147Thr), both causing infantile (late onset) form; a homozygous mutation
in exon 6 (c.1130T>C; p.Met376Thr) causing neonatal form; two compound
heterozygote mutations in exon 14 (c.1167_1168insC:p.Gly390Argfs*22&
c.1186T>A; p.Ser396Thr) causing asymptomatic form. Five (38%) patients with
classic neonatal form had mutation in exon 14 of ASSI (c.1168G>A; p.
Gly390Arg). Classic neonatal was the most common form of disease in
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in this population.
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1 | INTRODUCTION

Citrullinemia type 1 (CTLN1), or argininosuccinate
synthetase (ASS) deficiency, is a rare autosomal reces-
sive metabolic disorder caused by mutations in the
ASSI gene.' Tt is a urea cycle disorder that estimated
incidence is one in 44 300-250 000, based on the litera-
ture on newborn screening using mass spectrometry.>™*
CTLN1 shows heterogeneous clinical manifestations.
The classic neonatal-onset form involves hyper-
ammonemic encephalopathy with lethargy, failure to
thrive, seizures, coma, and death early in life. Milder
phenotypes (late onset) show neurologic impairment, som-
nolence, and chronic intermittent hyperammonemia dur-
ing infancy, childhood, and adulthood. Some individuals
(biochemical phenotype) have an asymptomatic clinical
course.”® To date, at least 137 mutations in ASSI, includ-
ing gross deletions/duplications, have been associated with
CTLN1.>®7 Biochemically, ASS deficiency is characterized
by hyperammonemia, hypercitrullinemia, and orotic
aciduria.'

Even in countries where CTLN1 is included in new-
born screening, affected babies may become symptom-
atic (lethargy, coma) before screening results are
available.?

In many developing countries, ammonia measure-
ment is not widely available. Also, many primary care
physicians are not aware of disease symptoms which
could lead to late diagnosis.”> Almost all of the CTLN1
patients in this study presented with somnolence, poor
feeding, vomiting, coma, and seizure. An accurate
genetic diagnosis can be helpful not only for better dis-
ease management but also for genetic counseling for
subsequent pregnancies and carrier detection.®® In
Iran, comprehensive neonatal metabolic screening is
not broadly available. Also, there is no available report
about ASSI gene mutations in Iran region. As the
Iranian population is a mix of several ethnicities with
considerable consanguinity, there is a high demand for
genetic diagnosis of ASSI gene mutation for early detec-
tion and timely treatment; prenatal diagnosis (PND) is
also necessary. Here we present our experience in

Iranian-studied patients and homozygote c.1168G>A was the most frequent
ASSI gene mutation. Global neonatal screening for citrullinemia type 1 in Iran
is recommended and certain mutations can be used for screening severe form

ASS1, citrullinemia type 1, clinical, Iran, novel mutation, outcome

Synopsis

Citrullinemia type 1 is a quite difficult curable
disease and this article suggests that prenatal
diagnosis, affected newborn birth prevention,
and newborn metabolic screening are necessary
in Iranian population. Carrier detection in con-
sanguineous Iranian couples for severe form can
be done using ¢.1168G>A mutation.

diagnosis, genetic testing, and outcome after diagnosis
of CTLNL.

2 | METHODS

This is a descriptive retrospective study on 17 patients
affected by CTLN1 who were treated at the time of diag-
nosis and their outcome and genetics are reported and
analyzed compared with literature. The data were col-
lected from patients referred to Iranian National Society
for the Study on Inborn Errors of Metabolism's clinic.
Seventeen patients’ data out of 10 unrelated families were
analyzed during follow-up from 2008 to 2020.

21 | Study design

Seventeen CTLN1 patients from 10 unrelated families
were enrolled in the study. The Iranian National Society
for Study on Inborn Errors of Metabolism in Tehran is an
institution that accepts patients from every province of
Iran. The current study included patient reports between
2008 and 2020. Diagnosis was based on clinical symptoms
and laboratory confirmation, elevated plasma citrulline
levels determined by mass spectrometry upon newborn
screening or by high performance liquid chromatography
later, hyperammonemia determined by an enzymatic
spectrophotometric assay (Randox Ammonium Kit,
Randox Laboratories LTD, UK), and orotic aciduria
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determined by thin layer chromatography (normally not
detected). Standard treatment with ammonia scavengers,
peritoneal dialysis, exchange transfusion (if dialysis was
not available), L-arginine, L-carnitine, a low-protein diet,
and special urea cycle defect formulas was carried out
after diagnosis. Then, age of onset, clinical presentation,
plasma citrulline, glutamine and ammonia levels, clinical
outcome, family history, and molecular genetic analysis
were retrospectively evaluated.

2.2 | Molecular genetic analysis

Based on clinical and biochemical findings, the coding
region and 5'-, 3’-untranslated regions of the ASSI gene
(ENST00000352480; NM_054012) were analyzed by poly-
merase chain reaction or next-generation sequencing and
confirmation of disease was made via molecular genetic
analysis. All detected variants in patients and their par-
ents were validated utilizing Sanger sequencing at the
diagnostic genetic laboratories of Iran and Tehran Uni-
versities of Medical Sciences. If the patient's DNA was
not available because of early death, parents’ DNA were
analyzed. Mutation analysis was done after parental con-
sent was obtained. For families who planned for a
healthy child, PND was performed by amniocentesis at
13-14 weeks' gestation. Mutation analysis was carried
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FIGURE 1

out in fetal DNA using Sanger sequencing to determine
whether a fetus is affected with previously identified
mutations. The primers and sequences are available upon
request.

3 | RESULTS

Seventeen patients (seven female; 10 male) affected by
CTLN1 from 10 unrelated families enrolled in this clini-
cal, genetic study. Eight patients had consanguineous
parents (Figure 1). Figure 1 indicates pedigrees of
affected CTLN1 families. Ten different mutations (con-
sisting of nine homozygous and one compound heterozy-
gous mutation), including five novel variations, were
detected in this cohort's DNA. The mutations included
seven missense, one nonsense, and two insertion/
deletion mutations in 12, two, and three patients, respec-
tively .Table 1 shows demographic and clinical (presenta-
tion, outcome) phenotype of CTLN1 patients. The seven
missense mutations included: (1) patients number
1 through 5: c.1168G>A and p.Gly390Arg; (2) patient
number 6: c.470G>A and p.Argl57His; (3) patient num-
ber 9 (compound heterozygote): c.1186T>A and p.Ser395-
Thr; (4) patients number 10 through 11: ¢.1130T>C and
p-Met376Thr; (5) patients number 12 through 13:
c.350G>A and p.Glyll7Asp; (6) patient number 14:

e
oo %n

13 days 2 years 17 years 12 years 7 years \

i

Dg%;ﬂ | o

10days 14 days v

3.5 months

F7 F8

The pedigrees of families affected by citrullinemia type 1 (CTLN1)
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¢.1022T>C and p.Ser341Phe; and (7) patient number 15:
¢.440T>C and p.Met147Thr. The only detected nonsense
mutation was ¢.835C>T; p. Arg279fs* (in P16-P;7). The
two insertion/deletion mutations were: c¢.790_791delGG;
p. Gly264Profs*3 (in P,-Pg) and c.1167_1168insC; p.
Gly390Argfs*22 (compound heterozygote in Py). Table 2
shows biochemical and molecular characteristics of ASS1
variants in CTLN1 patients. All of the above-mentioned
variations were predicted to be deleterious mutations via
testing by Mutation Taster."® Five of the variations were
previously reported as disease causing in CTLN1 patients.

Among five novel variations, two were found in only
asymptomatic patient (Py in F5) who was heterozygous
compound for a variant located in exon 14 of ASSI
(c.1167_1168insC: p.Gly390Argfs*22 and c.1186T>A; p.
Ser396Thr). Two other novel mutations were found in
the three late-onset CTLN1 patients (P, Pg, and P;5) from
two unrelated families (F, and F,), located in exon
12 (c.790_791delGG; p.Gly264Profs*3) and exon
7 (c.440T>C; p.Met147Thr) of the ASSI gene. Also an
additional ASSI novel variant in two classic neonatal
CTLN1 patients (P1o and P;qy from one family (Fs) was
homozygous located in exon 6 (c.1130T>C; p.
Met376Thr). Among 10 of studied families, seven pres-
ented during the neonatal period (70%) and two (29%)
were homozygous for c.1168G>A; p.Gly390Arg located in
exon 14 of ASS1. PND was performed for three families
(F1, F,, and Fs) via amniocentesis at 13 weeks' gestation
and none were affected.

All patients were born to uncomplicated pregnancies
and deliveries. Sixteen patients were born by elective
cesarean section. The mean birth weight was 3150 g
(range: 2600-4250 g). Thirteen (76%) of 17 patients had
classic neonatal CTLN1 with a mean onset of 3.2 days
(range: 2-5 days) and mean ammonia, citrulline, and glu-
tamine levels of 486 + 175 pmol/L (range: 200-705) and
1732 + 699 pmol/L (range: 758-2927), 1030 + 285 pmol/L
(700-1600), respectively. Ten (76%) of the 13 died at a
mean age of 9.8 days (range: 3-20 days) despite perito-
neal/hemodialysis and standard pharmacological treat-
ment (ammonia scavengers, L- carnitine, L-arginine, and
protein restriction). The remaining 3 (Py;, P14, and Py7)
were discharged home at a mean age of 24 days (range:
11-38 days). P;; had normal growth and development
with standard treatment until 10 months of age but
succumbed during a severe hyperammonemic attack due
to respiratory infection. P14 lived until 3.5 months but had
a severe delay in growth and development and frequent
readmissions to the hospital for peritoneal dialysis. Py,
was discharged at 11 days after two exchange transfusions
and developed fairly well until 11 months when he had a
severe seizure and began to regress. Currently at 4 years
of age, he is unable to walk or speak and has refractory

seizures despite metabolic control by standard treatment.
Three out of 17 patients (17%; P,, Pg, and P,s) were admit-
ted with late-onset CTLN1 and mean age at onset of
8 months (range: 8-9 months). Their mean ammonia, cit-
rulline, and glutamine levels were 125 + 35 pmol/L
(range: 75-160), 2507 + 1427 pmol/L (range: 1015-3515),
and 900 + 282 pmol/L (range: 700-1100), respectively
(Table 1). P; presented at age 8 months with vomiting and
seizures but was undiagnosed and untreated until she
died at 17 years of age, bedridden with refractory seizures
because of late diagnosis. Pg, her brother, is now an
8-year-old boy who presented with vomiting, seizures, and
developmental delay at 9 months of age when standard
treatment for CTLN1 was started. He does fairly well at
school. He is currently metabolically controlled but has
episodes of intermittent hyperammonemia and seizure is
controlled. Enzyme assessment of this patient from
peripheral blood showed 50% enzymatic activity of
argininosuccinate synthase: 0.5 nmol/kg/mg protein
(range: 0.8-8) before genetic test result was available,
which confirmed the diagnosis. P;s presented at 9 months
of age with lethargy, vomiting, and slight motor delay,
when standard treatment was initiated. Currently, she is
7 years old and she is free of seizures and well-controlled
mentally, physically, and metabolically with good school
performance. Py, the only asymptomatic patient, has been
followed since she was 2.5years old when she was
referred to the clinic for poor weight gain and no other
symptoms. During the follow-up for her constitutional
growth delay, the high citrulline levels were observed.
Laboratory tests were repeated yearly and she has
remained developmentally normal without any clinical
symptoms. However, standard therapy (L-carnitine, r-argi-
nine, low-protein diet) neither change her growth rate nor
her biochemical abnormality. Therefore, treatment and
protein restriction were discontinued at 11 years of age
and she is now under annual follow-up appointments.
She is currently symptom free yet, still biochemically
abnormal. Advice was given to the patient/family to fol-
low her symptoms closely during pregnancy and major
metabolic stresses.

4 | DISCUSSION

ASS is a rate-limiting enzyme in the urea cycle coded by
the ASS1 gene located on chromosome 9q34.1 which
contains 16 exons.! Classic CTLN1 require long-term
surveillance with diligent nutritional and pharmacologi-
cal management associated with high morbidity and
mortality despite treatment.'* Today CTLN1 is included
in some newborn screening programs in which elevated
citrulline is detected in dried blood spots by tandem
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mass spectrometry.”> Consanguinity and close commu-
nity marriages are important factors leading to increased
occurrence of recessive disorders.'” PND of risky preg-
nancies requires prior identification of disease causing
mutation within the family.> There are two main reasons
for PND of urea cycle disorders: (1) to enable parents to
terminate affected pregnancies or (2) to allow precau-
tions to be taken immediately after birth.’

There is high rate of consanguinity marriages in
Iranian population and newborn screening is not per-
formed globally for CTLN1. Also, ammonia measurement
is not available in all pediatric care centers. In this study,
we described 17 patients who were/are affected by
CTLN1, including 13 neonatal, three late onset, and one
asymptomatic patient. This study was similar to two pre-
vious studies on Indian and Korean CTLN1 patients in
terms of showing a high prevalence of neonatal presenta-
tion.'® Eleven different ASS1 variations, including five
novel and six previously reported mutations,">>11214.16-
2! were ascertained in our patients. Although biochemical
and enzymatic studies using tissue and fibroblasts are
important for the diagnosis of CTLN1,” the molecular
genetic investigation of the ASSI gene can help establish
a genotype-phenotype correlation, understand pheno-
typic variability, and comment on prognosis.®*'*'”'° The
enzymatic activity of fibroblasts may be normal in chil-
dren with citrullinemia or, conversely, have no enzymatic
activity in asymptomatic patients; thus, sequencing of the
ASSI gene is recommended to confirm diagnosis and pre-
dict the prognosis of citrullinemia patients.>**'® It also
allows PND for future pregnancies and carrier detection
within affected families for genetic counseling.'*°

In this study, the majority of variations occurred in
exon 14 (47%) in four out of the 10 independent families
(40%). This was followed by variations in exons 11 and
6 as the second and third most frequent mutations,
respectively. Exons 14, 11, and 6 of the ASSI gene are
suggested to be hot spots for tier 1 screening of patients
with CTLN1 in Iran. This is compatible with other stud-
ies showing that most mutations of the ASSI gene are
distributed throughout the gene, except for exons 5, 12,
13, and 14.>'*'7 The majority of patients in our study
(94%) were homozygous for ASS1 gene mutations; the
only one patient (Py) with compound heterozygote muta-
tions (c.1167_1168insC and c.1186T>A) was clinically
asymptomatic but biochemically affected. Interestingly,
this asymptomatic case (Py in Fs), which also showed
compound heterozygote for variants in exon 14 of the
ASSI gene, is also the product of consanguinity. This pat-
tern was compatible with previous studies in which mild/
asymptomatic phenotypes probably had residual enzyme
activity.'»'>'718 In another study, a woman with ASSI
compound heterozygous mutations who had a mild

JIMDreporrstx, siem ERVVA | ) VA s

phenotype, presented with severe symptoms during preg-
nancy and postpartum.'”'® Most of our patients showed
missense homozygote mutations of the ASS1 gene, with
94% of them being affected of a severe neonatal form of
CTLN1. Therefore, in this study, similar to some previous
studies,>'® missense mutations were accompanied by
early-onset severe clinical courses. In this study, only two
patients (P1; and P;s) out of seven patients carrying mis-
sense mutations of ASSI gene were neurologically nor-
mal under treatment. Gao et al. showed that the
phenotype of certain missense mutations is mostly late
onset/mild."* The majority of described ASSI mutations
are missense mutations; however, patients show highly
variable clinical courses.'® It can be concluded from pre-
vious studies™'”'® and current study that a reliable prog-
nostic factor for the course of the disease is still to be
found and that genotype-phenotype correlation is not
very strong. Future studies with genotype, phenotype,
and enzyme measurement are recommended to find a
correlation. However, our small study on 17 Iranian
CTLN1 patients suggests that some missense ASSI muta-
tion, if present in a compound-heterozygote state may
have a mild or even asymptomatic course of the disease.
A paucity of data on genotype—phenotype correlations
and the various genotype combinations also cause confu-
sion in the prediction of the clinical course of the disease
according to genotype.*'*'” Many (38.5%) of our neona-
tal classic CTLN1 patients (P;-P5) were homozygous for
a common mutation of ASS1 (c.1168G>A; p.Gly390Arg),
which caused the most fulminant disease course, leading
to liver failure and early neonatal death despite treat-
ment. This is consistent with the literature."*>7'%
12141621 Only one of our classic neonatal CTLN1
patients (P;;) is currently alive. He is a 3-year-old boy
who cannot walk independently and has intractable sei-
zures and speech delay despite ammonia control. This
confirms the poor prognosis of the classic neonatal form
of the disease as expressed in previous studies.*%**°
Mean citrulline levels were 1732 + 699, 2507 + 1427,
and 1298 + 100 pmol/L in our neonatal, late-onset, and
asymptomatic CTLN1 patients, respectively (range: 758-
3515) (Table 1). The initial citrulline concentrations were
less than 1000 pmol/L in some of the severe neonatal
patients and more than 1000 pmol/L in the late-onset
and asymptomatic CTLN1 patients in our study group.
However, it is still unclear whether the level of citrulline
alone enables classification of patients.'”'®*° During
follow-up examinations, the late-onset and asymptomatic
CTLN1 patients showed lower ammonia levels during
metabolic stress compared to neonatal classic patients
(<50 pmol/L vs. >100 pmol/L). Although the mean cit-
rulline levels were high (>1000 pmol/L) in all patients
who had attacks of metabolic decompensating, the late-
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onset and asymptomatic patients in our study group had
better outcome than the neonatal classic patients.

This is only an experience observed in our limited
numbered study group. This fact that isolated episodes of
hyperammonemia are not as deleterious as cumulative
exposure to moderately high levels of ammonia or citrul-
line®! may be better to be investigated separately in dif-
ferent types of CTLN1 patients.

The activity of ASS is likely a useful and essential tool
in predicting long-term outcome and for interpreting
functional effects of sequence variants.>>'® A better
understanding of each mutation's effect would enable
prediction of metabolic decompensation and lead to bet-
ter management to prevent neurologic sequel.2

Liver transplantation remains the only curative treat-
ment for CTLN1; however, due to limited availability of
donor livers, substitute therapies are currently under
study.?

Gene therapy has been suggested, but there is no suc-
cessful treatment reported.”> Human hepatocyte trans-
plantation as an alternative to liver transplantation has
recently finished Phase II clinical trials.”> Unfortunately
liver transplantation is not performed for inborn errors of
metabolism in Iran as well as hepatocyte transplantation,
and gene therapy. These are open fields for novel treat-
ments in this region.

Finally, PND was done successfully in three of our
10 affected families, and no mutation was observed. PND
is recommended for families affected by CTLN1 because
our study shows that the majority of mutations do not
respond well to treatment even if started early in the dis-
ease course.

This study was done on a small group of patients. A
more extended study on more patients besides functional
study for genotype phenotype correlation is suggested for
future. It may be multicenter intercontinental to share
clinical experiences.

5 | CONCLUSION

Classic neonatal CTLN1 was the most common form of
the disease in studied Iranian population and c.1168G>A
was the most common ASS1 mutation. Due to the poor
prognosis of treated patients, prenatal diagnosis in
affected families can prevent disease in subsequent preg-
nancies. Detection of genetic carriers in families affected
by CTLN1 would be a useful means of diagnosis to pre-
vent severe forms while managing the more curable
forms at birth. As the majority of cases are the severe
neonatal form in the studied population, global neonatal
screening and specific gene mutation detection panels for
severe forms is recommended for CTLNI.
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