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Abstract

Background: Citrullinemia type 1 (CTLN1) is a rare autosomal recessive disease
caused by argininosuccinate synthetase (ASS) deficiency. Manifestations vary
from the acute neonatal or “classic” form to a milder, late-onset, or “unconven-
tional” form. To date, more than 93 variants in the ASSI gene located on chro-
mosome 9q43.11 (OMIM #215700) are reportedly responsible for CTLN1. Their
incidence and distribution vary according to geographic origins and ethnicity,
and a correlation, although not clearly delineated, has been established between
the genotype and the phenotype of the disease. Though, in the Middle East, na-
tional descriptions of CTLN1 are still lacking.

Methods: A total of ten unrelated Middle Eastern families, five Lebanese, two
Syrians, and three Iraqis with citrullinemia index cases, were included in this
study. Upon informed consent, DNA was extracted from the whole blood of the
index patients as well as their parents and siblings. Genetic analysis was carried
out by Sanger sequencing of the ASSI gene.

Results: Seven different variants were identified. Two novel variants, c.286C>A
(p-(Pro96Thr), RNA not analyzed) in exon 5 and deletion c.685_688+6del(p.
(Lys229Glyfs*4), RNA not analyzed) in exon 10, were found in one Lebanese
and one Syrian family, respectively, and were correlated with early-onset and se-
vere clinical presentation. Five other known variants: ¢.535T>C (p.(Trp179Arg),
RNA not analyzed) in exon 8, c.787G>A (p.(Val263Met), RNA not analyzed) in
exon 12, ¢.847G>A (p.(Glu283Lys), RNA not analyzed) in exon 13, c.910C>T
(p-(Arg304Trp), RNA not analyzed) in exon 13, and c.1168G>A (p.(Gly390Arg),
RNA not analyzed) in exon 15, were found in Lebanese, Syrian, and Iraqi fami-

lies, and were associated with diverse clinical presentations.

Melissa Daou and Mirna Souaid are Equal contribution co 1st authors.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals LLC.

Mol Genet Genomic Med. 2023;11:¢2058.
https://doi.org/10.1002/mgg3.2058

wileyonlinelibrary.com/journal/mgg3 1of7


www.wileyonlinelibrary.com/journal/mgg3
https://orcid.org/0000-0001-8950-3170
https://orcid.org/0000-0002-1545-6794
mailto:﻿
mailto:﻿
mailto:﻿
http://creativecommons.org/licenses/by-nc/4.0/
mailto:cfarra@hotmail.com
mailto:chantal.farra@usj.edu.lb

DAOU ET AL.

ﬂl_wl L]_:Y_Molecular Genetics & Genomic

KEYWORDS

1 | INTRODUCTION

Citrullinemia is a urea cycle disorder due to ASSI gene de-
ficiency, which encodes the argininosuccinate synthetase
(ASS) protein. It was first described in 1962 by McMurray
et al. and classified into three types: I, II, and III based on
biochemical manifestations; it was later reclassified into
types I and II based on molecular pathogenesis (Saheki
et al., 1987). Citrullinemia type 1 (CTLN1) is caused by
urea cycle blockage, which leads to hyperammonia. Its
prevalence is estimated to be around 1 in 44,300-200,000
in developed countries (Kasper et al., 2010). This figure
may however be higher in communities with greater in-
breeding rates, such as the Middle Eastern populations.

CTLN1 may manifest as a severe form during the neo-
natal period, or later in life, as a mild presentation, but it
may as well remain asymptomatic.

The “classic” and most common form is character-
ized by neonatal onset with severe hypotonia, failure to
thrive, and neurological failure, potentially leading to
early demise. Less common presentations are hepatic dys-
function (Salek et al., 2010), stroke-like episodes, while
rare manifestations are lupus (Pimenta et al., 2018), hy-
pertrophic pyloric stenosis (Rhee et al., 2013), Sandifer
syndrome-like (Kili¢ et al., 2017), and persistent hiccups
(Degirmencioglu et al., 2014). Long-term complications of
this classic form include mild to profound mental retar-
dation, seizures, growth deficiency (Maestri et al., 1995),
cataracts, and progressive hypertrophic cardiomyopathy
(Brunetti-Pierri et al., 2012).

An “unconventional” milder form of the disease with
a late onset may manifest in individuals with partial en-
zyme deficiency.

Asymptomatic homozygous individuals have been as
well described; these may be, however, at risk of devel-
oping acute metabolic decompensation when exposed to
physiological or catabolic stress, such as pregnancy, in-
fection, or trauma (Bachmann, 2003). The clinical course
and prognosis of citrullinemia type I are difficult to pre-
dict by biochemical means alone. It could be suggested
that neonates with high peak ammonia level (>300 pmol),
high citrulline level (>1000pumol), and poor residual
enzyme activity (<1%) present with a poor prognosis.
Determining the underlying molecular bases is becoming
a key to predicting the severity and clinical management

Conclusion: Two novel variants and five known variants were found in a total of
ten unrelated Middle Eastern families.

argininosuccinate synthetase, ASSI, citrullinemia type 1

of CTLN1. Several studies have already established
genotype-phenotype correlations. For instance, c.421-
2A>G and ¢.1194-1G>C variants, which cause aberrant
splicing, as well as the missense variants: p.(Gly390Arg),
p-(Glyl17Ser), p.(Ala118Thr) and p.(Argl27GIn), p.(Arg-
265Cys), p.(Glu283Lys) and the p.(Gly324Ser) variant are
associated with a severe and early onset phenotype.

While, p.(Gly362Val), p.(Trpl79Arg), p.(Val263Met),
p.(Argl00Cys), p.(Argl57His), and p.(Val141Gly) variants
are associated with mild or asymptomatic clinical course
(Diez-Fernandez et al., 2017).

2 | MATERIALS AND METHODS

2.1 | Ethical compliance
Ten clinically symptomatic patients presenting with
abnormal citrullinemia dosage, determined by mass
spectrometry on newborn screening or later through
high-performance liquid chromatography, were recruited
and referred with their families to our Medical Genetics
Unit. All patients' parents signed an informed consent, ap-
proved by the ethics committee of Saint Joseph University
for participation, sample collection, and data publication.
Genomic DNA was extracted from the whole blood of
the patients, parents, and siblings, using Qiagen Blood
DNA mini kit (Qiagen®, Hilden, Germany). The primers
used for polymerase chain reaction (PCR) and Sanger se-
quencing are listed in Table 1 and were designed using
Primer 3 (https://bioinfo.ut.ee/primer3-0.4.0/) and
checked for specificity using BLAST (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/). PCR reactions were per-
formed using Multiplex HotStar Taq (Qiagen, Germany)
according to the manufacturer's instructions. Bidirectional
sequencing of the coding exons flanking intronic regions
was performed using the BigDye® Terminator v1.1Cycle
Sequencing Kit (ThermoFisher Scientific, Waltham, MA,
USA) under standard conditions and by using the auto-
matic sequencer ABI 3500 Genetic Analyzer sequenc-
ing system Analyzer (Applied Biosystems, CA, USA).
Electrochromatograms were analyzed using Sequence
Analysis Software version 5.4 (ThermoFisher Scientific,
Waltham, MA, USA) and compared to reference sequences
obtained from the UCSC (https://genome.ucsc.edu/)
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TABLE 1 Primers used for PCR and sequencing of ASSI gene®

Forward primer Reverse primer
Exon Size (5'—>3') (5'->3")
Exon 3 382pb ggcactgaaggtgaacatcc  ttgaatgagtgacggtgagc
Exon 4 286pb ccatggaatggaagcetgtct — agacacactggaagggatgg
Exon5  544pb tgcagaagaagaagcaccag ggtggaggtgaggactcaga
Exon 6 526pb gggtcagatgtgtcctgecac  ctctccgggaagaatgaatg
Exon 7 350pb ctctcaccctcacaacagea  aagttcaatcccccatcaca
Exon 8 396pb ggtagccagggtcttgtctg  cccaacaacactcagcagaa
Exon 9 379pb ccagaatgtttcaggcaggt  ttcaaatgcagcgaggagac
Exon 10 345pb ggaaatggacagaggagagg gctgtgcgttaccttgaage
Exon 11 280pb catccatttaaggcgtttcg tcagccacaaccattagcetg
Exon 12 246pb aatgtgtggcctaagctgtg — caaaggggacagggtctcag
Exon 13 391pb ggcttgtctectgtcagacg ctcacatgaggatggcagtg
Exon 14 466pb tagagggcagggctatgaaa cactctgtgctctgeatggt
Exon 15 300pb gagggtttggacccacacag agtcaaggtcgcatcaaage
Exon 16 380pb cgggagagggaatagaaaaa cccttcccttcgatgacaac

“NM_054012.4 (GenBank reference sequence and version number of ASS1
gene).

database. ASS1: NM_000050.4 using ChromasPro version
2.1.9 (Technelysium, Queensland, Australia).

3 | RESULTS

A total of ten Middle Eastern families, five Lebanese, two
Syrians, and three families of Iraqi origin with citrulline-
mia were found to have pathogenic or likely pathogenic
variants in the ASSI gene (Table 2 and Figure 1).

4 | DISCUSSION

To date, more than 93 variants have been reported in the
ASS1 gene (Engel et al., 2009). However, no data has been
reported for Middle Eastern populations.

One of the most widely described variants across dif-
ferent populations and ethnic groups is c.1168G>A, p.Gl-
y390Arg in exon 15, accounting for 17.3% in Germans
(Gaoetal., 2003), up to 50% in Spanish and Turkish (Engel
et al., 2009), and more than 40% in Indians (Bijarnia-
Mahay et al., 2018), Argentinians (Lardvere et al., 2009),
and people from the Pacific Islands (Glamuzina
et al., 2011). This variant located in the protein domain of
the arginosuccinate synthetase is classified as pathogenic
according to the ACMG and based on functional studies
demonstrating loss of argininosuccinate synthase activity
(Berning et al., 2008). The variant is reported in dbSNP:
rs121908641, Clinvar (RCV001376575.1), and uniport
(VAR_000694) (Table 2). Whereas, in Turkish population,

Open Access,

the p.(Gly324Ser), p.(Gly362Val), and p.(Gly390Arg) vari-
ants in exons 12 and 15 represent approximately 70% of
all variants identified (Kose et al., 2017). It has been sug-
gested that a CpG dinucleotide within exon 15 might be
responsible for the recurrent occurrence of variants in this
region. In our study, only one Iraqi family presented with
p-(Gly390Arg) associated with a severe form of the disease.
On the other hand, c.847G>A, p.(Glu283Lys) was found
in three families of Syrian, Iraqi, and Kurdish origins, all
of them presenting with a severe clinical outcome. This
variant has previously been reported in isolated cases from
China (Wu et al., 2014), Iran (Gao et al., 2003), Germany
(Kleijer et al., 2006), and the USA (Miller et al., 2014).
p.(Glu283Lys), located in the protein domain of argino-
succinate synthetase within a highly conserved amino
acid, is a missense variant classified as pathogenic accord-
ing to the ACMG, Clinvar (RCV001290024.1), Uniprot
(VAR_015902), and also known in dbSNP: rs765338121
(Table 2). It affects the tertiary and quaternary structures,
thus altering the intermolecular interactions of this en-
zyme (Gao et al., 2003). Its high occurrence in our families
while it is rarely described in other populations is reflec-
tive of the paucity of reports on metabolic diseases in the
Middle East.

As for, ¢.535T>C, p.(Trpl179Arg) in exon 8 detected in
two of our Lebanese families, it has been widely described
in the literature. Indeed, Diez-Fernandez et al. reported
this variant in 27 families from different ethnic groups,
ranking it among the most common ASS1 variants world-
wide (Raponi et al., 2011). ¢.535T>C, falls within a highly
conserved amino acid at the start of the substrate bind-
ing cavity in the protein domain of the arginosuccinate
synthetase. It is reported as a missense pathogenic vari-
ant by dbSNP: rs121908646, Clinvar (RCV000006707.4),
and Uniprot (VAR_015898) (Table 2). The physicochem-
ical difference between tryptophan and arginine is very
significant. The variant results in a 13% decrease in en-
zyme activity compared to the normal protein (Berning
et al., 2008), which entails sufficient residual activity to
maintain an efficient urea cycle (Héberle et al., 2002). This
could explain the mild clinical manifestations described
with this variant (Dimmock et al., 2008; Gao et al., 2003),
which is in line with both our family's clinical presen-
tations.c.787G>A, p.(Val263Met) in exon 12 has been
as well frequently described by Hernandez et al (Diez-
Fernandez et al., 2017), notably in European and Turkish
populations as well as in the populations of the Pacific
Islands (Glamuzina et al., 2011). In our study, ¢.787G>A
was found in two of our Lebanese families. This variant is
classified as pathogenic in dbSNP: rs192838388, Clinvar
(RCV000078024.13), and Uniprot (VAR_058348) (Table 2),
with functional studies confirming a reduction in argini-
nosuccinate synthase activity (Berning et al., 2008). This
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€.286C>A, p.(Pro96Thr) ¢.787G>A, p.(Val263Met) ¢€.910C>T, p.(Arg304Trp)
Type: single nucleotid variant Type: single nucleotid variant
Type: single nucleotid variant Size: 1 pb Size: 1 pb
Size: 1 pb Significance: pathogenic missense variant Significance: pathogenic missense variant
Significance: pathogenic missense variant Found in two families of Lebanese origin Found in one family of Lebanese origin
Found in one family of Lebanese origin

l Exon 1 H Exon 2 ‘ | Exon 3 I l Exon 4 ‘ IExonS ‘ | Exon 6 I lExon7 ‘ l Exon 8 H Exon 9 HExonIO H Exon1l HExon12 H Exon13 l |Exon14 l lExonlS H Exon16 ’

¢.1168G>A, p.(Gly390Arg)

Type: single nucleotid variant

deletion c.685_688+6del
Type: nucleotids deletion

Size: 10 pb Size: 1 pb
Significance: pathogenic Significance: pathogenic missense
Found in one family of Syrian origin variant

Found in one family of Iragian origin

¢€.535T>C, (p.Trp179Arg)

Type: single nucleotid variant

Size: 1 pb

Significance: pathogenic missense variant
Found in two families of Lebanese origin

¢.847G>A, (p.Glu283lys )
Type: single nucleotid variant
Size: 1 pb
Significance: pathogenic missense variant
Found in three families of Syrian and
Iragian origins

FIGURE 1 Localization of pathogenic or likely pathogenic variants in ASS1 gene found in 10 middle eastern familiest. {NM_054012.4

(GenBank reference sequence and version number of ASSI gene)

missense pathogenic variant preserves a quite high resid-
ual activity of around 30% (Berning et al., 2008), correlat-
ing it with a benign clinical picture, which is corroborated
in our study.

The ¢.910C>T, p.(Arg304Trp) in exon 13 which
was previously described in the Japanese (Kobayashi
et al., 1994, 1995) and Korean (Lee et al., 2013) popula-
tions and in one Turkish patient (Gao et al., 2003), was
found in one of our Lebanese families. This missense
pathogenic variant, according to ACMG classifications,
Clinvar (RCV001376582.1) and Uniprot (VAR_000690),
preserves a residual activity of less than 5%, leading to
urea cycle dysfunction (Kobayashi et al., 1995), and to
a severe clinical form (Shaheen et al., 1994), which is in
concordance with our patient’s phenotype.

Our study identified as well two novel variants
c.286C>A, p.(Pro96Thr) in exon 5 and c.685_688+6del,
p.(Lys229Glyfs*4) in exon 10.

c.286C>A, p.(Pro96Thr) was found in one Lebanese
family. It is located in the protein domain of the argino-
succinate synthetase and is pathogenic according to the
ACMG classification. Alternative variants, p.Pro96His,
p-Pro96Leu, and p.Pro96Ser, are classified as pathogenic
by Uniprot (VAR_015894). Also, different prediction da-
tabases, such as MutationTaster, SIFT, and Polyphen, de-
scribed this variant as pathogenic. It is not reported in the
Genome Aggregation Database (https://gnomad.broad
institute.org/). Based on the UCSC genome browser, the
nucleotide and the amino acid at this location are well
preserved in different species. The patient, a female,

homozygous for c.286C>A, presented on day seven of
life with an alteration of her general condition, includ-
ing irritability, lethargy, and confusion. She exhibited
a total lack of appetite, recurrent vomiting, respiratory
distress, and neurological signs of convulsions, coma,
alternation of hypotonia and hypertonia, spasticity, and
clonus of the ankle. Her biological assessment showed
hyperammonia and hypercitrullinemia. An EEG showed
abnormal tracing with low amplitude in all regions of
the brain, while a brain MRI showed bilateral focal le-
sions correlated with cytotoxic edema. The patient
passed away at 1 month and 5days of life. Both her par-
ents were confirmed as heterozygous for the variant. The
clinical presentation confers a severe form of CTLN as-
sociated with this novel c.286C>A, p.(Pro96Thr) variant
€.685_688+6del, p.(Lys229Glyfs*4) was found in a Syrian
male infant. It affects a donor site on exon 10, which
could alter the translation either through exon skipping
or through translation of the intronic part according to
the Ex-Skip databases (Raponi et al., 2011). The patient
presented on day three of life with an alteration of the
general condition, lethargy, lack of appetite, and hyper-
tonia. His paraclinical assessments showed hyperammo-
nia, hypercitrullinemia, and abnormal hepatic function.
The EEG was extremely abnormal, discontinued, and
disorganized across the brain. The patient passed away
at 1 year of age. The variant was identified in a hetero-
zygous state in both parents. The clinical presentation
for p.(Lys229Glyfs*4) in our patent is correlated with a
severe outcome.


https://gnomad.broadinstitute.org/
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5 | CONCLUSION

Neonatal screening is still not routinely carried out in
Middle Eastern populations, including Lebanon. Data
on citrullinemia from these populations is still lacking,
and often a time the disease is underdiagnosed, resulting
in inadequate management. This study is the first to de-
scribe an array of ASSI variants found in patients from the
Middle East. Further studies may be required to properly
asses the genotypic, demographic, and clinical data of the
disease, which would enable adequate, more optimized
care and follow-up.
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