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Prevalence of propionic acidemia in China @
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Abstract

Propionic acidemia (PA) is a rare autosomal recessive congenital disease caused by mutations in the PCCA or PCCB
genes. Elevated propionylcarnitine, 2-methylcitric acid (2MCA), propionylglycine, glycine and 3-hydroxypropionate
can be used to diagnose PA. Early-onset PA can lead to acute deterioration, metabolic acidosis, and hyperammonemia
shortly after birth, which can result in high mortality and disability. Late-onset cases of PA have a more heterogene-
ous clinical spectra, including growth retardation, intellectual disability, seizures, basal ganglia lesions, pancreatitis,
cardiomyopathy, arrhythmias, adaptive immune defects, rhabdomyolysis, optic atrophy, hearing loss, premature ovar-
ian failure, and chronic kidney disease. Timely and accurate diagnosis and appropriate treatment are crucial to saving
patients’lives and improving their prognosis. Recently, the number of reported PA cases in China has increased due
to advanced diagnostic techniques and increased research attention. However, an overview of PA prevalence in China
is lacking. Therefore, this review provides an overview of recent advances in the pathogenesis, diagnostic strategies,
and treatment of PA, including epidemiological data on PA in China. The most frequent variants among Chinese PA
patients are c.2002G > A in PCCA and ¢.1301C>T in PCCB, which are often associated with severe clinical symptom:s.
At present, liver transplantation from a living (heterozygous parental) donor is a better option for treating PA in China,
especially for those exhibiting a severe metabolic phenotype and/or end-organ dysfunction. However, a compre-
hensive risk-benefit analysis should be conducted as an integral part of the decision-making process. This review will
provide valuable information for the medical care of Chinese patients with PA.
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Background

Propionic acidemia (PA) is an autosomal recessive meta-
bolic disorder caused by impaired functioning of propi-
onyl coenzyme A (propionyl-CoA) carboxylase (PCC) in
the mitochondria. This results in the metabolic distur-
bances of propiogenic amino acids (valine, isoleucine,
threonine, and methionine), propionate, and odd-chain
fatty acids. Patients with PA typically present with vom-
iting and anorexia, followed by dehydration, weight loss,
lethargy, hypothermia, hypotonia, and convulsions. These
symptoms can progress rapidly and result in decompen-
sation and poor neurological outcomes. Over time, PA
can lead to multiple organ complications, including those
affecting the brain, heart, liver, kidney, pancreas, and
bone marrow. In severe cases, PA can result in death [1].
Patients with PA typically experience recurrent episodes
of hyperammonemia, ketoacidosis, metabolic acidosis,
neutropenia, and thrombocytopenia [2]. The clinical pres-
entation is diverse and lacks specificity, with a rapid clini-
cal progression and poor prognosis. Although PA cannot
be cured at this time, prompt and proper diagnosis and
treatment can stabilize the disease and prevent severe
complications.

To gather relevant information for this review, we con-
ducted a literature search from 2010 to 2022 through
CNKI and PUBMED databases with the keywords “pro-
pionic acidemia’, “organic acidemia’, “metabolic disease’,
“newborn screening’, and “China”. Our search yielded a
total of 119 papers that met our search criteria and were
included in this review.

Etiology and pathogenesis of PA

Structure and function of PCC

PCC is a biotin-dependent carboxylase heterododecamer
holoenzyme composed of six a and six  subunits, which
is primarily localized in the mitochondria and loosely
bound to the inner mitochondrial membrane matrix [3].
Alpha and beta subunits are encoded by the genes PCCA
(OMIM232000) and PCCB (OMIM232050), respectively
[4]. PCCA gene is located on chromosome 13q32.3 and
its encoded a-subunit is 72—80 kDa with three splice iso-
forms. Classical isoform A (NM_000282.3) is the long-
est splice isoform encoded by 24 exons containing 728
amino acids. The isoform B is shorter and is encoded by
23 exons containing 702 amino acids. The isoform C is
the shortest and is encoded by 23 exons containing 681
amino acids [5]. The PCCB gene is located on chromo-
some 3q22.3 and its encoded B-subunit is 58 kDa. The
B-subunit contains 15 exons and encodes 539 amino
acids. a-Subunit decorates the outside of a hexamer
nucleus formed from 6 [-subunits. a-Subunit contains
the N-terminal biotin-binding domain and the C-ter-
minal biotin carboxylase domain, which are responsible
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for the formation of carboxy biotin after ATP hydrolysis
through interaction. B-Subunit hexamer with a propio-
nyl-CoA binding site and a carboxyltransferase domain is
responsible for transferring the carboxyl group to propi-
onyl-CoA [6]. Propionyl-CoA is a metabolite that is pro-
duced under physiological conditions from propionate,
amino acids (valine, isoleucine, threonine, and methio-
nine), side chain of cholesterol, and odd-chain fatty acids.
Propionyl-CoA is carboxylated to methylmalonyl-CoA by
PCC in the mitochondria and further isomerized to suc-
cinyl-CoA. This process is known as the anaplerosis that
replenishes the loss of TCA cycle intermediates.

Pathogenesis of PA

PA is caused by impaired functioning of PCC due to
mutations in the PCCA or PCCB genes. Mutations of bial-
lelic sites in either PCCA or PCCB genes or compound
heterozygous mutations in two genes result in the loss of
PCC activity and lead to abnormal accumulation of propi-
onyl-CoA and its metabolites, such as propionylcarnitine,
propionylglycine, 3-hydroxypropionate and 2-methylcit-
ric acid(2MCA). These metabolic disturbances result in
a series of biochemical abnormalities and multiple organ
complications [7]. Elevated levels of propionyl-CoA can
compete with the comparatively lower levels of acetyl-
CoA for citrate synthase, leading to the overproduction
of 2MCA from propionyl-CoA and oxaloacetate instead
of citrate. This excessive 2MCA production in propionic
acidemia diverts oxaloacetate away from the tricarboxylic
acid (TCA) cycle. 2MCA is reported to be an inhibitor of
multiple enzymes involved in TCA cycle, such as citrate
synthase, aconitase, isocitrate dehydrogenase, in rat liver
mitochondria [8]. The harmful effects on mitochondria
induced by 2MCA may play a role in the development of
brain damage and neurological complications in patients
with PA [9]. High levels of propionyl-CoA and its metabo-
lites are reported to inhibit multiple enzymes including
pyruvate dehydrogenase complex and respiratory chain
complexes in the TCA cycle, hindering mitochondrial
energy production [10]. Additionally, the production of
succinyl-CoA from propionyl-CoA is also reduced. The
above metabolic perturbations could inhibit TCA cycle
flux and impair energy production. Life-threatening acute
metabolic decompensations (AMD) are a prominent
feature in PA, characterized biochemically by hyperam-
monemia, metabolic acidosis with a high anion gap, and
lactic acidosis [11]. Hyperammonemia is primarily caused
by urea cycle disorders. Propionyl-CoA acts as a com-
petitive inhibitor of N-acetylglutamate synthase, which
reduces the synthesis of N-acetylglutamate. N-acetylglu-
tamate is an agonist of carbamylphosphate synthase-1,
and its reduction can subsequently lead to a decrease in
the activity of carbamylphosphate synthase-1 in the urea
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cycle [12]. Some evidence also suggests the amino acid
substrates of the urea cycle, especially citrulline, ornithine
and arginine are reduced in patients with PA [13]. During
PA decompensations, the body’s compensatory mecha-
nisms rely heavily on glutamate/glutamine metabolism to
convert a-ketoglutarate. This process results in an exces-
sive generation of ammonia. Another potential mecha-
nism to explain the occurrence of hyperammonemia
during PA decompensations is the decrease in glutamine
levels [14].

Significantly higher concentrations of the branched-
chain amino acids (BCAAs), including leucine (Leu),
valine (Val), and isoleucine (Ile), and their intermediate
metabolites have been observed during decompensation
episodes. This suggests that there may be an increase in
protein catabolism. The breakdown of BCAAs acutely
increases the amount of circulating toxic metabolites.
Due to their acidic nature, these metabolites can rap-
idly lead to metabolic acidosis by decreasing the pool
of bicarbonate in the body [9, 15]. Lactate acidosis may
result from the decline of pyruvate dehydrogenase activ-
ity, which can lead to the excessive conversion of pyru-
vate to lactate. Elevated levels of propionate and its
metabolites 3-hydroxypropionate and methylcitrate can
cause bone marrow suppression, which may lead to ane-
mia, granulocytopenia, and thrombocytopenia [16]. In
addition, severe anemia in PA could be ascribed to low
levels of BCAA in plasma, which could be a result of a
low natural protein intake and high demands for protein
synthesis [17]. Ketoacidosis is often reported in PA with
metabolic decompensation and its underlying mecha-
nism remains unclear. Studies on the PA mouse model
have suggested that propionate overload can stimulate
ketone production by increasing fatty acid oxidation in
the liver via the lowering of malonyl-CoA [18]. Further-
more, the accumulation of propionyl-CoA can interfere
with glycine cleavage by reducing H protein production,
leading to hyperglycinemia [19]. Hepatic encephalopathy
resulting from hyperammonemia may be a major cause
of neurological damage in individuals with PA.

Clinical features and diagnosis

Patients with PA exhibit a diverse range of clinical mani-
festations that can present from infancy to adulthood.
These manifestations are typically categorized as either
early-onset (occurring at or before 3 months of age) or
late-onset (occurring after 3 months of age) [20]. Early-
onset typically affects newborns who were born with
normal gestation and delivery. Patients may not exhibit
symptoms immediately after birth and can remain asymp-
tomatic for hours, days, or even months. However, they
are at high risk of sudden acute metabolic decompen-
sation, which can be life-threatening. Children with
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early-onset PA often exhibit symptoms such as poor feed-
ing, lethargy, disorders of consciousness, repeated vomit-
ing, convulsions, dyspnea, growth retardation, epilepsy
and motor disorders. Late-onset PA can be divided into
two types: chronically progressive and intermittent sei-
zure. The intermittent onset type has an acute phase fol-
lowed by a stable phase. The acute decompensation phase
is typically triggered by metabolic stress, such as infec-
tion, prolonged or intense physical exercise, injury, sur-
gery and/or general anesthesia, excessive protein intake,
and the attack has a neonatal-like onset. In contrast, the
stable phase can be associated with various complications
[21].

The most common complications associated with
PA are cardiac and neurological disorders [22]. Cardiac
complications include cardiomyopathy and arrhythmias.
Chronic neurological and cognitive complications are
frequent in PA, including movement disorders, spastic
paresis, intellectual disability and strokes of basal gan-
glia [23]. Late manifestations of neuropsychological dis-
orders, such as autism and borderline personality traits,
have also been reported [24, 25]. Other complications
may include recurrent pancreatitis, adaptive immune
defects, rhabdomyolysis, optic atrophy, hearing loss,
premature ovarian failure, and chronic kidney disease
[26-29]. In China, most of the reported clinical cases
are early-onset. Delayed cardiomyopathy and neurologi-
cal complications have also been reported in individual
cases. The characteristics and clinical data of patients we
reviwed are presented in Table 3.

Neonatal screening by mass spectrometry is currently
an effective tool for early identification and diagnosis
of PA. The diagnosis of PA is confirmed by measuring
the levels of C3 and the ratio of C3/acetylcarnitine (C2)
in blood by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). The typical range of values for
C3 (propionylcarnitine) is between 0.2 and 4.3 pmol/L.
Meanwhile, the C3/C2 (acetylcarnitine) ratio typically
falls between 0.03 and 0.2 [61]. In addition, the levels of
3-hydroxypropiona, propionylglycine and 2MCA in urine
can also be measured using gas chromatography-mass
spectrometry (GC—MS) to aid in diagnosis [20]. When PA
is suspected, further examinations should be conducted
to confirm the initial biochemical diagnosis. General tests
such as blood ammonia, blood glucose, blood gas analysis,
and myocardial zymogram analysis, as well as urine tests
for ketone bodies and organic acids, can be conducted to
aid in diagnosis [30]. In China, patients with early-onset
PA are often misdiagnosed with intermittent neurological
deterioration and neonatal sepsis [16]. Following standard
clinical and analytical procedures is critical for the dif-
ferential diagnosis. In newborns with clinical distress and
suspicion of sepsis, seizures, or organic acidemias must
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be considered in the differential diagnosis from the outset
[21, 22]. PA and methylmalonic acidemia (MMA) are both
disorders in the propionyl-CoA metabolic pathway with
shared clinical presentations. PA and MMA are not eas-
ily distinguished when screening for inherited metabolic
disorders in newborns. Both MMA and PA can cause an
elevation of C3 in the acylcarnitine spectrum, which is a
common metabolic biomarker for both disorders. How-
ever, since PA directly causes an increase in C3, the rise
of C3 is usually more pronounced with PA than with
MMA in theory, as demonstrated in clinical cases [31,
32]. Determination of methylmalonate from dried blood
spots (DBS), serum, and urine samples is commonly per-
formed for differential diagnosis of PA and MMA in clini-
cal diagnostics and newborn screening. The biochemical
indicators of PA include elevated 2MCA and propionylg-
lycine, and C3, while high urinary methylmalonate is spe-
cific to MMA [33]. Higher levels of 2MCA are generally
observed in patients with PA than with MMA. Addition-
ally, PA patients with a severe phenotype and significant
long-term complications tend to have even higher levels
of 2MCA [34]. A retrospective study conducted at a sin-
gle center revealed that C3 level, C3/C2 ratio, and 2MCA
level in the amniotic fluid supernatant are reliable bio-
chemical markers for the diagnosis of PA. This study also
suggested that the C3/C2 ratio is the most dependable
biochemical marker for the prenatal diagnosis of PA [35].
Table 1 summarizes the various biomarkers used for the
differential diagnosis of PA and MMA and can serve as a
reference for clinical practice. The diagnosis of PA is con-
firmed through the analysis of mutations in the PCCA and
PCCB genes, as well as the measurement of PCC enzyme
activity. Sanger sequencing, quantitative polymerase chain
reaction (qPCR), next generation sequencing (NGS) are
employed to detect and identify the pathogenic mutations
of biallelic sites in PCCA or PCCB genes. In special cases,
additional technologies such as ¢cDNA analysis, multi-
plex ligation-dependent probe amplification (MLPA), or
long-read whole-genome sequencing may be necessary
to improve the detection rates [36]. Splicing variants need
to be confirmed at the mRNA level. The identification of
biochemical markers and gene mutations can aid in family
genetic counseling and prenatal diagnosis, particularly for
families with a proband affected by PA [37].

Epidemiology data of PA in China

The incidence of PA varies across different coun-
tries and regions, with global estimates ranging from
1/313,000 to 1/1000. In the United States, the estimated
live-birth incidence is 1/105,000-1/130,000 [32, 38]
and in Italy 1/166,000 [39]. In a selective and expanded
newborn screening, the frequencies of PA in Japan,
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Table 1 Biochemical biomarker of PA and MMA
Potential biomarkers PA MMA
Organic acids

2-methylcitric acid 1 1

Methylmalonic acid _ "

Propionic acid ™ 1

3-hydroxypropionic acid 1 1
Conjugates

Propionylglycine 1 1

Ketonuria ™ 1
Carnitine panel

Acetylcamnitine (C2) ! y

Propionylcarnitine (C3) and C3/C2 ratio ™ ™

Methylmalonylcarnitine _ ™
Acyl-CoAs

Propionyl-CoA " 1

Methylmalonyl-CoA 1 "

Odd-numbered long-chain fatty acids * 1

Acetyl-CoA ! N\
Tricyclic acid (TCA) cycle intermediates

Citric l !

Ketoglutaric 1 !

Succinic \ !

Malic acid 1 !

Ammonium 1 1

Lactic acid 1 0
Amino acids

Alanine:Serine 1 0

Alanine:Lysine { \

Glycine 1 ¥

South Korea, and Germany were 1/41,000, 1/313,000
and 1/250,000, respectively [40]. The birth incidence
in the Middle East is generally higher, with rates of
1/20,000-1/45,000 in the United Arab Emirates [41]
and 1/28,000 in Saudi Arabia [42]. Some Saudi tribes
have even higher rates, ranging from 1/2000 to 1/5000
[43]. The highest birth incidence (1/1000) is among the
Greenlandic Inuits [44].

In mainland China, newborn screening by mass spec-
trometry was first introduced in 2004 [45]. With the
wide application of LC-MS/MS and GC/MS, newborn
screening for PA has been available and reported in most
parts of China. However, the overall prevalence of PA in
China remains unknown. We conducted a retrospective
study analyzing screening data from different districts of
China and collected incidence data of neonatal inherited
metabolic diseases from 23 provinces or municipalities
over the last decade (from 2010 to 2022). The results are
presented in Table 2. Furthermore, we mapped out the
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Table 2 Epidemiological reports of PA patients in China
Province/municipality Time Period Screened newborns Confirmed PA Incidences References
North China
Beijing From January 1st, 2009 to July 2009 11,240 1 1/11,240 [96]
Shandong 673,102 9 1/74,789
Jining From July 2014 to December 2018 51,4234 8 1/64,279 [67]
Qingdao From January 2012 to December 2016 158,868 1 1/158,868 [53]
Henan From January 2013 to August 2019 850,486 3 1/283,495 [48]
Kaifeng From August 2015 to September 2017 91,406 1 1/91,406 [97]
Jiangsu 718,258 15 1/47,884
Xuzhou From September 2015 to September 2018 297,610 8 1/37,201 [61]
Yancheng From 2012 to 2014 18,988 6 1/3,165 [49]
Shaanxi From January 2013 to October 2014 10,205 2 1/5,103 [98]
South China
Shanghai From 2010 to 2016 760,000 2 1/200,000 [99]
Zhejiang From January 2009 to December 2016 1,861,262 6 1/310,200 [51]
Wenzhou From October 2013 to December 2018 489,148 1 1/489,148 [47]
Fujian 364,545 2 1/182,273
Quanzhou From January 2014 to November 2018 364,545 2 1/182,273 [100]
Hunan From March 2013 to September 2017 565,182 4 1/141,296 [101]
Huaihua From March 2015 to December 2017 79,205 1 1/79,205 [102]
Guangdong 577,037 22 1/26,229
Foshan From August 1st, 2002 to March 30th, 2007 11,087 1 1/11,087 [103]
Guangning From October 2010 to October 2015 8,238 16 1/515 [46]
Puning From January 2007 to December 2011 115,219 2 1/57,610 [104]
Huizhou From May 2012 to May 2013 123,231 1 1/123,231 [105]
Guangzhou From January 2015 to December 2020 272,117 1 1/272,117 [106]
Meizhou From April 2019 to July 2021 47,145 1 1/47,145 [107]
Taiwan From 2001 to 2014 1,390,000 3 1:464,000 [40]
Sichuan From November 2017 to December 2018 39,648 1 1/39,648 [52]
Hainan From January 2016 to December 2019 54,506 1 1/54,506 [108]
Jiangsu
Suzhou From 2014 to October 2019 401,660 1 1/401,660 [109]

provincial-level prevalence of PA in China in Fig. 1, based
on the reported cases.

To better analyze the incidence of PA in China, we
divided country into two regions based on the Qinling
Mountains-Huaihe River line, namely the northern and
southern regions. The overall incidence of PA in the
southern region of China was found to be higher, rang-
ing from 1/489,148 to 1/515, with the highest in Guang-
ning city, Guangdong Province. Out of 8,238 neonates
screened from October 2010 to October 2015 in Guang-
ning, 16 were diagnosed with PA [46]. The lowest inci-
dence was found in Wenzhou city, Zhejiang Province,
where 489,148 newborns were screened from October 1,
2013 to December 31, 2018, and the incidence of PA was
reported as 1/489,148 [47].

The overall incidence rate of PA in northern China was
from 1/283,459 to 1/3,156. Among 850,486 neonates

screened in Henan province from January 2013 to August
2019 [48], three cases of PA were detected with an inci-
dence rate of 1/283,459, which was the lowest in north-
ern China. On the other hand, in Yancheng city, Jiangsu
Province, 6 cases of PA were diagnosed among 18,988
screened neonates from June 2012 to June 2014, resulting
in an incidence rate of 1/3,156, which was the highest in
northern China [49].

Our survey included 15 regions in the south and 8
regions in the north based on available reports. How-
ever, cases of PA reported in other regions of China
without regional incidence data were not included in
this review. For example, from 2007 to 2010, 113 cases
of PA were diagnosed from 5,931 children screened in
major hospitals in Hebei province. Additionally, PA
is a common organic acidemia found in Shijiazhuang
[50]. Table 2. displays the epidemiological data of PA
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0 1
Fig. 1 Distribution and incidence of PA in each province/municipality in China. HLJ, Heilongjiang; JL, Jilin; LN, Liaoning; XJ, Xinjiang; IM, Inner
Mongolia; BJ, Beijing; TJ, Tianjin, HEB, Hebei; SX, Shanxi; SAX, Shaanxi; NX, Ningxia; GS, Gansu; QH, Qinghai; SD, Shandong; JS, Jiangsu; AH, Anhui;
HEN, Henan; SH, Shanghai; HUB, Hubei; CQ, Chongging; SC, Sichuan; ZJ, Zhejiang; JX, Jiangxi; HUN, Hunan; GZ, Guizhou; YN, Yunnan; FJ, Fujian; TW,
Taiwan; GD, Guangdong; GX, Guangxi; HN, Hainan, HK, Hongkong; MC, Macau. Areas without color indicate that those without screening data. The
darker the color the higher the incidence

|

in China, indicating a significant regional difference in
PA incidence across the country. The variation in inci-
dence might be due to differences in genetic and eth-
nic backgrounds, as well as the total number of people
screened. Moreover, the dates of newborn screening
differ among various regions. For instance, in Zheji-
ang Province, the number of newborns screened for
PA reached 1,861,262 from January 2009 to December
2016 [51], while the screening data of Sichuan Province
was only collected from November 2017 to December
2018 and the number of newborns screened was 39,648
in this area [52]. In addition, various regions have dif-
ferent newborn screening rates conducted at dispa-
rate times. For example, Qingdao reported a screening
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rate of 79.0% in 2016 [53], while Yancheng reported a
screening rate of 29.0% from January to December in
2012 [49].

Correlation between genotypes and phenotypes of PA

in China

The correlation between gene mutations and clinical phe-
notype in PA patients has become a hot topic due to the
increase in reported PA cases in recent years. To contrib-
ute to this field, we conducted a study analyzing the PCC
mutations in 61 Chinese patients with PA reported in
literature since 2014 and examined the phenotype-geno-
type correlations.
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PCCA and PCCB variants in Chinese PA patients

Among 61 patients, 25 (41.0%) patients harbored PCCA
variants including three pairs of siblings and 36 (59.0%)
harbored PCCB variants including two pairs of siblings.
There were 48 variants in PCCA and 66 variants in PCCB.
Seventeen (27.9%) patients were diagnosed with new-
born screening or prenatal diagnosis. Of the remaining
49 patients, 35 had an early-onset (<3 months) disease
and 7 had a late-onset (>3 months) disease. Following the
guidelines developed by the American College of Medical
Genetics and Genomics (ACMG), we classified the gene
mutations into five levels: pathogenic, likely pathogenic,
benign, likely benign, and uncertain significance. We also
listed the CADD pathogenicity score, and the mutation
significance cut-off score was set at 20 (Table 3.).

The frequency of gene mutation types was calculated
and shown in Fig. 2. The most common variants found
in the reported Chinese PA patients were ¢.2002G>A
in PCCA and ¢.1301C>T in PCCB, with frequencies of
25.0% (12/48 alleles) and 18.2% (12/66 alleles), respec-
tively. Missense mutations has been reported to account
for approximately 50% of the variations and are the most
frequent type in PCCA and PCCB [54]. Our analysis also
reveals that missense mutations are the most common
mutant form of PCCA and PCCB, accounting for 46.0%
(23/50) and 51.4% (37/72), respectively. The distribution
of PCCA gene mutations is more dispersed in all exons
except for exons 1, 5, 8, 17, 18, 20, 23, and 24, while the
PCCB gene mutations are mainly on exons 1, 3, 12, and
13. In other countries, gene mutations of PCCA and
PCCB are mostly found in exons 12, 13, 18, 19 and exons
6,11, 12, 15, respectively [44, 55-58].

Genotype-phenotype correlations in Chinese PA patients

We examined reported cases of PA in Chinese patients
to determine whether there are correlations between
genotypes and clinical phenotypes. We identified 50
PCCA gene mutation sites in 25 patients (48 alleles
were detected). The most common PCCA variant was
€.2002G > A, with a frequency of 25.0% (12/48 alleles). The
second most common variant was ¢.229C > T, account-
ing for 8.3% (4/48 alleles). Additionally, ¢.1850 T>C,
c.1288C>T, «¢.1426C>T, ¢.1746G>C, exon3-4del,
c.1845+1G> A, and c.446delA occurred at a frequency
of 4.2% (2/48 alleles), while all other mutation sites were
reported only once in our dataset. Homozygous variants
with higher frequencies are often accompanied by a cer-
tain clinical phenotype. The ¢.2002G > A mutation, which
results in a missense substitution of glycine by arginine
at codon 668 of the PCCA protein (p.Gly668Arg), is one
such variant. The mutant protein, which is defective in
biotinylation, has been found to have only 1.4% residual
activity compared to the wild-type PCCA protein [5].
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A case study [59] reported that twin siblings with PA
were homozygous for the PCCA ¢.2002G > A mutation,
yet they presented slightly different clinical symptoms.
The firstborn daughter developed the disease early and
became more severe. She had respiratory failure, granu-
locytopenia, and cardiac damage with a faster disease
progression. Although the second son had disorders of
consciousness, feeding difficulties, hyperammonemia,
and metabolic acidosis, his symptoms were relatively
mild and progressed slowly. The elder daughter died after
being discharged on the same day and the second son
died one month after discharge. Hu et al. also reported
a case of this mutation, in which the patient died at three
years and nine months of age [60]. The two patients reg-
istered in Xuzhou [61] were found to have compound
heterozygous mutations (PCCA ¢.2002G > A/c.2040G > A
and ¢.2002G>A/c.131delinsATT). They exhibited
growth retardation and the onset of disease started in
early infancy. Zhou et al. [62] reported a patient with
late-onset PA due to ¢.2002G>A homozygous muta-
tion. This patient was admitted to hospital at the age of
two years and six months for PA-associated cardiomyo-
pathy. Despite strict dietary control and drug treatment,
the child experienced several acute metabolic acidosis
decompensation events and suffered severe growth and
development delay which greatly affected her quality of
life. Preoperative echocardiography suggested a mild left
ventricular dilation with a reduced overall motion ampli-
tude of the left ventricle and a decreased left ventricular
ejection fraction. To prevent further deterioration of her
cardiac, neurologic, and other systems’ function or the
development of irreversible complications, liver trans-
plantation was performed. The patient had a normal
function of transplanted liver and cardiac function was
restored based on echocardiographic test at 13.8 months
after her liver transplant. The quality of life was greatly
improved, although the growth delay was not improved.
A patient with ¢.2002G>A/c.1288C>T compound het-
erozygous mutation was reported by Yang et al. The
patient had seizures and possible cardiomyopathy and
eventually died of cardiac arrest at the age of 6.5 months
[7]. These cases suggest that the clinical phenotype asso-
ciated with ¢.2002G > A is more severe and may develop
cardiomyopathy. Furthermore, c.2002G>A is one of
the hot spots of PCCA gene mutation in China, which
is consistent with the findings by Liu et al. [63] Accord-
ing to ClinVar, PCCA ¢.229C>T (p.Arg77Trp) results
in a non-conservative amino acid change located in the
biotin carboxylation domain and biotin carboxylase-like,
N-terminal domain of the encoded protein sequence. In
Taiwan, a PA patient with compound heterozygous muta-
tions (PCCA ¢.1262A>C/c.229C>T) exhibited normal
to very mild developmental delay [64]. One of 82 PA



Page 8 of 21

281

(2023) 18

Zhang et al. Orphanet Journal of Rare Diseases

Yuiq Jaye

UON2IXo BlUOWUIR
210woid 03 Al uuIbIe
'as500n|6 d1uonsdAy Jo

sAep uaAas pue  uopeluawalddns ‘axelul

SISOpIoe djogeIaw pue
‘eliauowWweldAY

4uow auo Jo uiR104d JO UONDLISAI ‘Buipasy Jood ‘ssau 0c [43 Susbotped asuassiy - Bivggodind V <O200¢>%'¢82000" AN ceuog
obesyiiepalg  'Bunse) ‘UORIRUI-AUY -SNOIPSUOD JO SISPIOSI 0c 43 ojusboued asusssiy BuygooA|od ¥ <DZ0072:¥'782000 AN ¢TU0X3 6
sisoppoe
1224103 pue 10e11 Ajoiedid
591 31 Usyibua.ls 01
9peW OS[e 24aM SHOYHT
‘91eydsoyd suiuine
-310-1 pue ‘aululed-1
‘duluibIe ‘winid[ed yum
uoneuswa|ddns pue
‘uonoasal ul3old ‘uols  uolssalboid pides yum
Yiqg Jayye -nyur 9500N(H6 ‘uonons winy - abewep deipied pue ) . _
Kep yiybis Jo -nds ‘Adesayy uoneziwole ‘ejuadolfoojnuelb 0c [43 Jlusboued asuassiy - Bivggghind ¥ <9C00¢7+'¢8C000 NN ceuod
obeaylie palg ‘saiNseawl UoNIAUI-NUY ‘un|iey K1oledidsay [65] 0C € Sluaboyied Aje3 asuassiy  BlyggoAod V <9700 24787000 N Zeuox3 8
2oUed
0¢ 1'8Z -YIubIS uteLduN asuassiy dsyeeLlend V < 196527782000 AN £LU0Xg
uopneinw
VN 0¢ yedIusboyIRg A1 as d1ds VN V<OL+LECIHT8T000 WN cuonul L
WN VN djuaboyieq ASUBSSIN - €xspAL A LIVSUlIBP LEL'2820007 WN quox3
0¢ 43 sluaboyied asuassiN Bayggoh|od V <500 2%'78¢000 WN {quoxy 9
Kouegur e ui 0z proIusboued Ay SNOWAUOUAS  ey0ggely'd ¥ <90¥0Z 787000 WN  7zuox3
Aejap 1uswdojensq (014 43 sluaboyied asuassiN Bayggoh|od V <900 2%'78¢000 WN ceuoxy S
0¢ 74 ubiuag A1 osusssIy - oid/LonaTd D<10S812%782000 WN lcuoxg
uopeinw
0¢ geoluaboyied Ay s 921|dS VN D<DL+E817782000 WN cuonul 4
S'BETVR] _
Juswebeuew jo  dn-moj|oy Jejnbas pue 0z e dlusboyieq Jouop 32ds N 9 <LT+60C12Y'787000 WN € Luonu|
951n0d 2y buunp ‘uonejuswa|ddns elus> 0c [T olusboyied asuassIy - sADoszbiyd 1<28892:4°787000 WN 6UO0X] ¢
pPaAISsqo alom  aululbie pue auniuied-]  -A|bodAy pue elwsiel
SIOPIOSIP DI|OCRIBU ‘S31I0[eD JUBIDYINS pue ISP -deladAy ‘ejuisuow YN N N VN N VN YN
21Nde Ou pue Jusw -mod uieoid [epads yim -wesadAy ‘d1punef uoneinw
-dojoAsp [eusioN UONDLISaI UIR10ld  PJIW JO elwisue PlI [19] 0c £eolusboyied Ay Apeg  aus 9011ds N D<D[-8€9:4 787000 WN  guosu| 14
|ewou
2J9M UO1IdUN}
Aauply pue JaAl|
‘Yuiq J3)je syiuow
! Mmzw bu e J1eak ObSHEAILL
Boyueq A1 Hiysawely Ajod OI9PLZEIYTETO00WN L 1U0X3
SUO UIYIM Sawin swordwiAs VN YNDIUS : :
uaAfe dn Buimoyjo4 A\ [ed1ul2 dy1dads oN oL 0¢ gee olusboyied a1 asuassIN - sADg9zbiyd 1<2208%'782000 WN 0Luox3 L
Y2Dd
$9100S $2103S  uonedyIssepd 19suo adfy uoneisyje uoau|
awodnnQ jusweal) S24N1edy [EJIUID)  SIDUDIDYBY JSW aavd DDV 9iey/Alie3  uoneinpy uldl04d uoljeid)je SprodPNN Juoxj JaquinN

Vd Yum siuaiied asauiyd |9 Ul punoj suoieinw ausn) € ajqer



Page 9 of 21

281

(2023) 18

Zhang et al. Orphanet Journal of Rare Diseases

unoiq pue
2UIIUIRD-1JO UONRIUSW
-9|ddns 1a1p suleA-pue

Aujiqesip 'BUIUOAIYI—BUIu eaudsAp pue ABieyia) 0c v Susbotped 3SUSSUON  J319/vBiv'd 1<D9Ty1o%'¢82000 AN 91uox3
[BN1D3|91UI P|IN -OIYIdW —'BUIDNS[OSI-MOT  ‘BUIIIOA JUR.1INJ3Y 07 % J1uaboyied Aue3  asussuoN  J219/tbiyd 1<D92y L% 78Z000 NN 91U0X3 61
159.1e DeIpJed elwauowweladAy pue
uappNS wWoly pjo sisopioe djjogeisw 6 6 (o . _
SLIUOW Jjey & pue S3INZ135 2|U0p 014 43 dlusboyied SSUDSSIIN 1899410 V<HC00¢¥'¢8C000 WN  Ccuoxy
Xis e paid VYN —DIU0) pazijessusH [£] 0¢ L€ sluaboyied A3 esussuoN  J810gvbIyd 1<D88C12%787000° WN Gluoxy 8l
uoneinw
(suiep)
uonoiisal uolasu| Qluosnu|
uleyoid ‘unoiq pue
abejo  ‘pioedijo) ‘BuiuIed-Tjo AMjigeatul 6 4 \co%w_wc _ _
SUILOW oM] Aj218W uoneyuswiaddns ‘ABieua) ‘sainzias ‘uon VN VND>IUsboyied A X3|dWwo) VNVVSUIRPL+618 €£/7%78C000 IWN  -0LUOX3
-Ixoudde 1e paig ‘uswieall sonoiquuy  -deal Jood ‘eaudAyoe] (/€] 0z 8¢ olusboyied AJe3  9suasuoN 1911 by d 1<D/E624787000 WN Z1uox3 /1
0¢ [43 olusboyied Buiugans  OSUSSSIN B1vg99A|od V <DZ00¢2%787000 WN ¢guoxy
VN VN VN 4] 0C 43 ousboyied  wogmaN - asuassiy - Blyg9okId ¥ <OZ00T 7787000 WN  7guox3 9l
0c¢ LE06 ubiuag A1 osuUasawes elysegelyd D<VYS8LLF 782000 WN €Luoxy
9oued  BuUSRIDS  UoKEINW
VN VN VYN 0¢ €6-4IubIS uleLIUN  UIOgMAN  3uis &D)dS VYN D<D/-0LZLI%782000 WN  €Luoiul Gl
0c 1'SC ABORES  gaaps  FSUSSSING - diLzsbivd 1<2622%782000 N guoxg
VN VYN VYN €Ll 0¢ L€ olusboyled  WIOGMIN  BSussUON a1 0grbIv'd 1<D88C1 2787000 WN GlLuoxy 4
uoleIUBW elWBUOW 0¢ 1's olusboyied SSUISSIIN diyz/Biyd 1<262C%'782000 WN €uoxg
Kejap yuswidoppasp  -9ddns suniuied-1 pue -weJadAy ou 'swoy 9ouUed  BulusaIds
uedyjubis ON 121p ug101d-moT  -duiAs g [edIdA1 oN [¥9] (4 gTC-ylubiS ueLedUN  WIOgMIN  3SUBSSIN - 0idLzpuiDd D<VZ9TLIHT8Z000 WN  vluoxg €l
uoneinw
WN VYNDIUSboy1ed Al s 921|ds N V<OL+6681%787000 WN  Lzuonu
VN VN VN [cLl] 0c¢ 'S¢ dlusbouyied VN OSUSSSIN diyz/biyd 1<262T2%'782000 WN E€UOX3 cl
pILado) SELSHYLEY L B
pjo _fooquioiyy ;m.:tmcm VN VN olusboyied Hlysowelq -usyd [9P9YF 247782000 WN quoxy
SUIUOW USASS Uey) ‘eluownaudoyduoiq uoneinw
Liow isye pald VN ‘SUOISINAUOD "WIOD 0¢ 143 olusboyied VYN 8usadyds VYN V<DL +5¥8LI%787000 WN  Ozuohu| L
SexSHYLEr L
pouad VN VYN d1usboyed Hlysowel4 -usy'd [9POK Y2 Z82000 WN quoxy
|e1eUORU 2y} bul uoneinw
-inp pald VN VN L 0¢ Y€ olusboyied Aueg  aus 201ds VN V<DL +S5¥81:F 782000 WN  OZUOoAu| 0l
$9103s $2103s  uonedyissed jasuo adfy uonesdyje uosu|
awodnQ jJudwileal] saInjedy [edIUlD)  SIDUIRY JSW aavd DDV ae/A4e3  uoneinpy ui01d uoneiajje apnosPNN Juox3 JsquinN

(panunuod) € ajqer



Page 10 of 21

281

(2023) 18

Zhang et al. Orphanet Journal of Rare Diseases

uoneinw
uolMasul pue e|ysullapo9
VN VN VN uonsRg  -sAT79gdsy'd DSUIELIPP6/ LT /91GTESO00T WN Luox3
pake|op uopndNpal
Ajybijs st usw ye1ul uRi0id pue uopeinw
-dojanap obenb uondLISaI Yy Dg ‘UoiL uoIl9SUl pue e|ysullopo9
-Ue| pue [elualy  -eyuswa|ddns suluied-1 elwaulUIA|BiadAH VN VN VN 2107 uopaeg  -sA179sdsy'd DSUIELIPP6/ L /91 5 TES000 N Luox3j 4
uononpai Aejop usw
el utR101d pue-dojeAsp pue ‘Suoidsyul
Awjgesip UONDLISaI YOG ‘UOI} JUS1IND3I AJ1ea ‘sisopioe
[PN1DS|[21Ul pUB  -PIURWS|AANS SUNIUIED-T  D1|0GeIaU ‘BllURUOW 5 d . _
Kejap uaw SISOPIDE 1991103 01 A| -weiadAy elwaup (4 143 lusboyied SSUSSSIN [BAKEVRIY L<DLOELIGTESO00 WN  £1U0X3
-dojaasp snoingo 91eU0Q.eDIq WNIPOS -A|B19dAY ‘Buipasy 1004 [59] (4 143 lusboyied Ape3  asuassIN [eApERRYd L<DLOELXGTESO00 WN  £1Uox3 L
420d
0¢ 43 olusboyied Buiuans  OSUSSSIN B1yg99h|iod V <HZ00C 7782000 WN {guoxy
vN VN VN (6011 0¢ 1'se dousboyleq  wiogmaN - esusssiy - diz/biyd 1<26222%'782000  WN guoxg 14
SI9PIOSIP D1joq
-B1aW 31NJPOU puUe
[PULIOU S| JUSW  aululbie pue aulluled-1 VN VN VN VN VN VN N
-dojanap |en1da|  [elo 4apmod jiw [erads a0ued uoneinw |9p6 +
-21ur pue [ea1sAyd 191p uta101d MO VN [es] VN VN -YIubis uienaoun 2e] s NS VN €SELTSHESELYTECO00 WN  GLuony| 7T
2oUed
0z YOT-YIUBIS URLDUN 51550 OSUSSSIN - Bayeeiasd V<L/6TO¥T8C000° AN #uox3
VN VN VN [sol] 0¢ Sy ublusg A ulogmaN asuassiy 0ld/Lonatd D<10S8L2%82000 AN Lcuoxy €C
QUINUIED-T YIIM
pajuswad
-dns uaym 1dadxa
"191p [ewlou e y1im
uans ‘yimolb
1oedw Apuedyiu
-Bis10u pipIinqg
uonouny deipied AyredoAwoipied ) . _
panoiduw uon pa1e|Ip ‘BULIIOA 1U2] 0¢ 43 olusboyied asuassiy - B1y899AIHd V <DHZ00¢2%'¢8¢000 WN {guoxy
-ejue|dsues) JaAn uonejue|dsueil JSAIT -HwiSul ‘BuIpas) 1004 [z9] (4 143 oluaboyied a1 esuassiy Biyg9oknd V <OZ00TH'T8T000 WN  Tguox3 44
sisopioe VN YN YN VN VN [9PP-EUOXIH'Z8Z000 WN  #-€UOX3
1j0geIdW pue eaudsAp 2oued
VN VYN ‘eaudAyder ‘ybnod 0¢ 180°'6 -4IUBIS UleadUN Aj1e3 snowkuouss 195¢85195d D<99%/1¥'T8C000 AN 61U0x3 Lc
sisopioe VN YN YN VN VN [9PP-EUOXFH'Z8Z000 WN  #-EUOX3
2In|iey A10} D1j0geIaW pue eaudsAp 2oued
-elidsal 01 anp paig VN ‘eaudAyoer ‘ybnod [9¢] 0¢ 180'6 -4IubIS UleLdUN Aj1e3 snowAuous 195¢85495d D<9H9%/12¥'C8C000 AN 61U0x3 0¢
$9102S $2103S  uonedyissepd 19suo adfy uoneidyje uoau|
awodnQ jJuswileal] S24Njedy) [eDIUID  SIIUIYDY JSW aavd DWDV 9ej/A4e3  uoneinpy uiP01d uolneiayje apio3PNN Juox3 JsquinN

(panunuod) € a1qey



Page 11 of 21

281

(2023) 18

Zhang et al. Orphanet Journal of Rare Diseases

elwauow _
-wessdAy pue ‘eaudsAp 0¢ 6'8¢oluaboyied Ay SsuassIN - 1aSshzAId ¥ <DEELGTESO00 N £u0x3
‘Buipaay Jood ‘BunILIOA uoneinuw
VN VN ‘UOISUR1SIp [UILOPQY 1] 0¢ €¢ olusboyied Aueg  aus 901ds VN O <VZ-¥812:GCES000 WN Luonul 6
0c¢ 0gdluaboyied Ay SSUSSSIN 01deggiasd D<1/801>5TES000 AN 0Luoxy
VN VYN VN [L¥] 0¢ 0g21uaboYyIeg A1 9] AsusssIy  oldggesasd D<1/80L2GTESO00 WN  0Luox3 8
Kejap
Juswdojanap 1ued ) 6 4 d . _
-yiubis uawieal 0¢ ¥'£g21usboyied Al SSUSSSIN [eA8 LY eIV 1<DESTLDGTESO00 WN cLuoxy
1US1IULISIUI pUR Japmod wds
2ouel|dwod 1004 Y|Iw [e1dads ‘suniuied-1i00d ‘ABieyis| ‘Builiuop N YNDIUaboyied Al 2187 Ylysawel4 91,SnoerADd DI9PYF L5 TESO00 N |uox3 /
Yuiq iaye 6 d Fivd e -
PIO SUIUOW 19pmod 0c¢ yAS Slusboiyied SSUSSSIN 110 LYDIY 1<28CCL>:GCESO00 WN Luoxy
22Jy11e palg |l [epads ‘suniuied-1 buipasy Jood ‘Abieylan oL1] 0z o¢ J1usboyied AJe3  osussuoN  Jof Ll LBiyd 1<DLEEDGTESO00 AN cuox3 9
SYIUOW UIASS JO ]
obe ay1 1e pasndd0 -WesadAy ‘si ) 6 Y (o . _
12PIOSIP ORI 5101w “2U010dAY 0¢ 6'8¢2lUsboyied Al SSUISSIN+ I3SSHCAID V <DEELDGCESO00 WN LU0Xg
91NJE Ue WOl ‘eaudsAp ‘ABieyia) uopeinw
yiead ‘Buniwon pajeaday 0¢ 33 o1uabouyed Ape3  aus adyds VN O <VZ-#8LI6TES000” WN Luonuy S
elwadA|bodAy pue
e|wale1deIadAy ‘elw . - —
[ewIoU S| JUaW “suowwesadAy ‘sisop VN VYN olusboyied HlYsowel4 sjoggnaTd dnpgeg:5'zES000 NN 8uoXg
-dojanap [en1oa) / - "ON -2 dljoge1aw ‘a31punel
-[21u1 pue [e21sAU S9SED YDDd O JBJIUIS — PJiL IO BIUISUE PIIA [19] 0¢ I"£golusboujied Al Aueg  asuassiy [eAgorelyd L<DE0KL'ISTESO00 WN  +1Uox3 4
SI9PIOSIP 314|01103|9 pue
SISOPIJR 1294402 01 SIUSUI VN N N VN N VN VN
-1eai] "uonejusws|ddns e|WIAUR ‘elLULD
suulble pue ‘sunjuled-1 -A|b1adAy ‘sisopioeolay uoneinw
panoidwil ‘|eugleqousyd yim buoje ‘eliaUOWWeRIRdAY uopnJIasul pue 0zials 1vsul
249M sW0IdWAS UOIID1ISaI UIR10Id ‘saInzjas pareaday [SL1] N VNDIUaboy1ed AjoxI] Ape3 uonsReg  -HISSHIyld  DYDRPKELTZELDGTESO00 AN |uox3 ¢
$9102S $2103S  uonedyissepd 19suo adfy uoneidyje uoau|
awodInQ juswileal] s24Njedy [EDIUID)  SIIUIYDY JSW aavd DWDV 9e/A4e3  uoneinpy uP01d uolneiayje apio3PNN Juox3 JsquinN

(Panunuod) € 3jqey



Page 12 of 21

281

(2023) 18

Zhang et al. Orphanet Journal of Rare Diseases

0¢ 43 dluaboyied SSUSSSIN [eApErelyd L<DL0ELIGTES000” WN €1uoxg
Ke[ap  auluIed-1 YlIM PajusW elwadA|bodAy pue Bulusa.ds [opgL
JuswWdolAdp PIIA- -3]ddNs 131P UIR10Id-MOT] elwsuowWeIdAH VN VN VN UogmsN VN VN LE+EBLTISLY-2:GTESO00 WN Luonuy 8l
elusUOWWeR
-19dAy pue ‘ssausnoids
-U02 JO S1apIosIp ‘Aje
-bawoleday ‘ejuorodAy 5 d d s _
g e eaudALoel pue buy VN VN Slusboyied HlYsowel $J08¢N1 np8E8:§ceES000 WN 8uox3
pIO sAep xis Je pa1q VN-pa8j 100d ‘AuandeodAy 0c 43 djusboued Ae3  BsusSSIN - [eAvEbelyd L<DLOELGTESO00 WN  €LUoxX3 Al
uope;
-ue|(dsuel) Janl| Jaye uone)
dn-moJ|0 Lauow -uejdsueil JaAI| ‘Suowoy
-9A[lPM 3Y3 Bulnp ymoub pue
PaAISSCO Sem S0 ‘S|0zepiuoiiaW ‘auniu Kejap [eauawl . 5 £ i o _
-dwAs aidfrouayd  -1ea-1 yum paruswiad-dojsasp a1esspow pue 0c 98¢ JIUSDOWIRD  fygayns  FSUISSING SADCLSDIV L<DPESLIGTESO00 WN  Gluox3
Vd [B3ISsse> ON -dns191p ulel01d-mo7 - adAouayd vd disse)d 0c 43 olusboyled  UIOGMAN  ISUSSIN [eAVERelYd L<DLOELXGTESO00 WN  €1uox3 91
spie 0c [43 olusboued SSUSSSIN [eAvEre|y'd L<DLOELXSTESO00 WN  €LU0x3
Aejop [eusw  ouAIngAusyd Japmod ejwisuowiweladAy pue sisoubelp |opgL
-dojonsp 21elopoy  Y|iw [e1dads ‘SuniuIed-T ‘BUILIOA ‘BuIpaa) 1004 VN N VN |e1RURI] N N /E+€8179G1H-2:57€5000 WN Luonul Sl
uoiduI SUOND3JUl JUSLIND3I pUe
2I9A35 P JO SyUOW ‘SISOPIDe J1|0geIaW
XIS pUe Jeak 3uo Jo ‘eluIBUOWWRIRAAY VN VN VN VN VN VN YN
abe ay1 3e paig WN ‘Buniwon ‘buipas) 1004 WN VN N Ape3 N N N WN vl
Yuiq Jaye elusUOW
sypuow 1ybie pue -wesadAy pue ‘sisopioe 5 d . _
1834 3U0 JO Sl0qeIBW ‘B31punel 0c 43 Jlusboyied SSUSSSIN [BAVEYRIY 1<DLOELGTESO00 WN  €luoxg
abe a1 1e paig VYN 2J9A3s ‘Bulpas) 1004 0C 143 oluaboyied Ae3  asusSSIN - [eAvEbeyd L<DLOEIGTESO00 WN  €1UoxX3 €l
elusuowW
-wesadAy pue ‘el
-9e0A|619dAY ‘sisopioe ) 6 4 d . _
Slj0GeIBW ‘BlUOI0dAY 0¢ 8'8oIUsboyied Al SSUSSSIN 0ldy6149S D<10852:57€S000 WN GuOXg
VN VN ‘Buipaay s00d ‘ad1puner 14 43 oluaboyied Ape3  esusssiN [eAREReYd L<DLOELXSTESO00 WN  €LUoxg 4}
uon
-e1596 JO S)oam auo _ s IoPEL
-A)UaM1 18 P3N0 VN VN VN sisoubelp VN VN LEHEBL 9SLP-2:6CES000 WN Luonu|
aberedsiy VN VN 0c L€ duabouyed [eleuald  AsURSSIN SADGErIALd D<VILELIGTESOOD WN  €Luoxg Ll
Yuiq Jaye SISOpIoe dljogeIaW pue
syiuow 1ybia pue ‘uone|iiuaAIRdAY ‘ssau
sieak omy Jo -SNOI2SUOD JO SI9PIOSIP VN VN VN VN VN VN VN
abe sy e paig VYN ‘Buniwonluainday [v9] VN VN N 91e7 VN VN VN VN 0l
$9100s $9103s  uonedyisse|d j95uo0 adfy uoneidyje uosu|
awodno juswieal) sainjesy [edIUlD  SIdUBIYBY JSW aavd DDV aley/Aae3  uoneiny uid30.d uopelslje apRosPNN Juox3 JsquinN

(panunuod) € a1qey



Page 13 of 21

281

(2023) 18

Zhang et al. Orphanet Journal of Rare Diseases

unolq pue
Kejop 1e-1JO UOPIUSW  S24NZISS DIUO|I—DIUOY uoneinw B B
JuawdopAap pue -3iddns s I I8P Ul pazIfessusb pue sisop 0t georuaboyed Al aus a1ds WN V<OL+86ELIGTESO00 AN €Luonu
Aujigesip [ends|  -0id puUB SUIUOSIYL ‘DUIU -8 D1|0CeIaW B3y LIeIp OFxS4S£007 |
-[93U1 1RISPO  -OIYIDW BUDNS|OS| MO 'SUOID3JUI JUSLINDSY [ WN VYNDIUSboy1ed Al Aue3  yysswely -1Ad 1VI9P09E ™ 65E1STES000™ AN cuox3 V4
Auigesip 191p uiioid pajoisal e elwaieyepadAy N VN d1usboyed Ylysawel4 sjoggnaTd dnpgeg:5zES000  WN guoxj
|en1d3||a1ul ‘Aejap ‘lopmod 1w jeads  ‘elusdoifdued ‘ejuoy
juswdopAeg  ‘Z1Lg ulwenA 'suniuied-1 - -odAy ‘Buipasy Jood 8Ll 0¢ 96¢o1UuaboYIRg AjM1 Aupeg  esusssiy UKLz Lzdsyd 1<HYE9:GTES000 WN QuoXxg 9¢
sIapiosip
91A]01129]9 pue sisopioe ellRUOW
yuiq Jaye 1091100 $9110|ed pue -WeladAy pue sisopioe
sAep AUIYY Ajolew  ‘|ojiuUBW ‘DUIUIED-TJO0  Dljogelaw ejuadoifd 5 d d s _
-Ixoidde ejuow uopeuawa|ddns pue -ued ‘ssaUSNOPSUOD JO VN VN lUoboyIed Hlysswel 5408¢N91 np8eg5'¢eS000 WN 8u0xg
-naud woij paig UONDLISaI UIRI0Md  SI2PIOSIp ‘eluolodAH 1] VN VN o1uaboyied A3 Jiysauleld sjogznaTd dnpgeg 5 zeES000 N guoXJ (4
YN VN YN Buiusans VN VN VN VN
0t Le ousboyled  wogmaN  asusssiy - sADgepALd D<VYILELDGTESO00 AN €luoxy 74
0¢ €6¢o1uaboYIRg A1 asuassiy - dsyeeeusyd 1<VSLOL2GTES000 WN  0LUOX3
9ExSEIVLOY
VN VN oluaboyied Hlysoweld -Alod [9P0CZ L 2:5CES000 AN zLuoxy €C
(4 0gdluaboyied AlxI SSUSSSIN o1dgogesd D<1/8015TES000” WN 0lLuoxy
0¢ 9¢ olusboyied asuasuoN I3 L1 Lbiyd L<DLEEDGTESO00 AN guoxg @
0c 6/C olusboyied SSUISSIIN aligzriyrd 1<DEBTLGTESO00 WN  ZLUOX3
0¢ gpo1usboyied A1 aSudsUON U317 LU 1<D0£E2:5'7€S000” AN guoxy 4
0¢ L€ olusboyied asuassiy sADpepIALd D<VILELIGTESOO0 WN  €Luoxg
VN VYN olusboyed Hlysowel] sjoggnatd dnpgeg:5zES000 NN 8uoxy 0¢
0z LE AP0  fygams  FSUISSIN - SAOBEVIAL D<VILELIGTESO00 WN  €1UOX3
VN VN VN [£9] VN VN olusboyied  WOGMIN  Ylysaueld sjogzna1d dnpgeg :5zeS000 N 8uox3 6l
$9100S $92103S  uoledyIsse|d 19suo adfy uoneidyje uoau|
awodnQ juswieal] $3INjesy |edjull)  S9dUDIBRY JSW aavd DDV 9ley/Alie3 uoneinpy uialoid uoljelayje 3pRO3PNN /uox3y 1aquinN

(Panunuod) € a|qel



Page 14 of 21

281

(2023) 18

Zhang et al. Orphanet Journal of Rare Diseases

Hoin) duedyiubis uoneiny ‘DS ‘djgejieae Jou ‘yN

esip
[eNID3|]21U1 pUE

Kejap yuswdojanap aulluled-1jo sisopioe d1joq 6 4 d . _
p|IW P3jeanal uoleluswa|ddns pue  -eIdW pue ‘BlLISUOW 0¢ 0g21usboyIed Al OSUISSIN 0lde9eiss J<1/801>5¢eS000 WN oLuoxg
dn-mojjo4 se|nbay 1apmod i [eads  -wesadAy ‘edipuner [z01] 0¢ 43 oluaboyied Ape3 9SUBSSIIN [eAvErely'd 1<D10ELGTES000 N €Luoxy 9¢
2oued
0¢ §'SZ-YubIS utendUN ISUSSSIN - dYd/pynaTd 1<D6EELGTESO00 AN €Luoxy
pulusans
VN VN VN il 0¢ 6'67o1UsboyIRd A|2)IT  UulogMmaN OSUSSSIN e|ys/dsyd D<VYPTTISTES000 WN Cuoxy 3
uopeinw
~JOUGe J1jogeIaW 0} 0¢ yedIusboyIeg AT 3)Is 921|dS VN V<DL +86k1GTES000 WN  LUoU|
aNp yuIq Jaye uopeinw
Apoys paig VN VN 0¢ yeDIuSbOYIRg AN Aje3  aws ayds VN V<DL+86k1GTES000 WN  LUOU| Y€
2in|iey . 6 £ . e -
uebio ajdijnw pue 0c g'sgouabouied A SSUISSIN+ 9Ud99€ENaTY D<DBE0LIGTESO00 NN L LUoxg
yuiq Jaye p|o ‘e|uwadNsIsdas ‘eluoy | L3S
shep uanss je paig VYN -0dAY ‘Buipa’j 1004 WN N Slusboyied Ae3  yiysswesy  -joidogznaTd dnpgeg1$7ES000 AN 8u0X3 €€
uopeinw
VN VN VN uopaRd VN €0ZI9P0L +€8101-2:5'7€5000” WN Luoxg
VN SIsOpPedljogeisw pue N VNDIUSboyieg Al Aue3  yiysewelq G,spshdg/glend dnpleLLDgTESO00 AN LLuoXg 143
‘elWadA|6odAY ‘Urys
AsoJ-uou ‘eluolodAy uoneinw . _
‘Burious pue bul VN VN VN uonaRd VN €0ZI19P0L + €81 0L-2:GCES000 WN Luoxg
aunjej 101 -ueolb yum ‘buiyresiq
-esidsai1 01 anp palg VN Jejnbau ‘ABieyia] 6L1] VN VNDIuaboyied Aoy AJe3  yiysaweld G,syskog/clend dnpleL12:67ES000 N | LUoX3 L€
p|o sAep
Inoj-Auamy 1e
syualed ayl Aq
paisanbal abieyd e|wauowweladAy pue
-SIp 2} Jaye aunjiey SISOpIDe dljogelaw 6 b . _
ueBi0 oidnnw e1UG1004Y ‘PWOD 114 L€ oiuaboyed SSUBSSIN - SIHZLSOIY V<DSESIIGTESO00 WN  SLUoxg
2I9A3S B WOk pald VN ‘ABreyia) ‘Buipasy s0od 0¢ e olusboyied A3 SSUBSSIN - SIHZ LGBy V <DGEGLAGTESO00 WN GLuoxy 0€
ainpey 0z [43 ojusbotped ISUASSIN [eAVERRIYd L<DI0EL S TESO00 WN  €LUOX3
ueblo ajdinw
919A35 01 9NP pald VN buipaay Joog 0¢ 0gdlusboyied Ay Aieg 9SUBSSIN oid1ope|yd D<DI8ELDGTESO00 WN €Luoxy 6¢
Kep K1ana B3/6w 0oz 01 _
001 WOk SUIUIED-TJO 0¢ 43 d1usboyed SSUSSSIN [eApEreyd 1<DL0ELDGTESO00 WN €1uoxg
UOIEeJISIUIWPE [eJO pUe
WN lepmod yjjiw eads Bunjwon [99] (04 0g21uaboyied A2 Auey  esusssiy oidlovelyd D<OIBELDGTESO00 AN €1Uox3 8T
$3100S $2103S  uolnedyissepd jasuo adAy uoneidyje uonu|
awodnQ jusweal) $24N1edy [EJIUID  SIDUDIDYDY JSW aavd DDV 9iey/Alie3  uoneinpy uldl04d uoleid)je aprodPNN Juoxj JaquinN

(panunuod) € a1qey



Zhang et al. Orphanet Journal of Rare Diseases (2023) 18:281

A

c.131delinsATT (P6)
¢.183+1 G>C (P4)
€.229C>T (P12, P13, P14, P25)

231+1G>A (P7) xon3-4del (P20, P21)

c.-4156_183+3713 (P11, P15, P18)

Page 15 of 21

1132_134delGACinsAT (P3)
¢.146delG (P7)
¢.167_179del13insC (P2)
¢.-10_183+10del203 (P31,P32)

.184-2AG (PS5, P9)

€.224AC (P35)

.296T>A (P23

, A2 €.331C>T (P6,P22)
€.370C>T (P21)
c.446delA (P10, P11) €.359_360delAT (P27)
¢.596T>A (P7)
¢.580T>C (P12)
¢.638-1G>C (P2) frequency

.688C>T (P3) 1

.802C>T (P1)
c.773_819+47delinsAA (P17)

¢.827delG (P1)

€.937C>T (P17)

€.1209+2T>G (P3) ¢.1185A>C (P15)

¢.1210-7C>G (P15) ¢.1262A>C (P13)

¢.1288C>T (P14, P18)
¢.1353+5_1353+9del (P24)

16

|

17

|

18

|

19 ——¢.1746G>C (P20, P21)
|

20

¢.1845+1G>A (P10, P11)———

21 ——.1850T>C (P4, P23)
| =

€.2002 , P6, P8, P9,

¢.1426C>T (P19)

IVS21+1G>A (P12)

€.2040G>A (P5)

IZJ

¢.733G>A (P5, P9)

¢.838dupC (P4, P17, P19,
P20, P25, P26, P33)

.1015A>T (P23)

¢.1087T>C (P8, P22, P36)
¢.1098G>C (P33)
¢.1220del (P23) ¢.1131dupT (P31, P32)

€.1228C>T (P6)

216, P17, P

11316A>G (P11, P19, P20, P24)
¢.1398+1G>A (P27)

1403C>T (P4)
€.1498+1G>A (P34)

.1339C>T (P35)
1381G>C (P28, P29)

.1534C>T (P16)
.1535G>A (P30)

. Biotin carboxylase reagion
Biotin transfer reagion

[ Biotin binding reagion

Fig. 2 The frequency of PCCA and PCCB gene mutation types. A The distribution of PCCA variants in 25 Chinese patients diagnosed with PA. B The

distribution of PCCB variants in 36 Chinese patients diagnosed with PA

patients reported in the literature was homozygous for
the PCCA ¢.229C>T mutation and exhibited convul-
sions and lethargy at the age of 5 years [60]. However,
during the next three years, the child had no recurrence
and had moderate academic performance. The height
and weight of this child were in the normal range, sug-
gesting the clinical phenotype of ¢.229C>T mutation is
mild in these cases.

Among 36 patients with 72 PCCB gene mutation sites
(only 66 were detected), ¢.1301C>T was the most com-
mon PCCB variant with a frequency of 18.2% (12/66
alleles), followed by ¢.838dupC (frequency of 12.1%, 8/66

alleles), c.1087 T>C (frequency of 6.1%, 4/66 alleles),
and c.1316A>G (frequency of 6.1%, 4/66 alleles). The
¢.1301C > T mutation, which is located on exonl3 of the
PCCB gene, is a missense mutation (p.Ala434Val). A case
of ¢.1301C>T homozygous mutation was reported in a
child from mainland China [65], who presented with
severe and early-onset clinical manifestations, includ-
ing poor feeding, hyperglycinemia, hyperammonemia,
metabolic acidosis, early recurrent infections, and devel-
opmental delay. Although he was positively treated such
as sodium bicarbonate IV to correct acidosis, L-carni-
tine supplement, BCAA restriction and protein intake
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reduction, intellectual development was still delayed. The
genotypes of 10 PA patients in Taiwan were analyzed by
Chiu et al. [64]. Half of PCCB allele mutations reported
in Taiwan are ¢.1301C > T(p.A434V) which is a common
mutation in this region and leads to low enzyme activity,
presenting the classic phenotype of PA [66]. Therefore,
¢.1301C>T mutation is associated with an early-onset
and severe clinical symptoms.

Liu et al. reported a case of a child with a homozygous
¢.838dupC mutation in the PCCB gene, which caused a
significant alteration in the spatial conformation of the
subunit of the mutant PCCB protein [16]. The mutant
causes the premature termination with the loss of 250
amino acids in the peptide chain of the PCCB protein.
Despite active treatment, the child’s disorders of con-
sciousness gradually worsened, and he died of pneumo-
nia, indicating that the ¢.838dupC mutation most likely
contributes to severe pathogenicity. Three patients with
PCCB c.1316 A>G mutation were diagnosed in the Jin-
ing region, Shandong province and were suspected to be
a common mutation in Jining City [67]. According to Hu
and others [60], one child with a ¢.1316 A>G homozy-
gous mutation in the PCCB gene did not have another
acute onset after the first onset at nine months of age.
Two cases of ¢.1316 A>G had normal intelligence. One
had an acute onset at only 20 months of age, and the
other had no clinical onset. Therefore the clinical pheno-
type of PCCB c.1316A > G mutation is likely mild.

The analysis above suggests that certain gene mutations
are relatively common among Chinese patients with PA,
and their associated with certain phenotypes. However,
for less frequent mutations, the relationship between
genotype and phenotype may be less clear, possibly due
to genetic heterogeneity in both PCCA and PCCB muta-
tions. There are several challenges in correlating geno-
type with phenotype in patients with PA. One of these
challenges is the presence of compound heterozygous
mutations in many patients, which can further compli-
cate the relationship between genotype and phenotype.
In addition, determining the severity of the condition in
patients with mutations in both the PCCA and PCCB
genes, which encode for the PCC holoenzyme, is particu-
larly difficult. Finally, the interaction and influence of dif-
ferent genes on the development and progression of the
disease are not well understood [43].

Therapeutic interventions for PA

Diet control and drug administration are common clini-
cal treatments for PA. Organ transplantation becomes an
option when the disease progresses and does not respond
to diet control and drug interventions. Liver transplanta-
tion (LT) is an effective surgery since the liver can effi-
ciently metabolize propionyl-CoA and its metabolites.
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Other organ transplants, such as heart and kidney [68],
have also been reported when complication in these
organs become severe.

PA is typically treated based on the phase of the disease
that the patient is experiencing. The acute and chronic
phases have different dietary and medication require-
ments, which are taken into consideration during treat-
ment in the clinic. However, the primary aim of treatment
for PA is to prevent protein catabolism and maintain
biochemical control, growth, and development through
adequate calorie intake. Long-term dietary management
of PA involves restricting natural protein and supplement-
ing with medical formulas that are enriched with Leu
but free of Val, Ile, Met, and Thr to reduce the concen-
tration of elevated metabolites [69]. Recent studies have
suggested that the medical formula used for PA patients
may contribute to growth retardation, despite high total
protein intake. This is due to enhanced oxidation of Val
and Ile in the presence of abundant Leu, known as BCAA
antagonism. This imbalance makes both Val and Ile less
available for anabolism, resulting in an unfavorable out-
come for growth [70]. Therefore, Saleemani and col-
leagues have suggested that optimal protein synthesis
can be achieved by reducing Leu intake and maintaining
Ile and Val at the minimal level of PA recommendations.
A BCAA ratio of 1:0.26:0.28 (Leu:lle:Val) to 1:0.35:0.4
(Leu:Ile:Val) was associated with optimal protein synthe-
sis [71]. A retrospective cohort study in Dutch evaluated
both longitudinal dietary treatment and clinical course of
MMA and PA patients. The study found that one-fourth
of MMA and PA patients had a natural protein prescrip-
tion that exceeded the recommended daily allowances
(RDA). Additionally, many patients received additional
amino acid mixtures (AAM) protein prescription despite
already meeting the RDA for natural protein. In patients
with early-onset PA, a higher natural protein prescription
was associated with more frequent AMD. Therefore, it is
recommended to exercise caution when prescribing AAM
and to reduce protein prescriptions in patients, especially
for those severely affected, who have already been given
protein above RDA [72].

The current drug development for PA primarily focuses
on the harmful biomarkers of the disease. L-carnitine
supplement is another common treatment for PA patients
by converting propionyl-CoA to propionylcarnitine
which can be excreted through urine. Coenzmy Q10, an
antioxidative nutritional supplement, may help prevent
the chronic complications associated with mitochondrial
dysfunction in PA. In a prospective study, seven patients
with PA received supplements of CoQ10 in the form of
ubiquinol (10 mg/kg/day for 6 months). Supplementation
with ubiquinol normalized plasma CoQ10 concentrations
in six patients who had shown a reduction. Furthermore,
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urinary citrate levels markedly increased, along with an
elevation in the citrate/methylcitrate ratio [73]. Antibi-
otics such as metronidazole (MTZ) are often prescribed
to patients with PA to inhibit the production of propion-
ate by the intestinal microbiome. However, two patients
with severe neonatal onset PA who were on chronic MTZ
therapy developed axonal peripheral neuropathy. As a
result, their peripheral nerve function was closely moni-
tored during the course of MTZ treatment [74]. Arginine
and sodium benzoate are used to reduce ammonia [75].
N-carbamylglutamate (NCG) has been found to be effec-
tive not only in the acute phase, but also significantly
reduce ammonia levels during the chronic phase. How-
ever, additional research is needed to determine the opti-
mal dosage of NCG [76]. Clinical studies have shown that
carglumic acid is effective in reducing plasma ammonia
levels in patients with PA and mitigating the frequency
of hyperammonemia episodes. Additionally, carglumic
acid is well-tolerated in long-term treatment [77]. Recent
studies have demonstrated that a novel small molecule,
HST5040 (2,2-dimethylbutyric acid), can reduce the ratio
of C3/C2 and propionyl-CoA in primary hepatocytes of
patients with PA in a dose-dependent manner by redis-
tributing free and conjugated CoA pools. These findings
suggest that HST5040 may be a promising drug candidate
for the treatment of PA [78]. Furthermore, two allosteric
pantothenate kinase activators, PZ-3022 and BBP-671,
have been found to improve mitochondrial function in
a mouse model of PA by improving intracellular C3:C2-
CoA and plasma C3:C2-carnitine ratios and restoring
liver CoA pool and acteyl-CoA to wild-type amounts in
males and females [79, 80].

Liver transplantation (LT) is currently the most com-
mon surgical intervention for PA. The enzymatic activ-
ity of PCC can be restored by implanting a normal liver,
which improves the metabolic stability of PA [81]. The
study by Barshes et al. [82] showed that the survival rate
of 12 patients with PA who received LT reached 72.2%
within one year. Therefore, LT can be considered for PA
patient whose condition exacerbates even with strict
dietary restrictions and other medical treatments. How-
ever, LT improves certain complications but cannot com-
pletely cure PA [83]. There is still a risk of recurrence and
death after LT, and ongoing follow-up treatment remains
necessary.

In China, the treatment regimen for PA follows the
international guideline of PA. Patients with PA should
adhere to a strict and individualized nutritional interven-
tion and receive long-term medications such as carnitine,
MTZ, and NCG. In the event of severe hyperammonemia
or acidosis, prompt treatment with peritoneal or blood
dialysis is necessary [84]. LT becomes the first option
when metabolic decompensation occurs frequently even
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after strict dietary restriction and drug therapy [63]. In a
study by Zeng et al,, six Chinese patients with PA under-
went living donor liver transplantation (LDLT) due to
frequent metabolic decompensation and one patient
with PA underwent LDLT for prophylactic treatment.
All the recipients were alive with 100% allograft survival.
This study also demonstrated that hepatic expressions of
PCCA and PCCB was consistent at the protein level in
both heterozygous donor and the healthy donor for the
first time. Liver supply from relatives carrying heterozy-
gous genes is relatively easy to obtain and less burden-
some for patients’ families [85] (Additional file 1). For
children with mild PA, prophylaxis is recommended for
patients under one year of age [86]. It is undeniable that
patients with PA may still develop complications even
after LT, such as renal failure, hepatic artery thrombo-
sis [86, 87]. However, LT can largely prevent metabolic
decompensation, achieve protein diet liberalization,
improve neurodevelopmental delay to some extent, and
may even treat cardiomyopathy [85].

It is worth noting that extrahepatic tissues lacking PCC
continue to produce toxic metabolites after LT, which
means that LT cannot provide a complete cure for PA. At
a tertiary center, a total of 14 children underwent LT, and
three of them died after LT. Among the 11 survivors, two
experienced metabolic stroke but made a full recovery,
and three developed mild cardiomyopathy after LT [88].
In some cases, PA complications may continue to progress
even after a successful LT. For example, there was a case,
who presented with a fatal metabolic stroke 11 years after
undergoing a successful LT [89]. Two case were reported
to develop recurrent cardiomyopathy following LT [90].
Several issues need to be addressed when considering LT
for patients with PA: (1) minimizing LT complications such
as rejection, hepatic artery thrombosis, cytomegalovirus/
Epstein-Barr virus infection, and biliary complications; (2)
determining the optimal timing for LT, and considering
prophylactic LT; and (3) assessing long-term safety and fea-
sibility of protein intake liberalization after LT.

Emerging therapies

Hepatocyte transplantation and hepatic progenitor cell
transplantation have also been investigated as emerging
treatments for urea cycle defects, including PA, in clini-
cal trials [91, 92]. Gene therapy is emerging as a promis-
ing therapeutic approach for patients with PA, although
it still faces challenges [93]. The first gene therapy prod-
uct, AAV9-hPCCA (NCATS-BL0746), using adeno-
associated virus serotype 9 to deliver human PCCA, was
granted a rare pediatric disease designation by the U.S.
Food and Drug Administration (FDA) for clinical trials
on PCCA-related PA [94].
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Recently, an enzyme replacement approach to treat PA
has been reported. This approach involves the admin-
istration of a combination of two mRNAs encoding
human PCCA and PCCB encapsulated in biodegrad-
able lipid nanoparticles (LNPs), to a murine model with
a hypomorphic phenotype, Pcca(—/—)(p.A138T). The
treatment resulted in the production of functional PCC
enzyme in the liver and a reduction in primary disease-
associated toxins in a dose-dependent manner in both
3- and 6-month repeat-dose studies in mice with PA [95].

Conclusion

PA is a genetic disease with a poor prognosis that
requires early detection and treatment for efficient pre-
ventive management. LC-MS/MS and GC-MS are
essential in early clinical screening and diagnosis. More
attention should be paid to the specific effects of PCCA
and PCCB mutations on the organ complications for
the precise treatment strategy. Common mutations in
China, such as PCCA ¢.2002G > A and PCCB ¢.1301C>T,
require further clinical studies, as well as ancestry analy-
sis and haplotype mapping, to determine if they are hot
spot mutations in the overall Chinese population. How-
ever, we would like to note that the availability of data
for ancestry analysis and haplotype mapping for these
variants is currently unknown, and as such, we cannot
determine if they are hot spot mutations in the Chinese
population. The mainstay of nutrition therapy is a low
protein intake while ensuring essential requirements of
amino acids, Ile, Val, Met, and Thr. Medical formula is
recommended to supplement the RDA not met by natu-
ral protein, and plasma amino acid levels should be moni-
tored closely. Further research is needed to determine the
optimal BCAA ratio in patients with PA to optimize their
total protein synthesis. Selection of therapeutic drugs for
hyperammonemia should also be carefully examined due
to different mechanisms of hyperammonemia occurring
in PA. Although patients with PA have been reported
in most regions of China, neonatal screening for PA is
mainly concentrated in certain areas, which limits the
research results’ selection and bias. Therefore, obtaining
accurate information and data nationwide based on the
application of neonatal screening strategies will provide a
scientific basis for the treatment of PA.

Abbreviations

PA Propionic acidemia

propionyl-CoA  Propionyl coenzyme A

PCC Propionyl carboxylase

AMD Acute metabolic decompensations

BCAA Branched-chain amino acid

LC-MS/MS Liquid chromatography-tandem mass spectrometry
GC/MS Gas chromatography-mass spectrometry

2MCA 2-Methylcitric acid

a Propionylcarnitine
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2 Acetylcarnitine

MMA Methylmalonic acidemia

gPCR Quantitative polymerase chain reaction
NGS Next generation sequencing

NCG N-carbamylglutamate

LT Liver transplantation

LDLT Living donor liver transplantation
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