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Table II. Comparison of serum biochemical indices between citrin-deficienct patients with and without echinocytosis.

Indices Reference range Echinocytosis* Non-echinocytosis® t P
Age (months) - 73(2.7,184) 13.6 (3.5,90) 2.006 0.059
Age In(x+10) - 2.8+0.3 33+0.6

ALT 5-40 U/ 50+17 31+21 2.043 0.055
AST 5-40 U 126+65° 67+41 2.563 0019
GGT 8-50 U/l 87 (39, 429) 23.5(11,753) 1.63 0.069
GGT g - 2.04+0.37 1.59+0.54

ALP 20-220 U/l 562+178 382+205 1.976 0.163
LDH 50-240 U/ 355+116 321470 0.862 0.399
CHE 4600-12000 U/ 5897+3314 939343657 (n=13) 2.103 0.050
ADA 4-24 U/ 2113 16+6 1.312 0.205
TP 60.0-83.0 g/l 58.86+9.73 67.03+8.73 1.949 0.066
ALB 35.0-550 g/ 38.40+9.10 44244458 1.983 0.062
GLB 20.0-35.0 g/l 2046+6.97 22.57+5.89 0.730 0474
TBil 2-19 pmol/l 65.9 (4.5,173.7)" 745(3.5,152.9) 2225 0.038
TBil In(x+5) - 3.99x1.24° 2.91+0.95

DBil 0-6 pmol/1 452(2.1,129.5)° 3(0.7,98.2) 2363 0.029
DBil In(x+5) - 3.63+1.26° 2.48+0.93

IBil 2.56-20.9 pmol/l 20.7 (24,66.5) 4.15(2.1,54.7) 1.792 0.089
IBil In(x+5) - 3.15+0.90 2.50+0.71

TBA 0-10 pmol/l 1622 (8.2,328.1) 9.85(1.6,174) 1.878 0.076
TBAlg - 1.86+0.69 1.22+0.75

AFP 0-10 ng/ml 8069 (575.41, 157736)° 94.07 (2.8,19147.13) (n=10) 2758 0.015
AFP1g - 3.96x0.95° 2.21x1.47 (n=10)

TG 0.39-1.70 mmol/l 1.35(0.61,4.11) 1.375(0.53,2.37) 1.201 0.244
TG In(x+10) - 2.48+0.10 2.44+0.044

T-Chol 3.12-5.20 mmol/l 4.00+1.62 3.89+1.31 0.172 0.865
HDL-Chol 1.00-1.55 mmol/l 0.72+0.39° 1.30+0.64 2.163 0.044
LDL-Chol 0-3.36 mmol/l 2.23+144 1.85+0.93 0.743 0467
ApoAl 1-1.6 g1 0.92+0.71° 1.58+0.51 2436 0.025
ApoB100 0.6-1.08 g/l 1.04+0.68° 0.60+0.21 2.119 0.047
Lpa 0-300 mg/1 37 (20,94) 118.5 (11, 658) 1.651 0.115
Lpa 1g(x+10) - 1.69+0.20 2.00+£0.46

ApoE 27-49 mg/l 81.45+60.74 (n=4) 65.41+42.73 0.536 0.604

The indices that followed a Gaussian distribution are presented as the mean = SD, and those skewed as the median (minimum, maximum).
‘n=7 in the echinocytosis and 14 in the non-echinocytosis group, respectively, except where specifically indicated. ®p<0.05, compared with
the counterpart in the non-echinocytosis group. ALT, alanine transaminase; AST, aspartate transaminase; GGT, y-glutamyl transferase; ALP,
alkaline phosphatase; LDH, lactate dehydrogenase; CHE, choline esterase; ADA, adenosine deaminase; TP, total protein; ALB, albumin; GLB,
globulin; TBil: total bilirubin; DBil, direct bilirubin; IBil, indirect bilirubin; TBA, total bile acid; AFP, a-fetoprotein; TG, triglyceride; Chol,
cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Apo, apoprotein; Lpa, lipoprotein a; lg, common logarithm; In,

natural logarithm.

weak bile duct and bowel visualization were their common
scintigraphic findings. Specifically, radioactivity could still
be detected in the liver of patient P1945 even 24 h after intra-
venous injection of Tc-99m-EHIDA. These findings indicate
impaired hepatocyte uptake and/or excretion in particular, of
the tracer Tc-99m-EHIDA in citrin-deficient patients.

Clinical phenotypes after the NICCD state. By the end
of September 2010, 34 of the 51 citrin-deficient subjects

were beyond the age of one year. Fifteen patients after the
NICCD state showed feeding problems including poor
appetite and picky habits, while 13 demonstrated FTT.
Dyslipidemia was observed in 25 patients after the NICCD
state, among whom 9 cases including 2 females and 7 males
(18.4+3.8 months of age) presented with concurrent FTT
and dyslipidemia (Table III), constituting a novel clinical
phenotype, namely FTT and dyslipidemia caused by citrin
deficiency (FTTDCD). This phenotype is quite different from
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Figure 3. Hepatobiliary scintigraphic findings with Tc-99m-EHIDA as a radioactive tracer in a male infant (C0025) with citrin deficiency. Note the impaired
hepatic uptake of the tracer and consequent failure of bile duct and bowl visualization before treatment (upper lane, at the age of 2.8 months). Hepatic uptake
was improved significantly in the same children after treatment, however, delayed hepatic discharge and delayed/weak bile duct and bowel visualization
(middle lane, at the age of 3.3 months) were still observed, compared with the normal control (lower lane) that demonstrated good hepatic uptake at 5 min,

clear bowel visualization as well as liver parenchymatous discharge at 45 min.

NICCD and CTLN2, the two well-recognized citrin-deficient
phenotypes. Serum biochemical indices in Table II were
also compared in post-NICCD subjects with and without
FTTDCD. No significant differences (t=0.075, P=0.488) were
found between the ages of the FTTDCD and non-FTTDCD
groups (19.8+6.3 and 21.9+14.4 months, respectively). In
addition, no statistically significant differences were observed
for the biochemical indices, except for a higher total bile acid
(TBA) level in the FTTDCD group (t=2.304, P=0.034), which
suggested increased intrahepatic cholestasis.

Discussion

SLC25A13 gene analysis in this 51-case cohort confirmed the
diagnosis of citrin deficiency in all subjects. Previously identi-
fied SLC25A13 mutations in our department were updated
in this study, reaching twelve types in total, with V411M
and G283X being two novel mutations. Most of the patients
diagnosed with citrin deficiency were from south rather than
from north China, consistent with the finding that the carrier
frequency of SLC25A13 mutations in south China is higher
than that in the north (24). The distribution difference of
the SLC25A13 mutations in south and north China might
be attributed to the heterogeneity of the Chinese nation. The
modern Chinese population is believed to have been originated
from two distinct populations, one originated in the Yellow
River valley and the other in the Yangtze River valley during
early Neolithic times (3,000-7,000 years ago), with the latitude
of 30°N as the most likely border line (25). The detailed reason
why citrin deficiency is so common in south China remains
an issue that has not been elucidated. However, glucose-6-
phosphate dehydrogenase (G-6-PD) deficiency is another

common genetic disease in the same area, and G-6-PD defi-
ciency confers protection against malaria infection maybe by
increasing oxidative stress in erythrocytes (26). Interestingly,
augmented oxidative stress in citrin deficiency which has been
described very recently (13) may also be a reason for high
prevalence of this disease in south China.

Echinocytosis could occur in many conditions, such as
hyperbilirubinemia (20,27), uremia (28), liver diseases of
varying severity (29) as well as splenic hemangiomas (30).
The findings in this study suggest that citrin deficiency is
an additional novel echinocytogenic condition. Various
mechanisms for echinocytosis have been proposed in other
disorders, including abnormal HDL molecules (29), increased
intracellular calcium (31) and high plasma pH levels (32).
Since citrin-deficient patients with echinocytosis presented
with more severe biochemical abnormalities (Table II),
echinocytosis in our NICCD patients may be attributed to the
interaction of these various biochemical factors. Although
the clinical significance of echinocytosis in citrin deficiency
still remains an unresolved issue, our findings (Table IT) and
the lethal outcome of patient C0013 strongly suggest that
echinocytosis could be a marker of severe impairment of
liver function and prolonged echinocytosis may be a poor
prognostic indicator in citrin deficiency.

In this study, the scintigraphic manifestations in the
NICCD patients were reported for the first time. The results
suggest impaired hepatocyte uptake and/or excretion of
Tc-99m-EHIDA in the citrin-deficient liver, although we have
no direct evidence to clarify the detailed mechanism(s) at the
current stage. Iminodiacetic (IDA) analogs undergo the same
metabolism as bilirubin and other organic anions. After hepa-
tocyte uptake, the analogs are excreted into the biliary tree
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Table III. Anthropometric and biochemical indices in the 9 post-NICCD patients with failure to thrive and dyslipidemia caused by citrin deficiency.

Patients (Gender, months
of age at examination)

Biochemical indices (mmol/l)

Anthropometric indices (5th percentile®)

HDI -cholesterol LDL-cholesterol

Total cholesterol

Triglycerides

Height-for-age (cm)

Weight-for-age (kg)

2.00
2.80
3.21
2.11
2.48
3.37
1.32
0.56
1.36
0-3.36

0.46
1.37
1.79
1.76
1.66
0.72
0.71
0.71
0.69
1.00-1.55

10.08
590
5.80
442

542
4.48
2.96
1.65
2.49

3.12-5.20

5.75
0.82
1.14
1.94
2.27
2.37
0.69
1.08
0.91
0.39-1.70

72.5 (79.6)
78.0 (81.2)
74.0 (75.0)
75.0 (77.8)
80.0 (83.6)
70.6 (77.8)
755 (76.9)
62.0 (70.9)
74.0 (75.0)

82 (94
105 (9.8)

P1518 (male, 20)
P1628 (male, 22)

8.5 (8.2)
102 (9.1)

P1643 (female, 17)
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P1648 (male, 18)

9.0(10.4)
105 (9.1)

P1933 (male, 26)
CO0005 (male, 18)

8.8 (8.9)
5.6 (7.5)
9.5 (8.9)

C0013 (male, 17)

C0030 (female, 13)

C0037 (male, 15)

Reference range

“The age and gender-matched anthropometric values were based on the WHO Child Growth Standards (http://www.who.int/childgrowth/standards/en/). HDL, high density lipoprotein; LDL, low density

lipoprotein. The anthropometric and biochemical indices in bold indicate failure to thrive and dyslipidemia, respectively.

by a carrier-mediated organic-anion pathway (33,34). Since
bilirubin has the capacity to decrease the uptake and excretion
of Tc-99m-EHIDA in the liver (35,36), hyperbilirubinemia in
NICCD patients is a possible explanation of the scintigraphic
manifestations in NICCD. Moreover, secretion of bilirubin and
other organic anions by the canalicular multispecific organic
anion transporter (c(MOAT) are ATP-dependent in hepatocytes
(37-39). Therefore, the secretion of Tc-99m-EHIDA, as a
typical IDA analog widely used in clinical practice, may also
consume ATP in hepatocytes. Since the energy production is
inhibited by NADH accumulation in citrin-deficient hepato-
cytes (3), this may be the second reason causing the impaired
secretion of Tc-99m-EHIDA in NICCD subjects.

NICCD has been previously reported as a self-limiting
condition, with clinical presentations resolving between
6 months and 1 year of life. However, this concept has been
challenged by recent clinical evidence. Some NICCD infants
had to undergo liver transplantation (4,40,41) while some others
died due to liver cirrhosis or severe infections (4,15,16,18).
Clinical outcome analysis of the hitherto largest Chinese
cohort of citrin deficiency in this study revealed an additional
toddler (C0013) with a lethal outcome after the NICCD state,
due to liver cirrhosis. Moreover, Lee et al (6) reported two
citrin-deficient teenage siblings presenting with non-alcoholic
fatty liver disease, growth retardation and abnormal serum
lipid levels before CTLN2 onset. The pre-CTLN2 clinical
manifestations in the siblings were similar to the phenotype
described as FTTDCD by our group (14). In this paper, we
identified more citrin-deficient children who demonstrated
FTTDCD features after the NICCD state, once again chal-
lenging the traditionally-assumed ‘apparently healthy’ period
in citrin-deficient subjects after the NICCD state (2). Since
FTT and dyslipidemia are not trivial health issues in children,
more emphasis should be placed on this yet poorly-understood
period after NICCD in future studies of citrin deficiency.

In summary, we performed molecular, erythrocytic, scinti-
graphic and clinical investigations in a citrin-deficient cohort
comprised of 51 patients in a pediatric center in south China.
SLC25A13 mutations analysis in all cases revealed 12 muta-
tions including two novel mutations, V411M and G283X. We
further revealed that citrin deficiency caused echinocytosis
that was associated with more severe biochemical abnormali-
ties. For the first time, we described the hepatobiliary imaging
feature of this disease with Tc-99m-EHIDA as the scinti-
graphic tracer. Furthermore, this cohort analysis revealed
FTTDCD as a novel clinical phenotype for human citrin
deficiency after the NICCD state. The findings in this paper
further expanded the genotypic and phenotypic spectrum of
citrin deficiency, providing direct evidence to challenge the
traditionally-assumed ‘apparently healthy’ period after the the
NICCD state for this disease entity.
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Citrin deficiency is an autosomal recessive disorder caused by mutations in the SLC25A13 gene and has two
disease outcomes: adult-onset type II citrullinemia and neonatal intrahepatic cholestasis caused by citrin
deficiency. The clinical appearance of these diseases is variable, ranging from almost no symptoms to coma,
brain edema, and severe liver failure. Genetic testing for SLC25A13 mutations is essential for the diagnosis of
citrin deficiency because chemical diagnoses are prohibitively difficult. Eleven SLC25A13 mutations account
for 95% of the mutant alleles in Japanese patients with citrin deficiency. Therefore, a simple test for these mu-
tations is desirable, We established a 1-hour, closed-tube assay for the 11 SLC25A13 mutations using real-time
PCR. Each mutation site was amplified by PCR followed by a melting-curve analysis with adjacent hybridiza-
tion probes (HybProbe, Roche). The 11 prevalent mutations were detected in seven PCR reactions. Six reac-
tions were used to detect a single mutation each, and one reaction was used to detect five mutations that
are clustered in a 21-bp region in exon 17. To test the reliability, we used this method to genotype blind
DNA samples from 50 patients with citrin deficiency. Our results were in complete agreement those obtained
using previously established methods. Furthermore, the mutations could be detected without difficulty using
dried blood samples collected on filter paper. Therefore, this assay could be used for newborn screening and

for facilitating the genetic diagnosis of citrin deficiency, especially in East Asian populations.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Citrin deficiency is an autosomal recessive disorder that results
from mutations in the SLC25A13 gene [1] and causes two diseases:
adult-onset type I citrullinemia (CTLN2; OMIM #603471) and neo-
natal intrahepatic cholestasis caused by citrin deficiency (NICCD;
OMIM#605814) [1-4]. The clinical appearance of these diseases is
variable and ranges from almost no symptoms to coma, brain
edema, and severe liver failure requiring transplantation [5-8]. In a
study of patients with NICCD, only 40% of individuals were identified
by newborn screenings to have abnormalities, such as hypergalacto-
semia, hypermethioninemia, and hyperphenylalaninemia [9]. Other

Abbreviations: CTLNZ, adult-onset type Il citrullinemia; FRET, fluorescence resonance
energy transfer; HRM, high resolution melting; NICCD, neonatal intrahepatic cholestasis
caused by citrin deficiency; Tm, melting temperature.

* Corresponding author. Fax: 481 22 717 7290.
" E-mail address: akikuchi-thk@umin.ac.jp (A. Kikuchi).
! present address: Institute of Resource Development and Analysis, Kumamoto
University, Kumamoto 860-0811, Japan.

1096-7192/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2011.12.024

patients were referred to hospitals with suspected neonatal hepatitis
or biliary atresia, due to jaundice or discolored stool [9]. Hypercitrul-
linemia was not observed in all patients [9]. Mutation analysis of
SLC25A13 is indispensable because of the difficulties associated with
the chemical diagnosis of citrin deficiency. The SLC25A13 mutation
spectrum in citrin deficiency is heterogeneous, and more than 31
mutations of SLC25A13 have been identified to date [1,10-18]. How-
ever, there are several predominant mutations in patients from East
Asia. As shown in Table 1, 6 prevalent mutations account for 91% of
the mutant alleles in the Japanese population [12,19]. Five additional
mutations also occur within a 21-bp cluster in exon 17 (Table 1 and
Fig. 1D). The six prevalent mutations, together with the five muta-
tions in exon 17, account for 95% of the mutant alleles in Japan
[12,19].

Several different methods, such as direct sequencing, PCR restric-
tion fragment length polymorphism (PCR-RFLP), and denaturing
high performance liquid chromatography (DHPLC), are currently
used for the detection of mutations in SLC25A13 [1,10-14,19]. Howev-
er, these methods are too complex for clinical use. Direct sequencing
is a standard but cumbersome method. The PCR-RFLP method is
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Table 1
Seven primer/probe sets and 11 targeted mutations of SLC25A13.
Primer/probe set Mutation Location Nucleotide change Effects of mutations Allele frequency*[ 19] References
A Mutation [I] :851deld exon 9 ¢.851_854delGTAT P.R284f5(286X) 33.2% [1]
B Mutation [II] :gIVS11+1G>A intron 11 ¢.1019_1177del p.340_392del 37.6% [1]
C Mutation [I1} :1638ins23 exon 16 ¢.1638_1660dup P.A554f5(570X) 3.4% [1]
D Mutation [IV] :15225X exon 7 c675C>A p.S225X 53% [1]
E Mutation [V] :gIVS13+1G>A intron 13 ¢.1231_1311del p.411_437del 8.2% [1}
F Mutation {XIX] :IVS16ins3kb intron 16 c. aberrant RNA P.A584fs(585X) 4.6% [19]
G Mutation [VI] :1800ins1 exon 17 ¢.1799_1800insA p-Y600X 1.3% [10]
Mutation [VII] :R605X exon 17 c1813C>T p.R605X 0.90% [10]
Mutation [VIII] :E601X exon 17 c.1801G>T p.E601X 1.2% [11]
Mutation [IX] :E601K exon 17 c.1801G>A p.E6O1K 0.30% [11]
Mutation [XXI] :L598R exon 17 c1793T>G p.L598R 0% [15]

Total 95.1%

* The frequency of each mutant allele among Japanese patients with citrin deficiency.

complicated and can lead to genotyping errors, due to incomplete
digestion by the restriction enzymes. DHPLC is time-consuming and
requires expensive equipment. Thus, there is a strong need for the
development of a simple test for these mutations.

The goal of this study was to establish a rapid and simple test
for the detection of the 11 most common SLC25A13 mutations. We
adopted the HybProbe format (Roche) for the detection of the muta-
tions using real-time PCR followed by a melting-curve analysis with
adjacent hybridization probes [20,21]. This assay can be completed
in less than 1 h and has the advantage of being a closed-tube assay.
The fundamental process for detecting point mutations using the
HybProbe assay is presented in Fig. 1A. The 11 prevalent mutations
contain not only point mutations but also include a 4-bp deletion
and insertions of 1-bp, 23-bp and 3-kb genomic fragments (Table 1
and Fig. 1). Careful design of the PCR primers and HybProbes enabled
us to test for these various SLC25A13 mutations.

2. Methods
2.1. Subjects

CTLN2 and NICCD were diagnosed, as previously described
[9,10,19,22-24]. Genomic DNA of the patients was obtained from pe-
ripheral blood leukocytes using the DNeasy blood kit (Qiagen Inc,,
Valencia, CA, USA). Genomic DNA was purified from filter paper
blood samples using the ReadyAmp Genomic DNA Purification Sys-
tem (Promega, Madison, WI, USA). Mutations in these DNA samples

were analyzed at Kagoshima University using a combination of PCR
with or without restriction enzyme digestion or by direct sequencing,
as previously described [1,10-14,19]. Another set of samples was
obtained from 420 healthy volunteers (mainly from Miyagi prefec-
ture in the northeastern region of Japan) at Tohoku University. Geno-
mic DNA from leukocytes was extracted, as described above.

2.2. Detection of seven prevalent mutations in SLC25A13 using the
HybProbe assay

HybProbe probes comprise a pair of donor and acceptor oligonu-
cleotide probes designed to hybridize adjacent to their target sites
in an amplified DNA fragment [20,21]. The donor probes are labeled
at their 3’ end with fluorescein isothiocyanate (FITC), whereas the
acceptor probes are labeled at their 5’ end with LC Red640; these
acceptor probes are phosphorylated at their 3’ end to prevent exten-
sion by the DNA polymerase. When two probes hybridize to the
amplicon, the fluorescent dyes are located within 5 bases of each
other, which allows fluorescence resonance energy transfer (FRET)
between the excited FITC and the LC Red640; this process emits
light that can be quantified by real-time PCR. Following PCR amplifi-
cation, a melting-peak analysis is performed. The melting peak is pro-
duced by the reporter probe, which has a lower melting temperature
(Tm) than the other probe, called the anchor probe. As the reporter
melts from the target, the fluorophores are separated, and the
FRET ceases. The Tm of the reporter probe determines the reaction

A) Mutation [1l], [IV] and [V] B) Mutation [1] C) Mutation [Il]
(Primer/probe set B, D, and E) {Primer/probe set A) (Primer/probe set C)
wild-type allele wild-type allele ____—7__ wild-type allele M‘
B L e e naad R M
mutant allele  ——gfrmsesre mutant allefe tant allele
4hp deletion (z;gggca“on
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Fig. 1. Principle of SLC25A13 mutation detection by melting-curve analysis with the HybProbe assay. In primer/probe sets A~E, and G, PCR was performed with a pair of primers,
whereas in primer/probe set F, two forward primers and one common reverse primer were used for the amplification of both wild-type and mutant alleles. Note that mutation
[XXIX], located on the anchor probe of primer/probe set G, is a non-target mutation.
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specificity (i.e., binding of the probe to a perfectly matched sequence
rather than to regions with sequence mismatches).

Seven primer/probe sets were designed for this study. Fig. 1 shows
a schematic diagram of the strategy for mutation detection using
these primer/probe sets. Tables 1 and 2 list the primer/probe sets
and corresponding sequences and primer concentrations that were
used to target the 11 mutations. Primer/probe sets A, B, C, D, E, and
F were designed to detect mutations [I], [1I], [1IT], [IV], [V], and [XIX],
respectively. Primer/probe set G was designed to detect the five
mutations clustered on exon 17: mutations [VI], [VII], [VII], [IX],
and [XXI] (Fig. 1D). All primers and probes were synthesized based
on the NCBI reference SLC25A13 gene sequence (GenBank accession
no. NM_014251) with the exception of mutation [XIX]:IVS16ins3kb,
which was designed according to [19].

Table 2

Real-time PCR and subsequent melting curve analyses were per-
formed in a closed tube using a 20-pL mixture on a LightCycler 1.5
(Roche Diagnostics, Tokyo, Japan). The PCR mixture contained 2.0 pL of
genomic DNA (10-50 ng), 0.5 pM of forward primer, 0.5 or 0.1 pM of re-
verse primer, 0.2 pM of each sensor and anchor probe, and 10 L of Pre-
mix ExTaq™ (Perfect Real Time) reagent (TaKaRa Bio Inc., Otsu, Japan).

The thermal profile conditions were identical for all seven assays
and consisted of an initial denaturation step (30 s at 95 °C), followed
by 45 amplification cycles with the following conditions: denatur-
ation for 5 s at 95 °C and annealing and extension for 20 s at 60 °C.
The transition rate between all steps was 20 °C/s. After amplification,
the samples were held at 37 °C for 1 min, followed by the melting
curve acquisition at a ramp rate of 0.15 °C/s extending to 80 °C with
continuous fluorescence acquisition.

Primers, probes and target amplicon sequences, target mutation sites, and primer concentrations.

Primer/probe Name

Sequences of PCR products, primer locations, probe sequences, and mutation sites (5’ to 3/)

Concentration

set (nmol/L)
A GGCTATACTGAAATATGAGAAatgaaaaaagggatgtttttaaattttataatgtaaattgtaataaattggtatatttgttgettgtgtttgtttttccectacagac
gtatgaccttagcagacattgaacggattgctectctggaagagggaactctgccCTTTAACTTGGCTGAGG (181 bp)
Mut1-F GGCTATACTGAAATATGAGAA 0.5
Mut1-R CCTCAGCCAAGTTAAAG 0.5
Mut1-UP ATGTAAATTGTAATAAATTGGTATATTTGTTGCITGTGTT-FITC
Mut1-DW LC Red640-GTTTTTCCCCTACAGACGACC-P
B GAATGCAGAACCAACGAtcaactggctcttttgtgggagaactcatgtataaaaacagetttgactgttttaagaaagtgctacgctatgaaggettctt
tggactgtatagaggttagtgccacatgctcaatacctgttaggtgaaataacactcaaaggtttggtttctcatcttagtgcctGACATGAATTAGCAAGACTG (205 bp)
Mut2-F GAATGCAGAACCAACGA 0.5
Mut2-R CAGTCTTGCTAATTCATGTC 0.1
Mut2-UP ACCTAACAGGTATTGAGCATGTG-FITC
MUt2-DW LC Red640-CACTAACCTCTATACAGTCCA-P
C GCAGTTCAAAGCACAGTTATTtttatatagtgagaatgtgaccagactgagatggtgttgtgtetetectgeaggtatgectgeageatctttagtg
acccctgetgatgttatcaagacgagattacaggtg
getgeecggg(gagattacaggtggctgeccggg)ctggecaaaccaCTTACAGCGGAGTGATAGAC (175 bp)
Mut3-F GCAGTTCAAAGCACAGTTATT 0.5
Mut3-R GTCTATCACTCCGCTGTAAG 0.5
Mut3-UP ACCCCTGCTGATGTTATCAAGACGAGATTACAGGT-FITC
Mut3-DW LC Red640-GCTGCCCGGGGAGATTA-P
D TCAATTTATTTGAGGCTGCtggaggtaccacatcecatcaagttagtttctectattttaatggatttaattegetecttaacaac
atggaactcattagaaagatctatagcactc
tggctggeaccaggaaagatgttgaagt GACTAAGGGTGAGTGAGAA (164 bp)
Mut4-F TCAATTTATTTGAGGCTGC 0.5
Mut4-R TTCTCACTCACCCTTAGTC 0.5
Mut4-UP AATGGATTTAATTCGCTCCTTAACA-FITC
Mut4-DW LC Red640-ATGGAACTCATTAGAAAGATCTATAGCACTC-P
E TGCACAAAGATGGTTCGgtcccacttgcageagaaattcttgetggaggetgegtaagtaccttttgaagetetcttcattgaaaagactgtttcac
atatatatcactaccatggtcaacaggtgtggactaaggcettctgttTAACCACAGATCCTGCA (162 bp)
Mut5-F TGCACAAAGATGGTTCG 0.5
Mut5-R TGCAGGATCTGTGGTTA 0.5
Mut5-UP GTGAAACAAGTCTTTTCAATGAAGAGAGCTTC-FITC
Mut5-DW LC Red640-AAGGTACTTACGCAGCCTC-P
F normal allele GGAGCTGGTGGTATGGAAataatgtgttcttaactaactctttggtatcaggtaaatttttaaaatatctaattatatctgtgatttcte
catttttttaaagctcgtgtatttcgatectcaccccagtttggt
gtaactttgctgacttacgaattgetacagegatggttctacattgattttggaggagtgtaagtatcatgctaaatctgetgetaaatttt
GGCTGCTGCTAATGCTC (244 bp)
insertion allele  CCATCTTCCTCCTCCCTTggcagecccgeeccecgatttctecatttttttaaagetegtgtatttcgatectcaccecagtttggt
gtaactttgctgacttacgaattgctacagegatggttctacattgatttt
ggaggagtgtaagtatcatgctaaatctgetgetaaattttGGCTGCTGCTAATGCTC (196 bp)
Mut19-N-F GGAGCTGGTGGTATGGAA 0.5
Mut19-ins-F CCATCTTCCTCCTCCCTT 0.5
Mut19-R GAGCATTAGCAGCAGCC 0.5
Mut19-UP ACCAAACTGGGGTGAGGATCGAAATACACGAGCTTTAAAAAAATG-FITC
Mut19-N-DW LC Red640-AGAAATCACAGATATAATTAGATATTT-P
Mut19-ins-DW  LC Red640-AGAAATCGGGGGGCGGGG-P
G TCTTAACTAACTCTTTGGTATCAGGTaaatttttaaaatatctaattatatctgtgatttctecatttttttaaageteg
tgtatttcgatccteaccccagtitggtgtaactttgetgactta(a)cgaattgetacagega
tggtictacattgattttggaggagtgtaagtatcatgctaaatctgetgetaaatttt GGCTGCTGCTAATGCTC (217 bp)
Mut6-9, 21-F TCTTAACTAACTCTTTGGTATCAGGT 0.5
Mut6-9, 21-R GAGCATTAGCAGCAGCC 0.5
Mut6-9, 21-UP  TGTATTTCGATCCTCACCCCAGTTTGGTGTAACTT-FITC
Mut6-9, 21-DW  LC Red640-GCGGACTTACGAATTGCTACAGCGA-P

Upper case and underlined letters indicate the locations of primers and probes, respectively. Inserted DNA is shown in parenthesis. Nucleotides in boldface were used for mutation
detection.
F: forward, R: reverse, UP: upstream, DW: downstream, N: normal allele, ins: insertion allele, FITC: fluorescein isothiocyanate, P: phosphate.
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Fig. 2. Typical melting curves used in the detection of mutations [I-V] and [XIX]. Each assay using primer/probe sets A-F is displayed in a separate graph (A~F). WT: wild-type allele,
Mut: mutant allele, NTC: no DNA template control.

2.3. Validation of the mutation detection system 3. Results
After establishing the protocol for detecting the 11 prevalent mu- 3.1. Development of the mutation detection system
tations, 50 DNA samples from patients' blood were sent from Kago-
shima University to Tohoku University for the validation of this In primer/probe sets B, D, and E, the reporter probes were

system in a single-blind manner. Similarly, 26 DNA samples purified designed to be complimentary to the wild-type allele (Fig. 1A). To
from paper-filter blood samples were analyzed in the same manner allow for an improved detection of the mutations, primer/probe sets
as the blood DNA samples. A and C were designed to be complementary to the mutant allele
(Figs. 1B, C). In the primer/probe set F, two forward PCR primers,
which were specific to the wild-type and the mutant alleles, were

2.4. Estimation of the carrier frequency used with a common reverse primer for the co-amplification of the
wild-type and 3-kb insertion alleles (Fig. 1E). Two reporter probes,
For the estimation of the heterozygous carrier frequency, 420 ge- which had a common anchor probe, were used for the detection of

nomic DNA samples from healthy volunteers were screened using the wild-type and mutant alleles. Because the two reporter probes
the HybProbe analysis for the 11 prevalent mutations. All detected had different melting temperatures, we were able to identify the
mutations were confirmed by direct sequencing. allele that was amplified. Fig. 2 shows representative results of the
melting curve analyses using the primer/probe sets A-F, in which all
of the mutant alleles generated distinct peaks corresponding to the

2.5. Ethics wild-type alleles.
In the primer/probe set G, we used a reporter probe that was com-
This study was approved by the Ethical Committees of Tohoku plementary to the mutant [XXI] allele (Fig. 1D). All five mutations in

University School of Medicine and Kagoshima University. Written in- exon 17 were successfully differentiated from the wild-type allele
formed consent was obtained from all participants or their guardians. (Figs. 3A-E). The [XXIX] mutation is an additional mutation in exon
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Fig. 3. Typical melting curves used in the detection of mutations [VI-XI], [XX1], and [XXIX] on exon 17. Genotyping was performed using primer/probe set G. Each melting curve for a
target mutation is displayed in a separate graph (A-F). Note that mutation [XXIX] (F) is a non-target mutation on the anchor probe. WT: wild-type allele, Mut: mutant allele.
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17 that is not listed in Table 1. The [XXIX] mutation is located in the
anchor-probe binding site and not on the reporter-probe binding
site (Fig. 1D). To examine the effect of mutations on the anchor
probe, we genotyped a patient with a heterozygous [XXIX] mutation
using primer/probe set G (Fig. 3F). We found no change in the melt-
ing curves between the wild-type allele and the [XXIX] allele, thereby
suggesting that point mutations within the anchor probe sequence
have little effect on the melting curve analysis.

3.2. Validation

The genotypes determined at Tohoku University using the pro-
posed method and those determined at Kagoshima University using
a previously published method were identical for the 11 common
mutations (Table S1 in supplementary material). We performed a
similar test using DNA samples purified from filter-paper blood sam-
ples to determine if this method could be used for newborn screen-
ing. The genotypes determined in both laboratories were identical
for all 26 DNA samples (Table S2 in supplementary material).

3.3. Frequency of eleven prevalent mutations

We found four heterozygous carriers of mutation [I], three of
mutation [Il], and two of mutation [V]. In addition, primer/probe
set G detected one heterozygous mutation, which was confirmed as
mutation [VII] by direct sequencing. Altogether, 10 mutations were
detected in 420 Japanese healthy controls.

4. Discussion

We developed a simple and rapid genetic test using real-time PCR
combined with the HybProbe system for the 11 prevalent mutations
in SLC25A13: mutations [I], [II], [I], [IV], [V], [VI1], [V}, [VIII], [IX],
[XIX], and [XXI]. This genetic test is a closed-tube assay in which no
post-PCR handling of the samples is required. In addition, the geno-
typing is completed within 1 h. This test can utilize DNA samples
purified from both peripheral blood and filter-paper blood. The reli-
ability of the test was confirmed by genotyping 76 blind DNA samples
from patients with citrin deficiency, including 50 peripheral blood
and 26 filter-paper blood DNA samples. Because screening for the
11 targeted mutations would identify 95% of mutant alleles in the
Japanese population [19], both, one, and no mutant alleles are
expected to be identified in 90.4%, 9.3%, and less than 0.3% of pa-
tients, respectively. This genetic test would be useful not only in
Japan but also other East Asian countries, including China, Korea,
Taiwan and Vietnam, in which the same mutations are prevalent.
Our test is expected to detect 76-87% of the mutant alleles in the
Chinese population [12,19,25], 95-100% in the Korean population
{12,19,26], 60-68% in the Taiwanese population [27,28], and
100% in the Vietnamese population [12,19]. If we were to prepare
a primer/probe set for mutation [X]:g.IVS6+5G>A [12], which is
prevalent in Taiwan, the estimated sensitivity would exceed 90% in
the Taiwanese population [27,28].

Recently, the high resolution melting (HRM) method was
reported to be suitable for the screening of mutations in the diagnosis
of citrin deficiency [28]. HRM analysis is a closed-tube assay that
screens for any base changes in the amplicons. The presence of SNPs
anywhere on the amplicons can affect the melting curve, thereby sug-
gesting that HRM is not suitable for screening for known mutations,
but rather, is best suited to screening for unknown mutations.
When we detected one heterozygous prevalent mutation, we per-
formed HRM screening for all 17 exons of SLC25A13. After HRM
screening, only the HRM-positive exons were subjected to direct
sequencing analysis. Several mutant alleles were identified using
this approach.

The frequency of homozygotes, including compound heterozy-
gotes, presenting SLC25A13 mutations in the population at Kagoshima
(a prefecture in the southern part of Japan) has been calculated to be
1/17,000 based on the carrier rate (1/65) [19]. The prevalence of
NICCD has been also reported to be 1/17,000-34,000 [29]. In this
study, the carrier rate in Miyagi (a prefecture in northern Japan)
was 1/42 (95% confidential interval, 1/108-1/26), thereby yielding
an estimated frequency of patients with citrin deficiency of 1/7,100.
Our result, together with the previous report [19], suggests that a
substantial fraction of the homozygotes or compound heterozygotes
of SLC25A13 mutations was asymptomatic during the neonatal
period.

The early and definitive diagnosis of citrin deficiency may be ben-
eficial for patients with citrin deficiency by encouraging specific die-
tary habits and avoiding iatrogenic worsening of brain edema by
glycerol infusion when patients develop encephalopathy [30,31].
Because the screening of blood citrulline levels by tandem mass anal-
ysis at birth does not detect all patients with citrin deficiency, the
development of a genetic test would be welcomed. In this study, we
demonstrated that genomic DNA extracted from filter paper blood
samples was correctly genotyped, thereby indicating the feasibility
of newborn screening using this genetic test. If 100,000 babies in
the northern part of Japan were screened by this method, we would
detect 14 homozygotes or compound heterozygotes with SLC25A13
mutations and 2400 heterozygous carriers. In 2400 heterozygous
carriers, we would expect to observe only 1 to 2 compound heterozy-
gotes with one target and one non-target mutation. The estimated
frequency of babies with two non-target mutations is 0.04/100,000.
Our genetic method would therefore allow us to screen newborn
babies efficiently. If we performed this genetic test in a high-
throughput real-time PCR system, such as a 384- or 1,536-well
format, the cost per sample could be lowered.

In conclusion, we have established a rapid and simple detection
system using the HybProbe assay for the 11 prevalent mutations in
SLC25A13. This system could be used to screen newborns for citrin
deficiency and may facilitate the genetic diagnosis of citrin deficiency,
especially in East Asian populations.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ymgme.2011.12.024.
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Table 1 Clinical data of 26 CTLN2 patients.

. Low- .
Sex  Onset  *Mutation Onset symptoms BMI foff)l?liss Aleohol Pancreatitis Hepatoma [;‘32;" tr ;rf;ﬁ; - Arginine carb‘c:ji(;g’tdrm.e NaPyr (wp;(;%g:?gﬁ‘ 1
1 M 24 1 consciousness disturbance 184 + - + + - - alive (15)
2 M 44 VAVI consciousness disturbance 171 + - + - + + - - alive (14)
3 I 23 1A conscivusness disturbance 151 + - B - + + - alive (12)
4 I3 12 8 depression 157 - - - + - - alive (11}
5 ¥ 17 e epilepsy 2386 - - * + - - alive {11}
[ M 20 j ¥ conscivusness disturbance 188 + % - + - alive {10)
Y IS 51 {51} consciousness disturbance 215 + - - + + - - alive (9)
g M 32 WAV consciousness disturbance 18 + - + + + alive (7)
9 1 40 WAV consciousness disturbance 16,2 - - + + + - ahve (7)
16 M A7 i consciousness disturbance 161 4 - * + + - alive (6)
t M 35 [/XXXVI consciousness disturbance 181 + - - * + - - alive (5)
12 ¥ 45 1 conscioushess disturbance 203 + - + + + + - alive (3)
13 M 24 unkuown  consciousness disturbance 157 + - + - - - dead
14 M 28 wknown  consciousness disturbance 197 + - + - - dead
15 M 25 /1 consciousness disturbance 206 * - - + dead
16 I 39 jivgil consciousness disturbance 148 "v - + - + - dead
17 halcination + - + - - dead
] consciousness disturbance

consciousness disturbance
consciousness disturbance

consciousness disturbance + - + ¢ alive
consciousness disturbance + - + + alive
consciousness disturbance + - i - alive
consciousness disturbance + - - + + alive
25 F 49 v consciousness disturbance - + - + ¢ + alive
26 M 35 XXX consciousness disturbance + - + + I alive
mnean 374 3% 100%
sD 136
¥SLC25A13 gene mutation number: Tabata et al. | Hum Genet 33:534-545,2008
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BEFTAILTHI IICLT, B REEARELER
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INFTIROBECRARMY2HEBT 2RELEAL
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Vs,

BOCVEVEBRF P T A
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EVEVBF MO AOFPUESFE ISR TEY, EBIC
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ENEVERF PO A 4~/ HOWE 2B 2w, TOHER
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Abstract

Therapeutic approaches for patients with adult-onset type II citrullinemia (CTLN2):
effectiveness of treatment with low-carbohydrate diet and sodium pyruvate

Masahide Yazaki, M.D.”, Shu-ichi Ikeda, M.D.", Keiko Kobayashi, Ph.D.? and Takeyori Saheki, M.D.”
"Department of Medicine (Neurology and Rheumatology), Shinshu U niversity School of Medicine
“Department of Molecular Metabolism and Biochemical Genetics, Kagoshima University Graduate School of Medicine and
Dental Sciences
nstitute for Health Sciences, Tokushima Bunri University

Adult-onset type II citrullinemia (CTLN2) is an autosomal recessive disease characterized by highly elevated
plasma levels of citrulline and ammonia due to the urea cycle dysfunction associated with citrin deficiency. Pa-
tients with CTLNZ show various neurological symptoms with hyperammonemia closely resembling those of he-
patic encephalopathy. Since 1990, 26 CTLNZ patients (17 males and 9 females) have been admitted and treated at
Shinshu University Hospital. Twelve of the 26 patients received living related partial liver transplantation (LRLT).
After LRLT, neurological symptoms soon disappeared, and all patients returned to their previous social lives.
Among the 14 patients that did not undergo LRLT, 6 died of intractable encephalopathy or the development of he-
patic cancer, but 8 patients have had relatively good clinical courses (follow-up range 0.5-8 years) with oral intake
of L-arginine and low-carbohydrate and relatively protein-rich diet. Six patients have been also given sodium py-
ruvate and the frequency of attacks of encephalopathy markedly decreased in 5 of 6 patients. Qur observations in-
dicated that liver transplantation is a very promising type of therapy but that other therapeutic approaches, in-
cluding low-carbohydrate diet and pyruvate, are being established.

{Clin Neurol 2010;50:844-847)
Key words: adult-onset type [I citrullinemia, low carbohydrate diet, Sodium pyruvate, argininosuccinate synthetase,

citrin
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