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Abstract

AIM: To determine the prevalence of SLC25A13 muta-
tions in the Thai population.

METHODS: A total of 1537 subjects representing the
Thai population were screened for a novel pathologic al-
lele p.Met1? (c.2T > C) and six previously known com-
mon SLC25A13 mutations: [ 1] (c.851_854delGTAT),
[O] (g.IVS11 + 1G > A), [I] (c.1638_1660dup),
[V] (p.S225X), [V] (IVS13 + 1G > A), and [XIX]
(g.IVS16ins3kb) using a newly developed TagMan and
established HybProbe assay, respectively. Sanger se-
quencing was employed for specimens showing an ab-
errant peak to confirm the targeted mutation as well as
the unknown aberrant peaks detected. Frequencies of
the mutations identified were compared in each region.
Carrier frequency and disease prevalence of citrin defi-
ciency caused by SCL25A413 mutations were estimated.

RESULTS: p.Metl? was identified in the heterozygous
state in 85 individuals, giving a carrier frequency of
1/18, which suggests possible selective advantage
of this variant. The question of p.Metl? homozygote
lethality remains unanswered which may serve as an
explanation as to why this homozygote has yet to be
identified in patients/controls even with high allele fre-
quency. The p.Metl? mutation has rarely been studied
in populations other than Thai and Chinese; therefore,
may have been overlooked. Development of the Tag-
Man assay in the present study would allow a simple,
rapid, and cost-effective method for mass screening.
Heterozygous mutations: [XIX] and [ 1] were identi-
fied in 17 individuals, giving a carrier rate of 1/90 and a
calculated homozygote rate of 1/33000. Two novel vari-
ants, g.IVS11 + 17C > G and ¢.1311C > T, of unknown
clinical significance were identified at low frequency.
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CONCLUSION: This study highlighted the current un-
derestimation of citrin deficiency and suggests the pos-
sible selective advantage of the p.Met1? allele.

© 2013 Baishideng Publishing Group co., Limited. All rights
reserved.

Key words: Aspartate-glutamate carrier; Isoform 2; Ci-
trin deficiency; Type 1 citrullinemia; Neonatal intrahe-
patic cholestasis caused by citrin deficiency; SLC25413

Core tip: Citrin deficiency is underestimated in various
populations and the high prevalence of some SLC25413
variants possibly contribute to uncharacterized predis-
position/protection of certain disorders.
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INTRODUCTION

Citrin deficiency (CD) is a genetic disorder inherited in an
autosomal recessive patternm. It is caused by mutations in
the SL.C25.473 gene encoding the citrin protein, a mito-
chondrial aspartate-glutamate carrier, isoform 2 (AGC2)
and is expressed mainly in the liver®”. The major func-
tion of AGC2 is to export mitochondrial aspartate in ex-
change for cytosolic glutarnatem and is involved in several

metabolic pathways with major contributions to the urea
cycle and malate-aspartate shuttle™™*”,

There ate three distinct age-dependent clinical pheno-
types of CD: the mild phenotype of neonatal intrahepat-
ic cholestasis caused by citrin deficiency [Neonatal Intra-
hepatic Cholestasis caused by Citrin Deficiency (NICCD),
Online Mendelian Inheritance in Man (OMIM): 605814,
asymptomatic period or failure to thrive and dyslipidemia
in young children, and a fatal phenotype of type II citrul-
linemia [Adult Onset Type I Citrullinemia (CTLNZ2),
OMIM: 603471] in older children and adults (11-80
years) ", Misdiagnosed or mistreated CTLN2 patients
usually have poor outcomes that often result in death due
to hyperammonemic encephalopathy®.

CD is a panethnic disorder, but is relatively more
common among East Asian populations. The carrier
prevalence among Japanese and Chinese populations has
been reported to be approximately 1/ 65", Despite its
high prevalence, clinical features and metabolic profiles
are diverse among patients, thus making correct diagnosis
difficult™"™". A definitive diagnosis of CD typically re-
quires DNA sequencing analysis of the SL.C25.473 gene,
which is time consuming and costly. Alternative methods
such as polymerase chain reaction restriction fragment
length polymorphisms, GeneScan and SNaPshot have
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been adapted to detect mutations in the SL.C25.473
geneH’]s’M’m’l&zm. Recently, Kikuchi ez al™, reported a new
method for identifying common mutations using a real-
time polymerase chain reaction (PCR)-based technique
combined with melting curve analysis using HybProbes.
This method appears to be a rapid and economical ap-
proach that is also suitable for the use with a high-
throughput platforrnm.

Over 30 SL.C25.473 mutations have been de-
scribed"™™*"” and our group has previously shown that
mutation [ I] was the most common (8/10) mutated
allele identified among NICCD Thai infants with the
remaining identified as mutations [II] (c.1638_1660dup)
and [XIX] (g.IVS16ins3kb)"?. In addition, the hetero-
zygous state of a novel p.Metl? (c.2T > C) variant was
identified in an infant with idiopathic cholestasis and in
3 out of 100 healthy controls"’. This variant was also
observed in Chinese control individuals with equivalent
carrier prevalence™. The pathogenic property of p.Met1?
has been confirmed in a yeast model of CD and this mu-
tant exhibits loss of citrin function™. Here, we conduct-
ed a detailed investigation to capture the true prevalence
of CD in the Thai population given the small number of
Thai patients with CD that have been characterized at the
molecular level and with a high prevalence of p.Metl?
carriers in an earlier study.

MATERIALS AND METHODS
Subjects

Eligible DNA samples were anonymous specimens pre-
viously stored and obtained through the Thai 4" National
Health Examination Survey, during August 2008 and
March 2009 by the National Health Examination Survey
Office, Health System Research Institute. Sample size
was calculated based on the estimated cartier prevalence
of SL.C25.A413 mutations, 1/110, which was derived from
a previous patient-based study'”. Using the Power and
Sample Size Calculations Program (version 3.0.43), for
alpha error of 10% and power of 90%, the target sample
size needed to achieve statistical significance was 669.
Even in a worst case scenario (cartier rate of 1/200) with
the same alpha error and power of testing, the minimum
sample size required was 1337. To offset sample loss
due to insufficient DNA quantity or the degradation of
DNA extract quality, 15%-20% additional specimens
were added to the sample size. A computer-based simple
randomization was used to randomly select samples from
each of the five regions in Thailand including; Bangkok,
Central, Northeastern, Northern and Southern (Figure 1).
The number of samples from each region was in accor-
dance to the population distribution reported by the Na-
tional Statistical Office (www.nso.go.th/). This ensured
an avoidance of ascertainment bias of the study popula-
tion since there may or may not have been the possibility
of ethnic differences of the SL.C25.473 variants among
subpopulations in Thailand. Moreover, Thais from the
Southern region of the country are more ethnically re-
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Figure 1 Map of Thailand and geographic distribution.

lated to Malay descendents and those from the North-
eastern region are more ethnically related to descendants
of Laos and Cambodia. In total, 1569 specimens were
received for the study following the approval of Ramat-
hibodi Hospital institutional review board.

Detection of the p.Met1? allele by TagMan assay
Real-time PCR using hydrolysis probes that were spe-
cific to each allele were employed to detect the p.Met1?
mutation. Probes and primers were designed according
to the SL.C25.A473 gene sequence (GenBank accession
no. NM_014251). Primer sequences were 5> GTCAGT-
GGGTCCCGCAGTC 3’ and 5> GCACCCCATTTT-
GCTCCG 3’ as a forward and reverse primer, respective-
ly. The probe for detecting the wild-type allele was tagged
with 6-FAM at the 5° end, whereas the mutant allele
contained VIC. Sequences of the wild-type and mutant
probes were 6-FAM 5’AACCGGGGCGAATCATG-
GCG 3’ minor groove binder (MGB) and VIC 5’AACC-
GGGGCGAATCACGGCG 3” MGB, respectively.

Each real-time PCR reaction contained 0.9 umol/L
of each primer, 0.25 pmol/L of each probe, 20 ng of
genomic DNA and 5 ul. of TagMan® Genotyping Mas-
ter Mix (Applied Biosystem). The thermal profile started
with an initial denaturation at 95 C for 10 min followed
by 55 amplification cycles at 30 s, and denaturation at
95 °C. Finally, annealing and extension for 90 s at 62 C.
The ViA™ 7 System (Applied Biosystem) was used for

detection. Positive samples were confirmed using PCR-
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FEagl restriction digest as previously established"”.

Detection of six common mutations by HybProbe assay
Six common mutations accounting for 91%-100%
of the mutant alleles previously reported in Japanese,
Chinese, and Thai patients were selected for screen-
ing in the present studyll4’16’2”. These mutations were:
[1] (c.851_854delGTAT), [I] (gIVS11+1G>A), [II]
(c.1638_1660dup), [IV] (p.S225X), [V] AVS13 + 1G >
A) and [XIX] (g.1VS16ins3kb). HybProbe assays were
performed using probes and primers for SLC25.A473
previously validated”. Real-time PCR was performed
using a LightCycler 480 (Roche Applied Science). A
10-uL real-time PCR reaction contained 0.5 pmol/L of
each forward and reverse primer (except 0.1 umol/L of
reverse primer in the probe-ptrimer set B), 0.2 pmol/L
of each donor and acceptor probe, 20-40 ng of genomic
DNA and 5 pL. of LightCycler 480 probe Master (Roche
Applied Science) or Premix Ex Taq™ (Perfect Real
Time) (Takara Bio Company). All positive samples were
confirmed using PCR-HpyCH41IV restriction digest for
mutation [ ]"%, long-range PCR for mutation [XIX] t
and/or direct sequencing (Research Center, Ramathibodi
Hospital). Long range PCR conditions were as follows:
94 °C for 5 min; 35 cycles of 98 C for 20 s, 60 C for 30
s, 68 C for 15 min; 72 ‘C for 20 min and 15 C for .
It should be noted that conventional nomenclature of
mutations of the SLC25.473 gene has been widely used;
therefore, to ensure that the readers would easily grasp
the mutation type concept, conventional nomenclature
was used alongside standard nomenclature.

Statistical analysis

Fishet’s Exact test was used to determine the statistical
difference for the frequencies of the mutant alleles iden-
tified in different geographic regions. A P value of < 0.05
was considered statistically significant. Analysis of vari-
ance to compare sex and age distribution among regions
was performed using the SPSS program (version 16.0,
SPSS Inc., Chicago, IL, United States).

RESULTS

Complete DNA specimens from 1537 individuals were
included in the analysis, 758 males (mean age 47 + 21
years) and 779 females (mean age 49 £ 21 years), with an
overall mean age of 48 £ 21 years. Sex and age distribu-
tion were not significantly different in the five different
regions, although the mean age of subjects from the
Northeastern region was slightly higher than those from
the other areas of the country.

High prevalence of p.Met1? allele in the Thai population
The p.Metl? allele was found in 85 individuals giving a
1/18 carrier frequency. This mutation was evenly dis-
tributed throughout geographic regions (Table 1). One
of these individuals was compound heterozygous with
mutation [ I ]; however, since the specimens in our analy-
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Table 1 Number of individuals with SLC25A 73 mutations and carrier prevalence in the Thai population according to geographical

distribution

Region Mutation [ 1] Mutation XIX p.Met1? Total carriers Total carriers (p.Met1? included)
(c.851_854delGTAT) (g.IVS16ins3kb) (p.Met1? not included)

Bangkok (1 = 142) 2(1/71)" 2(1/71) 5 (1/28)' 4(1/36) 8 (1/18)'

Central (n = 387) 0 3 (1/129) 17 (1/23) 3 (1/129) 20 (1/19)
Northeastern (1 = 498) 4 (1/125) 0 27 (1/18) 4 (1/125) 31 (1/16)

Northern (1 = 291) 1(1/291) 3(1/97) 21 (1/14) 4(1/74) 25 (1/12)

Southern (1 = 219) 1(1/219) 1(1/219) 15 (1/15) 2 (1/110) 17 (1/13)

Total (1 = 1537) 8 (1/192) 9 (1/171) 85 (1/18) 17 (1/90) 101 (1/15)

P value® 0.18 0.067 0.366 NA 0.413

'One individual was found with compound heterozygote of Mutation [ I ] (c.851_854 delGTAT) and p.Met1?; *Statistical analysis using Fischer’s Exact test

giving P value for comparison of the carrier prevalence identified across the regions. NA: Not available.

sis were anonymous it was impossible to determine the

phenotype of this person.

Carrier frequency of six other SLC25A13 mutations

A total of 17 individuals were heterozygotes for mutant
alleles. Excluding the p.Met1? variant, 8 mutation [ [ ]
and 9 mutation [XIX] (Table 1) were observed, giving
a 1/90 carrier rate. Frequencies of mutations [ 1] and
[XIX] identified in each region were not statistically dif-
ferent (P = 0.180 and 0.067, respectively). The four
other mutations were not found. Melting point analysis
revealed four specimens with heterozygous peaks that
were distinct from mutation [II] AVS11 + 1G > A) (Fig-
ure 2A). Sequencing of these specimens revealed a novel
single nucleotide polymorphism (SNP), IVS11 + 17C >
G. This SNP was located in the anchor-probe binding
sequence. Prediction by NNSplice™ (http://www.fruitfly.
otg/seq_tools/splice.html) indicated no change in the splice-
site score.

Screening of mutation [V] revealed one specimen
with an abnormal melting peak (Figure 2B) where direct
sequencing revealed an SNP, ¢.1311C > T, at the binding
site of the reporter probe. This novel variant was located
at the last base of a codon and at the last base of exon
13, likely resulting in a synonymous change, c.C437C.
The calculated donor splice score remained unchanged
(0.97) suggesting that this variant is likely to be a rare
polymorphism.

DISCUSSION

We have demonstrated a carrier rate of at least 1 in 90,
and a homozygote/compound homozygote rate of 1
in 33000 for the known and previously identified SL-
C25.A13 mutations, excluding the p.Met1? variant among
the general Thai population. This number is different,
although similar, to the estimated carrier prevalence of
1/110 and homozygotes/compound homozygote rate of
1/48000 that was obtained from the only other available
patient-based study[ml. Our findings are also consistent
with the prevalence of SL.C25.473 homozygotes/com-
pound heterozygotes of 1/17000 in the Japanese popu-
lation and the disease frequency of 1/17000-34000 for
NICCD, and 1/100000-230000 for CTLN2%**!,

(4 9

T
JBaishideng®

WJG | www.wjgnet.com

7738

No studies of the p.Metl? variant had been carried
out prior to the recent description in affected and unaf-
fected populations of China and Thailand™*"**". This
mutant allele has a high cartier frequency of 1/18 and
a predicted homozygote rate of 1/1300. Based on our
analysis, approximately 50000 individuals homozygous
for p.Met1? are predicted to be present in the Thai popu-
lation. Proven deleterious effects of the p.Metl? variant
in a yeast model® and identification of a compound
heterozygote between (paternally inherited) p.Met1? and
the (maternally inherited) SL.C25.473 pathologic allele
(+.16_212dup) in a Chinese NICCD patient™ supports
the pathogenicity of the p.Metl? allele. When taking the
p-Met1? allele into account with the other six previously
described common mutations identified in the present
study, a very high carrier rate, 1 in 15, and homozygote
rate, 1 in 900, is predicted for SL.C25.473 mutations.

Patient- and population-based analyses of the preva-
lence of the p.Met1? variant in other ethnic backgrounds
would help reveal its clinical relevance in CD and other
disorder (s), if any. Based on the yeast model, the p.Met1?
variant is expected to cause citrin protein production loss.
It is also possible that in the p.Metl? variant, an alterna-
tive translation initiation site may produce a truncated
citrin protein lacking 34 amino acid residues. However,
the loss of the 34 N-terminal citrin residues causes the
mislocalization and impaired function of the aberrant
protein™ indicating that even if this truncated protein
was produced, it would not contribute to normal citrin
activity. Currently, we have not identified a p.Metl1? ho-
mozygotic individual and it is possible that p.Met1? may
lead to embryonic lethality, similar to homozygotes of the
Southeast Asian Ovalocytosis mutant allele in the anion-
exchanger 1577 Several questions regarding the p.Met1?
mutation still remain unanswered. Despite its deleterious
nature in the yeast model, high prevalence in Thai and
Chinese populations from tropical areas, resistance to
infectious diseases, and unexplainable unidentified homo-
zygotes in patients even with a high allele frequency, its
clinical pathology in humans, ethnic and regional preva-
lence, selective advantage against infectious diseases, and
its lethality warrant further study.

There are two noteworthy limitations of the cur-
rent study: subject age and the investigation of other
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mutations. Given that 48 million people in Thailand are
represented in our study, based on the inclusion age of
15 or older, over 1455 individuals may possibly have CD
considering the confirmed disease causing mutations
(excluding p.Met1?). The carrier rate derived from the
present study may be underestimated due to the age of
the population and mutations screened. Subjects involved
in the study were living adults with an average age of
48 years. Some homozygotes/compound heterozygotes
might not have survived prior to the start of the survey
due to severe phenotypes, and thus would not have been
included in our analysis. However, the age of the subjects
may not have such a significant effect on the results of
this study since the severe phenotype is relatively rare.
Another limitation of the present study was that only six
mutations were screened, thus the contribution of other
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mutations was not included in our analysis. The other two
less common mutations among the Chinese and Japanese
population: [VI] (c.1799_1800insA) and [VI[] (c.1801G >

)" were not selected for screening due to budget limi-

tations.
CD is relatively common in East Asian popula-
tions"'". Data from this study suggest that it is also

common in Thais. While our analysis did not reveal any
significant changes in mutation distribution in the five
regions of Thailand, it is possible that an increase in sam-
ple size from each region may be necessary to reveal any
other variations. CD has also been reported in Vietnam-
ese and Malaysians[14’15’28]. Additional population studies
in Southeast Asian populations will shed more light on
the geographical distribution of this disease.

When considering each individual confirmed disease
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Table 2 Frequency of SLC25A 13 mutations in population studies

Mutation Number of carriers (allele frequency)
Japanese''! Japanese!'*'* Korean'"*! Chinese!"*! Thai (present study)
I 851del4 4(0.48) 4(0.15) 11 (0.22) 45 (0.54) 8 (0.26)
il IVS11 +1G > A 3 (0.36) 9 (0.33) 8(0.16) 0 (0.00) 0 (0.00)
m 1638ins23 0 (0.00) 1(0.04) 1(0.02) 3(0.04) 0 (0.00)
\% S225X 0 (0.00) 5 (0.18) 0 (0.00) 0 (0.00) 0 (0.00)
Y% IVS13 +1G > A 2(0.24) 1 (0.04) 0 (0.00) 0 (0.00) 0 (0.00)
VI R605X 0 (0.00) 0 (0.00) 2(0.04) 0 (0.00) NA
VI E601X 1(0.12) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
X IVS6 +5G > A 0 (0.00) 0 (0.00) 0 (0.00) 15 (0.18) NA
XI R184X 0 (0.00) 0 (0.00) 0 (0.00) 1(0.01) NA
XIX IVS16ins3kb 0 (0.00) 1(0.04) NA NA 9 (0.29)
p-Met1? NA NA NA NA 85 (2.77)
n 420 1372 2455 4169 1537
p-Met1? not included
Number of carriers 10 20 22 64 17
Carrier rate 1/42 1/65 1/112 1/65 1/90
Homozygote rate 1/7100 1/17000 1/50000 1/17000 1/33000
p-Met1? included
Number of carriers NA 101
Carrier rate 1/15
Homozygote rate 1/900

NA: Not available.

causing mutations, [XIX] and [ [ ] were the two leading
mutations identified in the general Thai population with
equivalent frequency, 9/1537 and 8/1537, respectively
(Table 2), whereas patient-based studies indicate a higher
frequency of mutation [ 1] (8/10 mutated alleles) 1 "The
discrepancy between the frequencies of mutant alleles
identified from population-based studies and those ob-
tained from patient-based analyses is also evident in other
studies*",

Of the known disease causing mutations, [ [ | and
[XIX] are most common in Thai and Chinese populations,
whereas mutations [II] and [ I | variants are most common
among Japanese populations and patients (Table 2) 120 1
further exploration of this difference in ethnic mutation,
when comparing between Chinese and Japanese, there
is a possibility that the Thai ethnic background is more
closely related to that of the Chinese. This may be linked
to the ancient migration of certain Chinese ethnic groups
to Thailand"”.

The discovery of gIVS11 + 17C > G and ¢.1311C
> T variants which are located on the anchor/reporter
probe binding sites raised the possibility that an SNP
located in the same area may affect the dissociation of
probes from the target DNA and interfere with detection
of the target SNP. Therefore, direct sequencing should
be performed on positive subjects in order to confirm
the presence of the target SNP. Moreover, the presence
of double SNPs in ¢s could possibly obscure detection
of the target SNP; however, this possibility remains to be
demonstrated. Bioinformatic analysis of the gIVS11 +
17C > G and ¢.1311C > T variants showed no change in
splice score or amino acid sequence, suggesting a benign
nature of these SNPs. However, the possibility of either
being a pathogenic allele cannot be completely excluded
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due to its surprisingly low prevalence, 4 and 1 in 1537,
respectively.

Opverall, this study revealed that CD is not uncommon
in the Thai population and there is a high frequency of
the p.Metl? allele. Once the optimization for TagMan/
HybProbe analysis for each mutation is complete, it will
serve as a rapid, efficient, robust, convenient, and cost-
saving method for large scale analysis that will enable
general population and newborn screening across the
country. This has already been demonstrated by the suc-
cessful establishment of the TagMan assay for the p.Met1?
mutation. Procedures utilized in the present study should
prove valuable in examining the distribution and frequen-
cies of SLC25.4173 mutations including p.Metl1? among
Southeast Asian populations.

Further investigations are required to establish
the clinical relevance of p.Metl? both in patients and
controls. Demonstration of the molecular pathogenic
mechanism of p.Metl? in human/mammalian models,
although it is predicted to be a loss of function muta-
tion™, will also aid in further understanding, The unusu-
ally high frequency of the p.Metl? mutation suggests it
may have a role in the predisposition and/or protection
of disorder (s), perhaps similar to the selection of red
cell polymorphisms in areas endemic for malarial infec-
tion™?. Our further work will examine the possible
connection between the p.Met1? mutation and protection
against infectious tropical diseases.
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