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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 [1], [II], [IIT], [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].

Real-time PCR and subsequent melting curve analyses were per-
formed in a closed tube using a 20-uL mixture on a LightCycler 1.5
(Roche Diagnostics, Tokyo, Japan). The PCR mixture contained 2.0 jiL of
genomic DNA (10-50 ng), 0.5 uM of forward primer, 0.5 or 0.1 uM of re-
verse primer, 0.2 pM of each sensor and anchor probe, and 10 pL 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 5s 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.

Table 2
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 (umol/L)
A ' GGCTATACTGAAATATGAGAAatgaaaaaagggatgtttttaaattttataatgtaaattgtaataaattggtatatttgttgettgtgtttgtttttcccctacagac
gtatgaccttagcagacattgaacggattgetectctggaagagggaactctgccCTTTAACTTGGCTGAGG (181 bp)
Mut1-F GGCTATACTGAAATATGAGAA 0.5
Mut1-R CCTCAGCCAAGTTAAAG 0.5
Mut1-UP ATGTAAATTGTAATAAATTGGTATATTTGTTGCTTGTGTT-FITC
Mut1-DW LC Red640-GTTTTTCCCCTACAGACGACC-P
B GAATGCAGAACCAACGAtcaactggetcttitgtgggagaactcatgtataaaaacagetttgactgtittaagaaagtgctacgctatgaaggcttctt
tggactgtatagaggttagtgecacatgetcaatacctgttaggtgaaataacactcaaaggtttggtttetcatcttagtgcct GACATGAATTAGCAAGACTG (205 bp)
Mut2-F GAATGCAGAACCAACGA 0.5
Mut2-R CAGTCTTGCTAATTCATGTC 0.1
Mut2-UP ACCTAACAGGTATTGAGCATGTG-FITC
MUt2-DW LC Red640-CACTAACCTCTATACAGTCCA-P
C GCAGTTCAAAGCACAGTTATTtttatatagtgagaatgtgaccagactgagatggtgttgtgtctctectgeaggtatgectgeageatctttagtg
acccctgctgatgttatcaagacgagattacaggtg
getgeecggg(gagatiacaggtggetgeecggg )ctggecaaaccaCTTACAGCGGAGTGATAGAC (175 bp)
Mut3-F GCAGTTCAAAGCACAGTTATT 0.5
Mut3-R GTCTATCACTCCGCTGTAAG 0.5
Mut3-UP ACCCCTGCTGATGTTATCAAGACGAGATTACAGGT-FITC
Mut3-DW LC Red640-GCTGCCCGGGGAGATTA-P
D TCAATTTATTTGAGGCTGCtggaggtaccacatcccatcaagttagtttctectattttaatggatttaattegetccttaacaac
atggaactcattagaaagatctatagcactc
tggctggeaccaggaaagatgttgaagtGACTAAGGGTGAGTGAGAA (164 bp)
Mut4-F TCAATTTATITGAGGCTGC 0.5
Mut4-R TTCTCACTCACCCTTAGTC 0.5
Mut4-UP AATGGATTTAATTCGCTCCTTAACA-FITC
Mut4-DW LC Red640-ATGGAACTCATTAGAAAGATCTATAGCACTC-P
E TGCACAAAGATGGTTCGgtcccacttgcageagaaattettgetggaggetgegtaagtaccttttgaagcetetettcattgaaaagacttgtttcac
atatatatcactaccatggtcaacaggtgtggactaaggcettctgtt TAACCACAGATCCTGCA (162 bp)
Mut5-F TGCACAAAGATGGTTCG 05
Mut5-R TGCAGGATCTGTGGTTA 05
Mut5-UP GTGAAACAAGTCTTTTCAATGAAGAGAGCTTC-FITC
Mut5-DW LC Red640-AAGGTACTTACGCAGCCTC-P
F normal allele GGAGCTGGTGGTATGGAAataatgtgttcttaactaactctttggtatcaggtaaatttitaaaatatctaattatatctgtgattectc
catttttttaaagctcgtgtatttcgatectcaccecagtttggt
gtaactttgctgacttacgaattgctacagegatggttctacattgattttggaggagtgtaagtatcatgctaaatetgetgetaaatttt
GGCTGCTGCTAATGCTC (244 bp)
insertion allele  CCATCITCCTCCTCCCITggcagccccgecceccgatttctecatttttttaaagetegtgtatttcgatectcaccecagtttggt
gtaactttgctgacttacgaattgctacagegatggttctacattgatttt
ggaggagtgtaagtatcatgctaaatctgetgetaaatttt GGCTGCTGCTAATGCTC (196 bp)
Mut19-N-F GGAGCTGGTGGTATGGAA 0.5
Mut19-ins-F CCATCTTCCTCCTCCCIT 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
tgtatttcgatcctcaccecagtttggtgtaactttgetgactta(a)cgaattgetacagega
tggttctacattgattttggaggagtgtaagtatcatgctaaatctgetgetaaattttGGCTGCTGCTAATGCTC (217 bp)
Mut6-9, 21-F TCTTAACTAACTCTTIGGTATCAGGT 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

After establishing the protocol for detecting the 11 prevalent mu-
tations, 50 DNA samples from patients' blood were sent from Kago-
shima University to Tohoku University for the validation of this
system in a single-blind manner. Similarly, 26 DNA samples purified
from paper-filter blood samples were analyzed in the same manner
as the blood DNA samples.

2.4. Estimation of the carrier frequency

For the estimation of the heterozygous carrier frequency, 420 ge-
nomic DNA samples from healthy volunteers were screened using
the HybProbe analysis for the 11 prevalent mutations. All detected
mutations were confirmed by direct sequencing.

2.5. Ethics

This study was approved by the Ethical Committees of Tohoku
University School of Medicine and Kagoshima University. Written in-
formed consent was obtained from all participants or their guardians.

3. Results
3.1. Development of the mutation detection system

In primer/probe sets B, D, and E, the reporter probes were
designed to be complimentary to the wild-type allele (Fig. 1A). To
allow for an improved detection of the mutations, primer/probe sets
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
used with a common reverse primer for the co-amplification of the
wild-type and 3-kb insertion alleles (Fig. 1E). Two reporter probes,
which had a common anchor probe, were used for the detection of
the wild-type and mutant alleles. Because the two reporter probes
had different melting temperatures, we were able to identify the
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
wild-type alleles.

In the primer/probe set G, we used a reporter probe that was com-
plementary to the mutant [XXI] allele (Fig. 1D). All five mutations in
exon 17 were successfully differentiated from the wild-type allele
(Figs. 3A-E). The [XXIX] mutation is an additional mutation in exon

_ A)Mutation V1] _ B)mutation vin) _ C)mutation (vin]
=] <o i3
¢ & a5 Mut/Mut WTWT §' 05
g 804 \y’"\\ ;,/x/;ﬂ, " o4 7 /
g 803 / I T FE
g g 02 \ o2
[ & 01 0.1
5 54 5y
ksl 3 =
¥ 55 60 65 70 5 55 676 2 5 & 670
temperature (°C) temperature (°C) temperature (°C)
D) mutation 1x) E) mutation [xxi] s F) Mutation [xxix]
= g 3
2051 vyt WIWT 305 wrmwr 205 | muymur
£03 W 503 303 7%
202 £02 / g
g . o Fi g
Z03 £ 0.4 /. o
g =] e Fny
fo $0 = g

60 5 7 60
temperature (°C)

65

temperature {°C}

70 75 60 65 70

temperature (°C)

Fig. 3. Typical melting curves used in the detection of mutations [VI-XI], [XXI], 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.

— 297 —



A. Kikuchi et al. / Molecular Genetics and Metabolism 105 (2012) 553~558 557

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 [VIII] 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 [1], [I1], [I0], [V}, [V], [V1], [vI], [viL], [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+4+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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Abnormalities of carnitine metabolism in human diseases

Masaki Takayanagi

Summary Recently many new diseases involving abnormalities of the carnitine metabolism have
been reported. It is very important for every one in the medical field to understand the role carnitine

plays in such pathological conditions. I focus especially on some iatrogenic diseases. 1.
Hypofreecarnitinemia in drug intake (Sodium valproate, Antibiotics containing pivoxil). 2.
Hypofreecarnitinemia in formulas for special medical purposes, enteral nutrient intake, and total

parenteral nutrition therapy.

Key words: Carnitine, Iatrogenic diseases, Formula for special medical purposes, Sodium valproate,

Antibiotics containing pivoxil
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