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or dihydropteridine reductase (DHPR) deficiency. Since
2008, Biopten® has been further approved to decrease serum
phenylalanine values in HPA due to BHy-responsive hyper-
phenylalaninemia (BHy-responsive HPA).

Postmarketing surveillance of Biopten® for BH, defi-
ciency has been underway in Japan for the last 16 years.
In this study, we assessed the efficacy and safety of this
agent in 19 patients with BH, deficiency in whom treat-
ment was initiated before the age of 4 years.

2. Patients and methods

Among 19 HPA patients detected by neonatal PKU
screening in Japan (Table 1), 17 were diagnosed with
6-pyruvoyl tetrahydropterin synthase (PTPS) deficiency
based on pteridine analysis of urine or serum, whereas
two were diagnosed with DHPR deficiency, based on
Guthrie test results. All 19 patients were diagnosed with
BH, deficiency and received treatment with BH,,
L-dopa, and 5-hydroxytryptophan (5-HTP), initiated
before the age of 4 years, between 1982 and 2008.

This study was performed as a post-marketing sur-
veillance study at 10 medical centers in Japan, between
April 1992 and December 2008. During this period,
the doctors in charge reported annually on the patients’
heights, weights, serum phenylalanine concentrations,
BH, dosages, concomitant medications, and provided
information on drug effectiveness and safety in accor-
dance with regulated survey slips. Similar information
was retrospectively collected from clinical records avail-
able between 1982 and 1991.

Serum phenylalanine concentrations were determined
using an automated amino acid analyzer (L-8800; Hit-
achi, Tokyo, Japan). Serum pteridine was measured by
high-performance liquid chromatography (LC-10;
Shimazu, Kyoto, Japan) after iodine oxidation. DHPR
activity was measured using Guthrie card specimens,
as described previously [4].

3. Results

Patients’ background clinical characteristics are
shown in Table 1. Seventeen patients were diagnosed
with PTPS deficiency and two with DHPR deficiency;
the mean age at end of follow-up was 14.6 years, and
the mean age at initiation of BH,4 supplementation was
3.6 months. The mean duration of BH, therapy was
13.2 years; more than half the patients received BH,
continuously for more than 10 years. The longest treat-
ment duration was 28 years (n = 1). The mean daily dos-
age was 5 mg/kg; eight patients received less than 5 mg/
kg and 11 patients received more than 10 mg/kg.

Changes in BH, dosage with age are shown in Fig. 1.
The mean dosage in patients with PTPS deficiency
increased over the initial few years of treatment, then
remained stable thereafter. As of 2008, the average daily

Table 1
Baseline characteristics.
Parameter 1 (%)
Type
PTPS deficiency 17 (89.5)
DHPR deficiency 2 (10.5)

Sex (M/F) 10/9 (52.6/47.4)
Hospitalization
Outpatients 11 (57.9)
In < out 8 (42.1)
Age at initiation of drug administration (years)
0 16 (84.2)
1 2 (10.5)
2 0 (0.0
3 1(5.3)
Age at end of follow-up (years)
0 1 (5.6)
1-<4 4(22.2)
4-<10 2(11.1)
10-< 16 1 (5.6)
=16 10 (55.6)
BH, dosage at start of therapy (mg/kg/day)
<5 8 (42.1)
5-<10 7 (36.8)
=10 4 (21.1)
BH, dosage at end of follow-up (mg/kg/day)
<5 7 (36.8)
5-< 10 4 (21.0)
=210 8 (42.1)
L-dopa use during follow-up
Yes 19 (100.0)
No 0(0.0)
5-HTP use during follow-up
Yes 19 (100.0)
No 0 (0.0
Phenylalanine-restricted diet during follow-up
Yes 12 (63.2)
No 6 (31.6)
Unknown 1(5.3)
Blood phenylalanine level at neonatal mass screening (mg/dL)"
Mean 14.2
Range 6.0-48.9

" Data available for 13 patients.

dose in 15 patients with PTPS deficiency was 7.9 mg/kg
(Fig. 1). Of the two patients with DHPR deficiency, one
was controlled by a stable dose, while the other required
a high dose to control their serum phenylalanine level
(Fig. 2).

Serum phenylalanine values in 13 of the 19 cases for
whom data were available at the time of newborn
screening are shown in Table 1. Changes in serum phen-
ylalanine levels in patients with PTPS deficiency are
shown in Fig. 2a. Serum phenylalanine was high
(10 mg/dL) at the start of drug administration, but
decreased to less than 2mg/dL following Biopten®
administration, with good phenylalaninemic control
being maintained thereafter (Fig. 2a).

However, one patient with deficiency of DHPR, an
enzyme responsible for BH, recycling, struggled to con-
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Fig. 1. Time courses of BH, dosage in patients with (a) PTPS
deficiency (n = 17) and (b) DHPR deficiency (cases 1 and 2).

trol serum phenylalanine levels despite the fact that the
value at the start of treatment was slightly lower
(9.1 mg/dL) than that in patients with PTPS deficiency.
Serum phenylalanine levels fluctuated in this individual
from the time of treatment initiation until the start-of-
school age (Fig. 2b; case 1). However, another patient
with DHPR deficiency exhibited stable long-term phen-
ylalanine values (4.6 mg/dL at end of follow-up), within
the age-specific reference range (Fig. 2b; case 2). The
patients’ heights and body weights by sex are shown in
Fig. 3.

The mean height by age for male patients with PTPS
deficiency (n =9) was similar to that for the normal
healthy population, but their body weight was lower
by —1 standard deviation (SD), compared with healthy
subjects (Fig. 3a). Female patients (n = 8), however, had
greater mean height (+1 SD) and similar body weight to
age-matched healthy females, except for one female
patient with PTPS deficiency who had severe familial
obesity (Fig. 3b). The two patients with DHPR defi-
ciency (one male and one female) showed almost normal
growth in terms of both height and body weight.

3.1. Combination therapy

Seventeen patients had evaluable data at the end of
the survey period. L-dopa was used together with BH,
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Fig. 2. Changes in serum phenylalanine levels in patients with (a)
PTPS deficiency (n=17) and (b) DHPR deficiency (cases 1 and 2).

in all patients, and 5-HTP was used in 13 patients.
The doses of both L-dopa and 5-HTP tended to increase
with age, probably consistent with normal weight gain,
because the dosages/body weight remained roughly the
same, at approximately 10 mg/kg per day of r-dopa
(Fig. 4a) and 3-5mg/kg per day of 5-HTP (Fig. 4b)
throughout the study period. All patients with PTPS
deficiency and one patient with DHPR deficiency
showed good control of serum phenylalanine levels with
BH, alone, with no need for restrictive diet therapy,
indicating that BHy therapy could improve the patient’s
quality of life. However, one patient with DHPR defi-
ciency received a phenylalanine-restricted diet in combi-
nation with BH, therapy, because BH,4 alone was unable
to maintain serum phenylalanine levels within the nor-
mal reference range.

3.2. Safety and efficacy

No patients failed to respond to BH, therapy. One
patient with PTPS deficiency who started BH, therapy
soon after birth died at the age of 3 years, while not
receiving BHy therapy. BH, therapy was considered to
be effective in decreasing serum phenylalanine levels in
all the remaining 18 patients with BH, deficiency.

Nervous system disorders were reported in two
patients (10.5%); one patient experienced seizure and
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Fig. 4. Time courses of mean daily dosage of (a) L-dopa and (b)
5-hydroxytryptophan (5-HTP).

one developed increased muscle tone. These symptoms
were deemed to have resulted from insufficient L-dopa
doses, rather than being caused by BH4. No other side
effects were reported and no patient discontinued treat-
ment because of side effects.

4. Discussion

BH, deficiency was first reported first by Smith et al.
[5], while DHPR deficiency was the cause of BH,

deficiency was recognized by Kaufman et al. [6]. Danks
et al. [7] found no effect of oral BH,; administration on
DHPR deficiency, because of poor absorption from
the intestinal tract. However, Schaub et al. [8] reported
that oral administration of BH, was effective in a patient
with DHBS deficiency, after which oral BH, was used to
treat BH, deficiency. The form of BH, used initially was
a mixture of the 6R and 6S isomers, because 6S form of
BH, was inactive, but in 1982, Suntory Limited (Japan)
succeeded in synthesizing 6R BH,, after which 100% 6R
BH,, as Biopten® (sapropterin dihydrochloride), has
been used in Japan. The first patient who was given
Biopten® at that time now represents the longest-term
usage of 28 years. Biopten® was approved for BH, defi-
ciency in 1992, and over half the patients since then have
been continuously administered BH, for more than
10 years. All 19 patients in this study also received treat-
ment with L-dopa and 5-HTP, combined with BH,, from
before they were 4 years old, between 1982 and 2008.
And, this study summarizes those patients, which repre-
sents a unique, long-term follow-up of a patient with
BH, deficiency.

Control of serum phenylalanine levels by BH4 appears
to be easy in patients with PTPS deficiency [6], but more
difficult in patients with DHPR deficiency, although lev-
els can be still maintained within the range of age-specific
reference values. Unlike the situation in PTPS deficiency,
BH, cannot be recycled in DHPR deficiency. However,
the sex-specific heights and body weights of patients with
both PTPS and DHPR deficiencies were almost normal,
or within 1SD. BH, administration in patients with BHy4
deficiency is intended to strictly limit serum phenylalanine
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levels, though a phenylalanine-restricted diet, in combi-
nation with BH, therapy, may be necessary if BH, alone
is unable to maintain levels within the normal range. The
mental development of patients with BH, deficiency
depends not only on the control of serum phenylalanine
levels, but also on the treatment of neurotransmitter defi-
ciencies, and combination therapy with a phenylalanine-
restricted diet/BHy, as well as supplementation with the
neurotransmitter precursors, L-dopa and S5-HTP, is
required. Because BH,4 does not pass the blood—brain
barrier, L-dopa and 5-HTP are essential for the treatment
of the central nervous system, and were used together
with BHy in all patients. Therefore, although one patient
started BH, administration after 3 years old, she devel-
oped normally because 1-dopa and 5-HTP therapy with
a phenylalanine-restricted diet had started already dur-
ing infancy. The doses of both L-dopa and 5-HTP tended
to increase with age, which was considered to be associ-
ated with weight gain. S-HTP has not been approved as a
drug in Japan, and although the 5-HTP sold as a supple-
ment was used once, patients now buy 5-HTP as a
supplement from overseas via the internet, because this
represents a much cheaper option.

Nervous system side effects were reported in two
patients (seizure and increased muscle tone, respec-
tively), with an incidence of 10.5% (2/19). These symp-
toms were deemed to have occurred as a result of
insufficient 1-dopa, and were thought to be unlikely to
be associated with BH4. No other particular side effects
were noted and no patients discontinued treatment
because of side effects, suggesting that this drug showed
a high degree of safety.

Women with PKU can have healthy children, as long
as they maintain strict adherence to a low-phenylalanine
diet throughout their pregnancy. One patient treated
with sapropterin dihydrochloride for 28 years continued
to take BH, during pregnancy to achieve adequate con-
trol of her serum phenylalanine. Apart from discontinu-
ing BH, for a few days because of morning sickness, she
recovered and resumed BH, therapy. She delivered a
baby in October 2008, representing the first successful
pregnancy of a patient while taking BH, in Japan. Both
mother and baby were healthy, and the baby was con-
firmed as normal. The same patient is pregnant again,
and continues to take BH,4 without morning sickness.

Sapropterin was originally found in Japan, and was
approved for BHy-responsive HPA in the US in 2007,
and after a year EU approved for both BHy-deficiency
and BH-responsive HPA in 2008 (bland name in US
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and EU is Kuvan®). Then, more than 1000 patients of
PKU were continuously administered sapropterin in
each US and EU, and currently about 40 patients were
taking in Japan as well. However, clinical trials were
performed in patients older than 4 years in US and
EU. The treatment of BH, deficiency requires lifelong
administration of sapropterin, therefore it necessitates
a high degree of safety. This was confirmed by the
results of this survey.

5. Conclusions

BH, therapy is effective in controlling serum phenyl-
alanine levels within the normal range in patients with
BH, deficiency, with excellent long-term safety and no
unwarranted side effects. Nineteen patients in Japan
with BH, deficiency treated with BH,4 from before the
age of 4 years have been followed for up to 28 years,
representing a unique long-term follow-up of individuals
with BH, deficiency. BH, deficiency requires lifelong
drug therapy, and a high degree of drug safety is there-
fore required. The results of our survey suggest that BH,
therapy is associated with a high level of safety in the
setting of early treatment.
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Neural tube defects (NTDs), including spina bifida and anencephaly, are common birth defects of the central
nervous system. The complex multigenic causation of human NTDs, together with the large number of pos-
sible candidate genes, has hampered efforis to delineate their molecular basis. Function of folate one-
carbon metabolism (FOCM) has been implicaied as a key determinant of susceptibility io NTDs. The glycine
cleavage system (GCS) is a multi-enzyme component of mitochondrial folate metabolism, and GCS-encoding
genes therefore represent candidates for involvement in NTDs. To investigate this possibility, we sequenced
the coding regions of the GCS genes: AMT, GCSH and GLDC in NTD patients and controls. Two unique non-
synonymous changes were identified in the AMT gene that were absent from controls. We also identified a
splice acceptor site mutation and five different non-synonymous variants in GLDC, which were found to sig-
nificantly impair enzymatic activity and represent putative causative mutations. In order to functionally test the
requirement for GCS activity in neural tube closure, we generated mice that lack GCS activity, through muta-
tion of AMT. Homozygous Ami~’~ mice developed NTDs at high frequency. Although these NTDs were not pre-
ventable by supplemental folic acid, there was a partial rescue by methionine. Overall, our findings suggest
that loss-of-function mutations in GCS genes predispose to NTDs in mice and humans. These data highlight
the importance of adequate function of mitochondrial folate metabolism in neural tube closure.

INTRODUCTION closure of the neural folds during embryonic development

(1). Although NTDs are among the commonest birth defects
Neural tube defects (NTDs), such as spina bifida and anen- in humans, the causes are still not well understood. This is
cephaly, are severe birth defects that result from failure of most likely due to their complex, multifactorial causation
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which is thought to involve contributions from both genetic
and environmental factors (2—4). The potential complexity
of NTD genetics is illustrated by the fact that more than 200
different genes give rise to NTDs when mutated in mice
(5,6). Moreover, inheritance patterns in humans suggest a mul-
tigenic model in which an affected individual may carry two
or more risk alleles, which by themselves may be insufficient
to cause NTDs (2).

Folate one-carbon metabolism (FOCM) is strongly impli-
cated as a determinant of susceptibility to NTDs since sub-
optimal maternal folate status and/or elevated homocysteine
are established risk factors, whereas periconceptional maternal
folic acid supplementation can reduce the occurrence and re-
currence of NTDs (7,8). Nevertheless, the precise mechanism
by which folate status influences NTD risk remains elusive
(7,9). FOCM comprises a network of enzymatic reactions
required for synthesis of purines and thymidylate for DNA
synthesis, and methionine, which is required for methylation
of biomolecules (Fig. 1A) (9). In addition to the cytosol,
FOCM also operates in mitochondria, supplying extra one-
carbon units to the cytosolic FOCM as formate (Fig. 1A) (10).

Genes that are functionally related to folate metabolism
have been subjected to intensive genetic analysis in relation
to NTD causation, principally through association studies
(reviewed in 3,4,11). In the most extensively studied gene,
MTHFR, the ¢.677C>T SNP is associated with NTDs in
some, but not all, populations. However, other FOCM-related
genes have largely shown non-significant or only mild associa-
tions. Given the apparently complex inheritance of the major-
ity of human NTDs, many association studies have been
hampered by limitations on sample size. Moreover, although
positive associations have been noted for other genes includ-
ing DHFR, MTHFDI, MTRR and TYMS (12,13), these have
not been replicated in all populations, and additional studies
are required. The hypothesis that genetically determined ab-
normalities of folate metabolism may contribute to NTD sus-
ceptibility is supported by the observation of defects of
thymidylate biosynthesis in a proportion of primary cell
lines derived from NTDs (14). However, these defects do
not correspond with known polymorphisms in FOCM-related
genes. Overall, it appears likely that genetic influences on
folate metabolism remain to be identified in many NTDs.

A potential link between mitochondrial FOCM and NTDs
was suggested by the finding of an association of increased
NTD risk with an intronic polymorphism in MTHFDIL (15).
Another component of mitochondrial FOCM, the glycine
cleavage system (GCS), acts to break down glycine to
donate one-carbon units to tetrahydrofolate (THF), generating
5,10-methylenetetrahydrofolate (methylene-THF; Fig. 1B)
(16,17). The GCS consists of four enzyme components, each
of which is required for the glycine cleavage reaction
(18,19). The components—glycine dehydrogenase (decarb-
oxylating) (GLDC; P-protein), aminomethlyltransferase
(AMT; T-protein), glycine cleavage system protein H
(GCSH; H-protein) and dihydrolipoamide dehydrogenase
(DLD; L-protein)—are encoded by distinct genes: GLDC,
AMT, GCSH and DLD, respectively. The functions of
GLDC, AMT and GCSH are specific to the GCS, whereas
DLD encodes a housekeeping enzyme. GCS components
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Figure 1. Schematic diagrams summarizing the key reactions of folate-
mediated one-carbon metabolism and the GCS. (A) Folates donate and
accept one-carbon units in the synthesis of purines, thymidylate and methio-
nine. Mitochondrial FOCM supplies one-carbon units to the cytoplasm via
formate. The GCS is a key component of mitochondrial FOCM that breaks
down glycine and generates 5,10-methylene-THF from THF. Genes encoding
enzymes for each reaction are indicated in italics. DHF, dihydrofolate; THF,
tetrahydrofolate. (B) Summary of the GCS. The glycine cleavage reaction is
catalysed by the sequential action of four individual enzymes: GLDC,
GCSH, AMT and DLD. The first three of these (shaded grey) are specific to
the GCS. Glycine is broken down into CO, and NHj, and donates a one-
carbon unit (indicated in bold) to THF, generating 5,10-methylene-THF.
The other carbon in glycine (indicated in italics) enters CO;.

have been found to be abundantly expressed in the neuroepi-
thelium during embryogenesis in the rat (20).

We hypothesized that modulation of GCS activity has the
potential to influence efficacy of cellular FOCM during the
period of neural tube closure and, hence, susceptibility to
NTDs. Therefore, in the current study, we screened genes en-
coding GCS components for possible mutations in NTD
patients and controls. We tested variant proteins for loss of
function by enzymatic assay and mice lacking GCS function
were generated, to test the effect on embryonic development.

RESULTS

The hypothesis that genes of the GCS represent candidates for
involvement in NTDs prompted us to screen for potential
mutations in patient samples. Coding exons of AMT (9
exons), GCSH (5 exons) and GLDC (25 exons) were
sequenced in a total of 258 NTD patients comprising cohorts
from Japan, the UK and Sweden. Each of the major categories
of NTDs was represented among study samples, including an-
encephaly (n=38), spina bifida (n=198) and craniora-
chischisis (n = 22).
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Table 1. Nucleotide changes in NTD patients and controls identified by exon sequencing of AMT, GLDC and GCSH

Location Nucleotide Effect Number of mutation carriers in  Number of mutation carriers Number of mutation carriers ~ Variant
change UK cohorts in the Japanese cohort in the Swedish cohort GLDC
NTD group Control NTD group Control NTD group Control enzyme
(type®) group (type®) group (type®) group activity®
(n=166)° (n=189)° (n=14)° (n=36)° (n="176)° (n=145)°
AMT
Exon 2 c.103A>C p-R35R 0 1 0 0 0 —
c.214A>G p.T72A 0 0 0 1 0 —
Exon 6 c.623C>A p.A208D 0 2 0 0 0 —
0 0 1
Exon 7
GLDC
Exon 1 ¢.52G>T p.G18C 2 (SBO/SBA) 2 0 0 2 (SBA) 2 84%
Exon 5 c.668C>G p-P223R 0 0 0 1 0 e 92%
Exon 12 c.1508A>C p-E503A 1 (SBA) 0 0 0 0 —
Exon 14
Exon 17 ¢.1953T>C p-H651H 0 1 0 0 0 — —
Exon 19 €.2203G>T V73510 2 0 0 0 81%
Intron 19 ) B
Exon 20 c.2380G>A p-AT94T 2 (SBASBA) 0 0 0 2 (SBA) 2 88%
¢.2406G>A D.ASO2A. .1 (An) 0 0 0 Q 0 —
Exon 21 &
¢.2487C>T p.A829 0 1 0 0 0 — —
c.2565A>C p-A855A 1 (An) 0 0 0 0 — —
Exon 23 c.2746C>T p.L916L 1 (Cm) 0 0 0 0 — —
Exon 25 c.2964G>A p-R988R O 0 0 0 1 (SBA) 0 —
c.2965A>G pI98%V 0 1 0 0 0 0 130%
GCSH
Exon 1 ¢.53C>T p.A18V 1 (An) 1 0 0 — —

All nucleotide changes were found in heterozygous form. One individual carried ¢.52G>T and ¢.1705G> A in GLDC, whereas no other individuals carried more
than one of the nucleotide changes listed here. Eight silent polymorphisms and four missense variants present in dbSNP (http://www.ncbi.nlm.nih.gov/projects/
SNP/) are not listed in this table and include: AMT: ¢.954G>A (p.R318R, rs11715915); GLDC: ¢.249G>A (p.G83G, rs12341698), c.438G>A (p.T146T,

rs13289273), ¢.501G> A (p.E167E, 1s13289273), ¢.660C>T (p.L220L, rs2228095), ¢.666T>C (p.D222D, r$12004164), ¢.671G> A (p.R224H, 1s28617412) and
¢.1384C>G (p.L462V, 15734003 12); and for GCSH: ¢.62T>C (p.S21L, 1s8052579), ¢.90C>G (p.P30P, rs8177847), ¢.159C>T (p.F53F, rs177876), c.218A>G
(N738S, rs8177876), ¢.252T>C (Y84Y, rs8177907) and ¢.261C>G (L87L, rs8177908). Grey shading indicates loss-of-function mutations, based on enzymatic

activity in the in vitro expression study or splicing defect.

“Residual enzymatic activity of GLDC mutant protein is expressed as %activity of the wild-type enzyme (Fig. 2).
“SBA, spina bifida aperta; SBO, spina bifida occulta; An, anencephaly; Crn, craniorachischisis.

“Total number of UK, Japanese or Swedish NTD patients.

9This variant was previously established as likely to be a non-functional polymorphism by segregation in an NKH family (21).
°A biochemical test of folate metabolism, the dU suppression test, was previously performed on primary fibroblasts derived from this patient and showed a defect

of thymidylate biosynthesis to be present (14).

p.A569T has previously been reported as a pathogenic mutation in a patient with typical NKH (21).

In AMT, we identified two novel sequence variants pre-
dicted to result in non-synonymous missense changes,
¢.589G>C (D197H) and ¢.850G>C (V284L), in anencephaly
and spina bifida patients, respectively, from the UK cohort
(Table 1). Neither variant was present in 526 UK or 36 Japa-
nese control subjects or in the SNP databases dbSNP and 1000
Genomes. An additional missense variant, E211K, was also
identified in three spina bifida patients, two from the UK
and one from Sweden. Causative mutations in AMT have
been found previously in an autosomal recessive inborn
error of metabolism, non-ketotic hyperglycaemia (NKH)
(17). The E211K variant had previously been identified in

an NKH family but was established as likely to be a non-
functional polymorphism by segregation (21). Therefore, this
variant is considered unlikely to be causally related to NTDs.

Exon sequencing of GCSH revealed eight single-base sub-
stitutions, one of which (¢.53C>T, p.A18V) was a novel
change found in both an NTD and a single control
(Table 1). The others all corresponded to known SNPs,
which did not suggest a role for GCSH in NTDs.

Next we turned our attention to GLDC, in which we identi-
fied 27 single-base substitutions (Table 1), including 11 silent
nucleotide changes, 15 non-synonymous changes and a spli-
cing acceptor variant of intron 19 (c.2316-1G>A). The
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Figure 2. Characterization of GLDC missense mutations identified through
DNA sequence analysis. (A) The schematic represents the 1020 amino acid
residue GLDC polypeptide with the positions of the identified missense var-
iants indicated. Mutations conferring significantly reduced activity (B) are
indicated in bold. The leader peptide for mitochondrial import (shaded
black) and the lysine 754-binding site for the co-factor pyridoxal phosphate
(PLP) are indicated (49). (B) Enzymatic activity of GLDC missense variants.
Expression vectors with wild-type and mutant GLDC ¢cDNAs were transfected
into COS7 cells for the evaluation of GLDC activity, which is expressed as
relative activity (%) of cells expressing wild-type cDNA (shaded grey). The
L462V GLDC enzyme (shaded grey) was tested as an example of a normally
occurring variant (rs73400312). Varijant proteins whose activities were signifi-
cantly diminished compared with wild-type are indicated by black shading.
The 1989V variant, identified in a control parent, showed significantly elevated
activity. Values are given as mean + SD of triplicate experiments (*P < 0.05;
**P < 0.01, compared with wild-type).

latter is deduced to abolish normal splicing of the GLDC
mRNA, with predicted skipping of exon 19 resulting in loss
of the reading frame. Among the 15 missense variants identi-
fied in GLDC, 5 were unique to the NTD group, being absent
from all 562 control individuals as well as from the SNP data-
bases. A further three novel variants were found only in con-
trols, whereas the remainder were found in both NTDs and
controls, and included previously reported SNPs.

We investigated the possible functional effects of GLDC
missense variants by expressing wild-type and mutant cDNA
constructs in COS7 cells, followed by enzymatic assay of
GLDC activity involving a decarboxylation reaction usmg
[1-1C]glycine (22). Twelve GLDC variants were tested, in-
cluding those that were unique to NTD patients and, therefore,
hypothesized to be potentially pathogenic (Fig. 2). The L462V
variant, which corresponds to a known SNP (rs73400312), was
included as an example of a known normally occurring form.
Five of the missense changes, G507R, P509A, V524L, A569T
and G825D, resulted in a significant reduction in GLDC activ-
ity compared with the wild-type protein (P < 0.001). Notably,
all five of these deleterious variants were present solely in
NTD cases, whereas none of the variants that were unique
to controls (P223R, V735L and I1989V) showed loss of
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Figure 3. Generation of Amt knockout mouse by gene trapping. (A) The loca-
tion of the gene-trap vector in Amt intron 2 in the ES cell line OST181110 was
determined by inverse PCR. Mice carrying this mutation were generated using
standard methods of blastocyst microinjection with OST181110 ES cells to
generate chimeras, and germ-line transmission. LTR, long terminal repeats;
SA, splicing acceptor site; Neo, neomycin phosphotransferase gene; pA, poly-
adenylation sequence. (B) For genotyping, mouse genomic DNA was sub-
jected to allele-specific amplification with F, Rl and R2 primers
(Supplementary Material, Table S1). A genomic fragment of 320 bp was amp-
lified from the wild-type allele, whereas a 233 bp fragment was amplified from
the Amt-mutant allele. (C) RT-PCR analysis of Amt mRNA expressed in the
brain and liver of Ams-mutant mice. Primers in exon 1-2 generated a
121 bp band irrespective of mouse genotypes. RT-PCR in which either one
(f2-12) or both (f3-r3) primers were located in exons 3’ to the insertion site pro—
duced 220 and 355 bp cDNA fragments, respectively, in Amt™* and Amf*’
mice, but not in Am¢~~ . The Amt mRNA in mice carrying the trap vector was,
therefore, aberrantly sphced at the end of exon 2, resulting in truncation of 4m¢
mRNA in 4mt™™ mice.

enzymatic function. In the case of GI8C and A794T, which
occurred in both NTDs and controls, there was no significant
loss of enzymatic activity, suggesting that these are unlikely
to be causative mutations.

Having identified putative mutations in AMT and GLDC in
NTD patients, we hypothesized that loss of GCS function
could predispose to development of NTDs. In order to directly
test the functional requirement for GCS activity in neural tube
closure, we generated mice that lacked GCS activity, using a
gene trap (OmniBank, OST181110) of the Amt¢ gene. The
vector was located in intron 2, resulting in a truncated tran-
script that lacked exons 3—9 (Fig 3). The efficacy of the gene-
trap vector in trapping expression of Amt (Amt™) was con-
firmed by RT-PCR analysis (Fig. 3). Heterozygous Amt™~
mice were viable and fertile and exhibited no obvious malfor-
mations. Homozygous A4m¢ ™'~ mice were not observed among
post-natal litters from heterozygote intercrosses, and so fetuses
were examined at embryonic day (E) 17.5. Strikingly, 87% of
Amt™" fetuses (34 out of 39) exhibited NTDs, whereas no
malformations were observed in Amt™™" (n = 33) or Amt™~
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Figure 4. Mice lacking GCS activity exhibit NTDs. (A) Phenotypes of Amt
mutant mice. NTDs were evident in the majority (88%) of Amr™’™ fetuses
(exam/ples shown are at E17.5). Various types of NTDs were observed in
Amt™"" fetuses, which principally affected the cranial region; a, no NTDs;
b, small exencephaly (dotted circle); c—e, large exencephaly; f, craniora-
chischisis. (B) Enzymatic activity of the GCS in 4m¢ knockout mice.
Amt™™ and Ami™ fetuses had significantly lower GCS activity in the
liver than Am¢™™ fetuses, with activity in Am¢™~ samples below the level
of detection (**P < 0.01 compared with Amr™™).

(n=66) fetuses. Defects mainly comprised exencephaly
(82%), in which the cranial neural folds persistently failed to
close (Fig. 4). There was also a low frequency of the more
severe condition, craniorachischisis (5%), in which the
neural tube remains open from the mid- and hindbrain, and
throughout the spinal region (Fig. 4). Fetal liver samples
were subjected to enzyme assay to determine overall activity
of the GCS. In Amt™’~ mice, overall GCS activity was effect-
ively ablated being below the detection level of the assay
(0.01 nmoles of '*CO, formed/gram protein/h), consistent
with the Amt™ allele being a functional null (22) (Fig. 4).
These findings confirm that AMT function is essential for
GCS activity, and that the latter is necessary for successful
neural tube closure.

Given that GCS is a component of FOCM (Fig. 1), we eval-
vated the possible prevention of NTDs by folate-related meta-
bolites. Maternal supplementation was performed with folic
acid, thymidine monophosphate (TMP), methionine or me-
thionine plus TMP (23). Neither folic acid nor TMP signifi-
cantly affected the frequency of NTDs among the
homozygous Amt™’~ offspring. However, we observed a sig-
nificant protective effect of maternal supplementation with
methionine or methionine plus TMP, compared with the non-
treated group (P < 0.05; Fig. 5).

DISCUSSION

NTDs remain among the commonest human birth defects and
understanding their genetic basis presents a considerable

(N0 NTDs
Small Exencephaly

arge exencephaly
- Cranorachischisis

50% - 100%

Folic acid
TrAP
Methioning ‘

Methionine ™
+ TMP

Figure 5. Maternal supplementation of Amt mutant embryos with folic acid,
TMP or methionine. Maternal treatment with folic acid (n = 10 homozygous
mutant fetuses) or TMP (n = 12) had no significant effect on NTD frequency,
whereas the frequency of unaffected embryos was significantly increased
following treatment with methionine (n=12) or methionine plus TMP
group (n = 12). The asterisk indicates significant difference compared with
non-treated group (P < 0.05).

challenge owing to their multigenic inheritance and the poten-
tial influence of environmental factors, either predisposing or
ameliorating. Several lines of evidence indicate a requirement
for FOCM in neural tube closure and, therefore,
GCS-encoding genes provide excellent candidates for possible
involvement in NTD susceptibility. We identified putative
mutations in AMT and GLDC which include a splice acceptor
mutation and a number of non-synonymous variants that were
absent from a large group of population-matched controls, as
well as from public SNP databases. In the case of GLDC, en-
zymatic assay confirmed that several mutations resulted in sig-
nificant loss of enzyme activity. Finally, in vivo functional
evidence of a requirement for GCS function in neural tube
closure was provided by the occurrence of NTDs in Amt™~
mice lacking GCS activity. Together these findings indicate
that mutations in GLDC and AMT predispose to NTDs in
both mice and humans.

Where parental samples were available (6 of the 11 NTD
cases that involved putative mutations in GLDC), we demon-
strated parent-to-child transmission (Supplementary Material,
Table S2). Six were instances of maternal transmission and
one involved paternal transmission. We hypothesize that
absence of an overt NTD phenotype in parents who carry a de-
ficient GLDC allele may result from incomplete penetrance, or
lack of additional genetic or environmental factors which are
predicted to be necessary for NTDs owing to their multifactor-
ia] aetiology. We also note that partial penetrance is a feature
of numerous mouse models of NTDs (5,8).

Inherited GCS deficiency, owing to mutation of AMT and/or
GLDC, has been shown to cause NKH in humans (17). NKH is
a rare, autosomal recessive, inborn error of metabolism, char-
acterized by accumulation of glycine and encephalopathy-like
neurological signs, including coma and convulsive seizures in
neonates. GCS activity is greatly diminished in NKH patients
and they would, therefore, be predicted to be at increased risk
of NTDs. It is possible that NTDs may occur in combination
with NKH but as anencephaly is a lethal condition, co-existing
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NKH would go undetected. Lack of NTDs in NKH patients
may also reflect the multigenic nature of NTDs, which
require the presence of additional risk alleles in non-GCS
genes. NKH is a relatively rare condition, with a prevalence
of 1/63 000 births in British Columbia (24) and 1/250 000 in
the USA (25). It is therefore possible that an increased risk
of NTDs among carriers of GCS mutations in NKH families
may not have been noted and this possibility is worthy of
investigation. Based on estimated carrier frequency and the
incidence of mutations among NTD patients, we predict that
NTDs might be expected among 1/150 of the siblings of
NKH patients (see Supplementary Material, Table S3 for esti-
mate calculation). One case report of an NKH patient with a
GLDC mutation describes the additional presence of spinal
cord hydromyelia (19). This condition is often associated
with low spinal defects (involving secondary neurulation),
but it is also possible that the expanded spinal canal was
also present at a higher level and might indicate a limited
defect in primary neurulation.

The mutations described in the current study were all
present in heterozygous form and, therefore, are hypothesized
to be insufficient to cause NKH while predisposing to NTDs.
For example, in the current study we found four NTD patients
and one control individual to be heterozygous for the AS69T
mutation, which is shown to result in reduced enzyme activity.
This mutation was previously identified in a Caucasian patient
with typical NKH, in combination with a second mutation,
P765S (26), confirming that it is deleterious in vivo. Hence,
we predict that, depending on the co-existing genetic milieu,
the AS69T variant may cause NKH, predispose to NTDs or
be compatible with normal development.

The high incidence of NTDs in AMT mutant mice is particu-
larly notable as NTDs have not previously been found to be a
common feature of mouse models deficient for folate-
metabolizing enzymes. This includes null mutants that have
been reported for eight other genes that encode enzymes in
FOCM (Fig. 1A) (27). Four have normal morphology at
birth (Cbs, Mthfdl, Mthfi and Shmtl) (28-31), Mthfd2 null
embryos die by E15.5 but neural tube closure is complete
(32) and null mutants for Mtr, Mtrr and Mthfs die before
E9.5, prior to neural tube closure (33—35). Although analysis
of mouse mutants has not supported a role for single-gene
mutations in FOCM as major causes of NTDs, a requirement
for cellular uptake of folate for neural tube closure has been
demonstrated in Folrl null embryos, in which NTDs occur
when rescued from early lethality by folic acid supplementa-
tion (36). There is also considerable evidence for possible in-
volvement of gene—environment and/or gene—gene
interactions in NTDs. For example, in Pax3 mutant (splotch)
embryos, which exhibit a defect of thymidylate biosynthesis,
dietary folate-deficiency increases the frequency of cranial
NTDs (23,37). Similarly, a diet deficient in folate and
choline causes NTDs in Shmfl mutant embryos, whereas
Shmtl and Pax3 mutations exhibit genetic interaction (38).

Regarding the mechanisms by which GCS mutations affect
neural tube closure, a key question is whether NTDs are
caused by impairment of FOCM or by another cause such as
glycine accumulation. Modelling of hepatic FOCM, based
on biochemical properties of folate-metabolizing enzymes
(39), predicts that loss of the mitochondrial GCS reaction
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would reduce the efflux rate of formate to the cytosol by
~50%. This results in reduced synthesis of purines and thymi-
dylate, which are essential for the rapid cell division in the
closing neural folds. Interestingly, a UK patient with anen-
cephaly who was found to carry the GLDC loss-of-function
mutation PS09A in the current study (Table 1) was previously
found to have impaired thymidylate biosynthesis, assayed in
cultured fibroblasts (14). These findings support the hypothet-
ical link between diminished GLDC function, reduced thymi-
dylate biosynthesis and development of NTDs. Reduced
thymidylate biosynthesis and diminished cellular proliferation
are proposed to underlie folate-related cranial NTDs in splotch
(Pax3) mouse mutants (37,38).

As well as impairment of nucleotide biosynthesis, the pre-
dicted effect of diminished GCS activity in reducing produc-
tion of methionine (39) may also be of relevance as
methionine is the precursor for the methyl donor
S-adenosylmethionine. Indeed, metabolic tracing experiments
suggest that ~80% of 1C units in the methylation cycle are
generated within mitochondrial FOCM (40). Impairment of
the methylation cycle and/or DNA methylation is known to
cause NTDs in mice (41) and is proposed as a possible
cause of human NTDs (7,42). It was therefore notable that
we found a preventive effect of methionine supplementation
in Amt™'~ mice. Together, these findings suggest that
FOCM, required for both thymidylate biosynthesis and methy-
lation reactions that are essential for neural tube closure, may
be functionally deficient in individuals who have mutations in
GLDC or AMT.

MATERIALS AND METHODS

Patient cohorts and sequencing

Mutation analysis by DNA sequencing was performed on all
exons of AMT, GCSH and GLDC as described (26). Cases
comprised Japanese patients with anencephaly (n = 14) and
two separate cohorts of UK patients with a diagnosis of anen-
cephaly (combined » = 24), spina bifida (n = 122) or cranior-
achischisis (n = 22). In addition, the exons of AMT, GCSH
and GLDC were sequenced in 76 Swedish patients with
spina bifida. Unaffected controls, completely sequenced for
these genes, comprised 36 Japanese and 189 unrelated UK
subjects. Exons found to contain missense mutations were
also sequenced in a further cohort of 192 well-characterized
UK controls (43) and in 145 Swedish controls. This study
was approved by the Ethical Committees of Tohoku Univer-
sity School of Medicine, UCL Institute of Child Health, New-
castle University and the Karolinska Institute.

Enzymatic assay of GCS activity and GLDC activity

GCS activity was measured in mouse liver samples by a
decarboxylation reaction using [1-'*Clglycine as described
(22). For analysis of GLDC activity, wild-type and mutant
GLDC cDNAs were cloned into pCAG expression vector,
kindly provided by Professor Jun-ichi Miyazaki (Osaka Uni-
versity, Japan) (44). Constructs were transfected into COS7
cells, which were harvested as described previously and cell
pellets stored at —80°C prior to analysis (45). GLDC
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enzymatic activity was determined, in triplicate, by exchange
reaction between carbon dioxide and glycine using NaH"*CO,
in the presence of excess recombinant bovine GCSH protein as
described (22). An expression system of lipoylated bovine
GCSH protein in Escherichia coli was kindly provided by
Dr Kazuko Fujiwara (Tokushima University, Japan) (46). Stat-
istical analysis was performed using SPSS software version
11.0 (SPSS, Inc., Chicago, IL, USA).

Kunockout of Amt by insertion of a gene-trap vector

Mice carrying a gene-trap allele of Amt (here denoted Amz™)
were generated at Lexicon Genetics, Inc. (Houston, TX,
USA) using the OST181110 ES cell line. The genomic inser-
tion site of the gene-trap vector was determined by inverse
PCR and localized to intron 2 (Supplementary Material,
Fig. S1). Total RNA was prepared from the mouse liver and
brain at E18 for RT-PCR analysis (Supplementary Material,
Fig. S1 and Table S1). Amr™~ mice were backcrossed with
wild-type C57BL/6 mice for nine generations to generate a
congenic line of mice on the C57BL/6 background, for use
in biochemical and histological analyses. This study was
approved by the Animal Experiment Committee of Tohoku
University.

Maternal supplementation with folic acid and related
metabolites

Dams were treated with folic acid (25 mg/kg), thymidine-
1-phosphate (TMP; 30 mg/kg) or L-methionine (70 mg/kg)
by intra-peritoneal injection, 2 h prior to mating and daily
from E7.5-10.5. Doses were based on previous studies
(23,47,48).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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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
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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 II 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 II citrullinemia; FRET, fluorescence resonance
energy transfer; HRM, high resolution melting; NICCD, neonatal intrahepatic cholestasis
caused by citrin deficiency; Tm, melting temperature.
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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 [1] :851del4 exon 9 ¢.851_854delGTAT p-R284fs(286X) 33.2% [1]
B Mutation [1I] :gIVS114+1G>A intron 11 ¢.1019_1177del p.340_392del 37.6% {1}
C Mutation [II1] :11638ins23 exon 16 ¢.1638_1660dup p.A554fs(570X) 3.4% 1}
D Mutation [IV] :$225X exon 7 c.675C>A p.S225X 5.3% 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 D.R605X 0.90% [10]
Mutation [VIII] :E601X exon 17 c1801G>T p.E601X 1.2% [11]
Mutation [IX] :E601K exon 17 c.1801G>A p-E601K 0.30% [11]
Mutation [XXI] :L598R exon 17 ¢1793T>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 [I1}, [IV] and [V] B) mutation [1] C) mutation [111]
(Primer/probe set B, D, and E) {Primer/probe set A) (Primer/probe set C)
wild-type allele wild-type allele wild-type allele
ety e sl et ]
mutant allele g mutant allele mutant allste ndem
4bp deletion 2ap
duplication
D) Mutation [VI1-[IX], and [XX1]  E)Mutation [XIX] anchor brobe
(Primer/probe set G) (Primer/probe set F) ¢ P
Mut19-N-F ~p —=Mut19-R & reporter probe
e s s
wild-type aliele . wild-type ailele AR
Muti1S-ins-F —> e MUt19-R
Bt e LY —
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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], [IT], [IIT], [IV], [V], and [XIX],
respectively. Primer/probe set G was designed to detect the five
mutations clustered on exon 17: mutations [VI], [VII], [VIII], [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-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 uM of forward primer, 0.5 or 0.1 pM of re-
verse primer, 0.2 uM of each sensor and anchor probe, and 10 pL of Pre-
mix ExTag™ (Perfect Real Time) reagent (TaKaRa Bio Inc., Otsuy, 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 GGCTATACTGAAATATGAGAAatgaaaaaagggatgtttttaaattttataatgtaaattgtaataaattggtatatttgttgettgtgtttgtttttccectacagac
gtatgaccttagcagacattgaacggattgcetectetggaagagggaactctgccCTTTAACTTGGCTGAGG (181 bp)
Mut1-F GGCTATACTGAAATATGAGAA 05
Mut1-R CCTCAGCCAAGTTAAAG 0.5
Mut1-UP ATGTAAATTGTAATAAATTGGTATATTTGTTGCTTGTGTT-FITC
Mut1-DW LC Red640-GTTTTTCCCCTACAGACGACC-P
B GAATGCAGAACCAACGAtcaactggctcttttgtgggagaactcatgtataaaaacagetttgactgttttaagaaagtgetacgetatgaaggcettett
tggactgtatagaggttagtgccacatgctcaatacctgttaggtgaaataacactcaaaggtttggtttctcatcttagtgcct GACATGAATTAGCAAGACTG (205 bp)
Mut2-F GAATGCAGAACCAACGA 0.5
Mut2-R CAGTCTTGCTAATTCATGTC 0.1
Mut2-UP ACCTAACAGGTATTGAGCATGTG-FITC
MUt2-DW LC Red640-CACTAACCTCTATACAGTCCA-P
C GCAGTTCAAAGCACAGTTATTtttatatagtgagaatgtgaccagactgagatggtgttgtgtetctectgeaggtatgectgeageatetttagtg
acccctgetgatgttatcaagacgagattacaggtg
getgeceggg(gagattacaggtggetgeeeggg)ctggecaaaccaCTTACAGCGGAGTGATAGAC (175 bp)
Mut3-F GCAGTTCAAAGCACAGTTATT 0.5
Mut3-R GTCTATCACTCCGCTGTAAG 05
Mut3-UP ACCCCTGCTGATGTTATCAAGACGAGATTACAGGT-FITC
Mut3-DW LC Red640-GCTGCCCGGGGAGATTA-P
D TCAATTTATTTGAGGCTGCtggaggtaccacatcccatcaagttagtttctectattttaatggatttaattegetecttaacaac
atggaactcattagaaagatctatagcactc
tggctggeaccaggaaagatgttgaagtGACTAAGGGTGAGTGAGAA (164 bp)
Mut4-F TCAATTTATTTGAGGCTGC 0.5
Mut4-R TTCTCACTCACCCTTAGTC 0.5
Mut4-UP AATGGATTTAATTCGCTCCTTAACA-FITC
Mut4-DW LC Red640-ATGGAACTCATTAGAAAGATCTATAGCACTC-P
E TGCACAAAGATGGTTCGgtcccacttgeageagaaattettgetggaggetgegtaagtaccttttgaagetetettcattgaaaagacttgtttcac
atatatatcactaccatggtcaacaggtgtggactaaggettctgttTAACCACAGATCCTGCA (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 GGAGCTGGTGGTATGGAAataatgtgttcttaactaactctttggtatcaggtaaatttttaaaatatctaattatatetgtgatttcte
catttttttaaagctcgtgtatttcgatcctcaccecagtttggt
gtaactttgctgacttacgaattgcetacagegatggttctacattgattttggaggagtgtaagtatcatgetaaatctgetgetaaatttt
GGCTGCTGCTAATGCTC (244 bp)
insertion allele  CCATCTTCCTCCTCCCTTggcagecccgecceecgatttctecatttitttaaagetegtgtatttcgatcctcaccecagttiggt
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
tgtatttcgatcctcaccecagtttggtgtaactttgetgactta(a)cgaattgetacagega
tggttctacattgattttggaggagtgtaagtatcatgetaaatctgetgetaaattttGGCTGCTGCTAATGCTC (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

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
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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.
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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 [lI], 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 [I], [11], [II], [IV], [V], [VI], [vI], [vII], [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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Two Novel Mutations in the Lactase Gene in a Japanese Infant
with Congenital Lactase Deficiency
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Intestinal lactase is required for the hydrolysis of lactose that is the most essential carbohydrate in milk and
the primary diet source of newborn. Congenital lactase deficiency [CLD (MIM 223000)] is a severe
gastrointestinal disorder and is characterized by watery diarrhea due to an extremely low or the lack of
lactase activity in the intestinal wall from birth. CLD is a rare disease and occurs more frequently in
Finland. Recent studies have shown that mutations in the coding region of the lactase (LCT) gene underlie
CLD in patients from Finland and other European countries. Here, we report two novel mutations in the
LCT gene in a Japanese female infant with clinical features consistent with those of CLD. She suffered
from severe watery diarrhea from the age of 2 days on breast milk/lactose containing cow’s milk formula.
With the lactose-free hydrolyzed cow’s milk formula, diarrhea was stopped, and she has now developed
well on a lactose-free diet. She shows a lactose-intolerance pattern on the lactose challenge test.
Sequence analysis revealed the two mutations in her LCT gene: ¢.4419C>G (p.Y1473X) in exon 10
transmitted from her mother and ¢.5387delA (p.D1796fs) in exon 16 transmitted from her father. Both
mutations cause premature truncation of lactase polypeptide and are supposed to be responsible for CLD.
To our knowledge, this is the first report on mutations in the LCT gene in Japan. We suggest that an
increased awareness is required regarding CLD.
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Intestinal lactase is required for the hydrolysis of lac-
tose, which is the most essential carbohydrate in milk and
the primary diet source of newborn. Congenital lactase
deficiency [CLD (MIM 223000)] is a severe gastrointestinal
disorder characterized by watery diarrhea due to an
extremely low or the lack of activity of lactase in the intes-
tinal wall from birth. Affected infants are suffered from
severe watery diarrhea shortly after the first feed with breast
milk or lactose-containing formulas (Savilahti et al. 1983).
Despite adequate feeding, they are dehydrated and have
poor weight gain, because they are unable to hydrolyze lac-
tose that accounts for 40% of energy ingested among
infants. This disease is a rare autosomal disorder and
occurs more frequently in Finland. Recently, mutations in
the coding region of the lactase (LCT) gene were revealed
to be the underlying cause of CLD and the molecular back-
ground is being identified. The LCT gene consists of 17
exons encoding 1927 amino acids comprising four homolo-
gous domains, I - IV. Domain IV harbors lactase activity.
One mutation, c4170T>A (p.Y1390X) in exon 9, is
enriched in Finnish population, and 84% of Finnish patients

were homozygous for this mutation. Y1390X is located in
domain IV, and results in a truncation of lactase
(Kuokkanen et al. 2006; Behrendt et al. 2009).

Here, we report a Japanese female infant with clinical
features consistent with those of CLD who has two novel
mutations in the LCT gene in a heterozygous form:
¢.4419C>G (p.Y1473X) in exon 10 and c¢.5387delA (p.
D1796fs) in exon 16. Both of the mutations are located in
the domain IV and supposed to be causative of CLD. To
our knowledge, this is the first report on mutations in the
LCT gene in Japan, and our findings suggest that an
increased awareness is required regarding CLD.

Clinical Report

The patient is the first child of healthy nonconsanguin-
eous Japanese parents. She was born at term after an
uneventful pregnancy with a birth weight of 3,124 g. When
the patient was fed breast milk and lactose-containing for-
mula, she developed watery diarrhea at the age of 2 days.
At the age of 4 days, she was admitted to the department of
pediatrics because of poor weight gain and dehydration.
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On admission, her weight was 2,722 g, and the serum levels
of blood urea nitrogen, creatinine, sodium, and potassium
were 29.4 mg/dL, 0.4 mg/dL, 157 mEg/L, and 5.4 mEq/L,
respectively. Dehydration resolved after intravenous infu-
sion was initiated, but severe watery diarrhea continued to
be observed. The result of a stool culture was negative; in
addition, rapid antigen tests for rotavirus and adenovirus
were negative. Watery diarrhea promptly disappeared when
the oral intake was discontinued at the age of 9 days and
did not recur when she was administered a diet with lac-
tose-free hydrolyzed cow’s milk formula at the age of 10
days. She showed a remarkable improvement in weight
gain, and the intravenous infusion was discontinued at the
age of 12 days. She was discharged from the hospital at the

age of 17 days, showed good body weight gain, and was
free from gastrointestinal symptoms. She was suspected to
have CLD or cow’s milk protein allergy, and was admitted
to our hospital for a lactose challenge test at the age of 4
months. The oral lactose challenge test with 2 g/kg of lac-
tose showed no increase in the blood glucose level within
120 min and was followed by watery diarrhea within a few
hours (Fig. 1). The serum level of total immunoglobulin E
(IgE) antibody was 3 IU/mL and that of serum-specific IgE
antibody to whole cow’s milk measured using a chemilumi-
nescent enzyme immunoassay was 0.07 lumicount; class 0
(MAST33; SRL, Tokyo, Japan). Lymphocyte stimulation
tests for a-lactalbumin, f-lactoglobulin, a-casein, S-casein,
and x-casein were negative (stimulation indices were 0.7,

Blood glucose level (mg/dl)

0 30

60 120 (min)

=@nglucose 1 g/kg =Bwlactose 2 gfkg

Fig. 1. Oral lactose challenge test at the age of 4 months.

After oral administration of 2 g/kg of lactose, no increase was observed in the blood glucose within 120 min and watery
diarrhea developed. In contrast, a marked increase was observed in the blood glucose level after drinking 1 g/kg of glu-

cose and no gastrointestinal symptoms were observed.
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Fig. 2. Sequence analysis of the LCT gene.
a. LCT Ex10 ¢.4419C>G (p.Y1473X). b. LCT Ex16 ¢.5387delA (p.D1796fsX)
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