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Fig. 1. Western blot analysis of cultured skin fibroblasts of mitochondrial trifunctional
protein. MTPa- and MTPR- were not detectable in the patient's fibroblasts.MTPc- and
MTPB-, o~ and {-subunits of MTP, respectively; VLCAD, very long-chain acyl-CoA
dehydrogenase.

3.3. Mutation analysis

Analysis of the genes encoding MTP component enzymes identi-
fied compound heterozygous mutations of c.520 C>T/c1331 G>A
(p-R141C/p.R411K) in the HADHB gene encoding long-chain 3-
ketoacyl-CoA thiolase (LCT), one of the enzymes constituting MTP.
No mutation was found in the HADHA gene.

4. Discussion

Fatty acid metabolism plays an important role in energy supply in
the body. Its pathways comprise intake of fatty acids from cell mem-
branes, the fatty acid B-oxidation cycle, an electron transport chain,
and production of ketone bodies. More than 20 enzymes and trans-
porters are known to be involved in the metabolism.

MTP resides in the mitochondrial inner membrane, and is a multien-
zyme complex involved in the metabolism of long-chain hydroxyacyl-
CoA. In MTP deficiency, B-oxidation of long-chain fatty acids is im-
paired; the deficiency is asymptomatic when the supply and demand
of energy is in balance; however, if the energy supply is inadequate
when the demand for energy is increased by infection, disease, exercise,
or elongated intervals between meals, the body cannot handle the ener-
gy shortage. Symptoms occur in organs requiring large amounts of en-
ergy produced by the metabolism of fatty acids, such as the brain,
cardiac muscle, liver, and skeletal muscle. The patient reported here
began to repeatedly complain of leg pain after exercise at around the
age of 3 years, and as she grew up, her muscle symptoms became
more prominent. These findings led us to conclude that her clinical
manifestations were of the muscular type of MTP deficiency. In addi-
tion, an ALTE occurred at the age of one month. It was assumed that
this episode might also have been related to MTP deficiency.

MTP deficiency is a very rare disorder, and has thus far been reported
in only about 50 patients (of whom 20 were classified as having the neu-
romyopathic phenotype) in Europe and North America, and in five pa-
tients (of whom only one had the neuromyopathic phenotype) in
Japan. In many patients with the muscular type, the time from onset to
definite diagnosis was long. Spiekerkoetter et al, investigated the clinical
manifestations of 11 patients with muscular-type MTP deficiency and
reported an average period from initial onset of the disorder to diagnosis
of 5 years and 10 months [7]. In the one patient with muscular-type
MTP deficiency reported in Japan, rhabdomyolysis began to repeatedly
occur at the age of 15 years, and a definite diagnosis was made at the
age of 23 years [8]. More recently, it has become possible to perform
less expensive, more convenient, and highly accurate blood acylcarni-
tine analysis using tandem mass spectrometry, which has resulted in di-
agnosis of a fatty acid metabolism disorder in an increasing number of

patients. MTP deficiency is characterized by increased 3-OH-
acylcarnitine (C16:0, C16:1, C18:0, C18:1) in serum (or plasma) or
blood spots, demonstrated by acylcarnitine analysis, whereas the
analysis does not detect any abnormality when no episodic symptoms
occur [9]. In our patient, we repeatedly performed blood acylcarnitine
analysis and found no consistent results. In the first analysis, the
profile from the blood spots indicated an MTP deficiency, while that
from the serum indicated a VLCAD deficiency. It was difficult to
distinguish between VLCAD and MTP deficiency on the basis of results
from the first analysis. In the following analysis, a slight increase in the
levels of long-chain 3-OH-acylcarnitines, a feature of MTP deficiency,
was noted on some occasions, but no abnormality was detected on
other occasions. Comprehensive evaluation of these acylcarnitine analy-
sis results and her clinical manifestations were highly suggestive of MTP
deficiency. Furthermore, diagnosis was confirmed by Western blot anal-
ysis and genetic analysis. When patients with recurrent myalgia and
rhabdomyolysis are examined on the assumption that fatty acid disor-
der including MTP deficiency may be diagnosed, it is important to re-
peatedly perform acylcarnitine analysis using samples obtained while
symptoms occur.

MTP is an octamer composed of four a-subunits that function as
long-chain hydroxyacyl-CoA dehydrogenases (LCHADs) and long-
chain enoyl-CoA hydratases (LCEHs), and four B-subunits that func-
tion as LCTs [10]. LCHAD and LCEH subunits are encoded by the
HADHA gene, and LCT subunits are encoded by the HADHB gene.
These two genes are adjacently located in the human chromosome
region 2g23 [11], and consist of 20 and 16 exons, respectively
[12,13]. The c1331G>A (p.R411K) mutation detected by the
HADHB gene analysis in our patient is the same as that found by
Orii et al. in two Japanese family lines with MTP deficiency, which
they reported was mild in both patients [14]. On the other hand, the
€520 C>T (p.R141C) mutation has never been reported, and is there-
fore novel. Because the latter mutation was not detected in 50 normal
controls and Arg141 is conserved in different species, we concluded
that the ¢.520 C>T (p.R141C) mutation was a causative mutation,

Some investigators have compared the neuromyopathic pheno-
type of MIP deficiency with the lethal phenotype and found that
the neuromyopathic phenotype is associated with better preserved
enzyme activities and is more closely related to protein expression
and clinical manifestations {15,16]. In our patient, the clinical mani-
festations fell into the category of the neuromyopathic phenotype,
but Western blot analysis detected neither o~ nor B-subunits of
MTP. It has been reported that MTP exerts enzymatic activities in a
stable manner only when the o~ and B-subunits making up the octa-
meric MTP are all normal, and that mutant proteins yield dominant
negative effects to inhibit the activities of normal proteins [17]. How-
ever, the reason for this apparent discrepancy between the pheno-
type and the enzyme activities remains unclear.

5. Conclusion

In patients with recurrent muscular symptoms such as myalgia
and rhabdomyolysis, a fatty acid metabolism disorder such as MTP
deficiency should be a suspected etiology, even when tests performed
during attack-free intervals frequently detect no abnormalities, For
the purpose of diagnosing MTP deficiency in these patients, it is im-
portant to suspect the disorder on the basis of their past histories
and to repeatedly perform acylcarnitine analysis when attacks
occur. The biochemical findings in VLCAD and MTP deficiency can
overlap, which occurred in our patient and suggest that suspected de-
ficiency of either should lead to Western blot and genetic analysis to
rule out both when appropriate. MTP deficiency is a rare disorder, and
its rareness may be explained by the presence of patients with recur-
rent muscular symptoms in whom the disorder has not yet been
diagnosed.
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Glutaric acidemia type 1 (GA1) is a metabolic disease caused by a deficiency of glutaryl-CoA dehydrogenase
(GCDH). Untreated patients mostly develop severe striatal degeneration. More than 200 mutations have been
reported in the GCDH gene, and common R402W and IVS10-2A>C were found in Caucasian and Chinese/
Taiwanese, respectively. However, in Japan, genetic mutations have only been reported in a few cases. Herein, we
report the clinical and molecular basis of GA1 in 19 Japanese patients, including six previously reported patients.
All cases showed high urinary glutaric acid excretion. Eleven patients were severely impaired (three patients
died), three had mild impairment, and five showed normal development. Four of 5 patients that developed
normally were detected in the presymptomatic stage by neonatal or sibling screening. Nineteen mutations in 26
alleles were identified, and eight of them (89 or 90delC, Y155C, IVS4+2T C, G244S, 352X, G354A, K361E, and
1144-1145delGC) were novel. S305L (12.1%, 4/34 alleles) was found in several cases, suggesting that this
mutation is a common mutation. In contrast, R402W was not identified and [VS10-2A>C was only found in one
allele, suggesting that Japanese patients with GA1 show allelic heterogeneity and have a different genetic
background to patients from other countries. One of a pair of sisters with the same mutations (M339V/S305L)
lacking residual activity was severely retarded, whereas the older girl remains asymptomatic at 22 years of age,
indicating that genotype does not necessarily predict GA1 phenotype. We consistently found that there was no
association between genotype and phenotype. However, children with mild impairment were diagnosed and
treated earlier than severely impaired cases {4.7 4 2.5 months (range: 2-8 months) vs. 11.64 12.7 months
(range: 4-51 months)}. Our results suggest that early detection and treatment but not genotype are associated
with better patient outcome, reinforcing the importance of neonatal screening.

© 2010 Elsevier Inc. All rights reserved.
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1. Introduction excretion form (GA> 100 mmol/mol creatine) and the low excretion form
(GA<100 mmol/mol creatine) [6].

Since GAT was first described in 1975 [3], more than 200 different
mutations have been reported [7-9], and its frequency was estimated to
be approximately 1 in 100,000 newbomns [2]. Although almost all
mutations are private, several common mutations have been identified,
including A421V in the Amish Community [10], IVS 145G T in Canadian
Oji-Cree Indians [11], and E365K in Irish travelers [8]. R402W is the most
frequent mutation in the European population [6,8], and IVS10-2AC is

Glutaric aciduria type 1 (GA1, OMIN 231670) is an autosomal recessive
metabolic disorder caused by deficiency of glutaryl-CoA dehydrogenase
(GCDH, EC1.3.99.7) [1,2]. GCDH s located in the mitochondrial matrix and
acts in the intermediate steps of lysine, hydroxylysine, and tryptophan
metabolisms [3]. The clinical manifestations of GA1 include extrapyrami-
dal symptoms, developmental regression, and macrocephaly, appearing
most often after acute encephalopathic crises, which are accompanied by

bilateral marked enlargement of the sylvian fissure and degeneration of
the striatum [1], and in addition, extrastriatal abnormalities [4] and
abnormal hemodynamic changes [5]. Its biochemical characteristics
include the accumulation of glutaric acid (GA), and 3-hydroxyglutaric
acid, which can be detected by gas chromatography (GC/MS), and
glutarylcarnitine, which can be identified by electrospray ionization/
tandem mass spectrometry (MS/MS) [1,2]. It has been reported that GA1
can be classified into two types based on the level of excreted GA: the high

* Corresponding author. Department of Pediatrics, Shimane University Faculty of
Medicine, 89-1 Enya, Izumo, Shimane 693-8501, Japan. Fax: + 81 85 320 2215.
E-mail address: mushiul@med.shimane-u.ac,jp (Y. Mushimoto).

1096-7192/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2010.11.159

relatively common in China [12] and Taiwan [13]. In Japan, the frequency
of GA1 has been estimated to be approximately 1 in 210, 000 newborns,
based on a newborn screening pilot study [14,15]. However, mutations
have only been characterized in a few cases [16] since the first description
of a Japanese case in 1987 [17]. Herein, we investigated the clinical and
molecular aspects of 19 Japanese patients with GA1.

2. Subjects and methods
2.1. Subjects

We studied 19 Japanese patients who were diagnosed with GA1
based on their urinary organic acid profiles and/or blood acylcarnitine
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analysis. The diagnoses were confirmed by analyzing the GCDH gene
and/or GCDH activity.

The mutations of 6 cases (cases 2-5, 12, and 19) were reported
previously (cases 4,12, and 19: [16], cases 2, 3, and 5: Japanese domestic
journal). In this study, we analyzed the mutations in 13 cases (cases 1,
6-11, and 13-18). Among the 13 patients, 4 cases (case 6, 7, 10,and 11)
were previously described in case reports [18,19]. No family demon-
strated consanguineous marriage.

2.2. DNA sequencing

Genomic DNA was isolated from skin fibroblasts using a Qiamp DNA
Microkit (QIAGEN GmbH, Hilden, Germany) and from peripheral blood
lymphocytes using the DNA Quick II kit (Dainippon Pharmaceuticals,
Osaka, Japan). Each exon of GCDH including the intron/exon boundaries
was PCR-amplified for 30 cycles using the conditions shown in
Supplemental Table 1. The PCR products were purified using a QIAquick
PCR Purification Kit (QIAGEN GmbH, Hilden, Germany) and sequenced
using the ABI PRISM 310 Genetic Analyzer (PE Applied Biosystems,
Foster City, CA, USA) or the CEQ 8000 Genetic Analysis System
(Beckman Coulter Inc., Fullerton, CA, USA). The structure of the
human GCDH gene was obtained from the GenBank database
(ENSG00000105607). Informed consent to perform DNA analysis was
obtained from the parents of the patients. Our study protocol was
approved by the Ethics Committee of the Shimane University Faculty of
Medicine.

3. Results
3.1. Clinical characteristics

The clinical features of 19 Japanese GA1 patients (10 boys and 9
girls) are summarized in Table 1. Cases 4 and 19 and cases 15 and 18
were siblings. Fifteen of the 19 cases were symptomatic patients.
Three (cases 1-3) of 19 cases were detected in a newborn screening
pilot study, and one (case 4) was an asymptomatic sibling case that
was detected at 2years of age. To evaluate their outcomes, we
classified them into three groups based on disability score [20] that
included motor disability, cognitive function, and speech: a) the
severe handicap group (disability score 7-9), b) the mild impairment
group (disability score 4-6), and c) the normal developmental group
(disability score 3) (Supplemental Table 2).

Eleven of the 19 cases were classified into severe handicap group
(three of them died), 3 cases belonged to mild impairment group, and 5
cases showed normal development (Fig. 1). The mean age at onset of the
symptomatic cases was 5.7 m (range: 4-8 m) in the severe handicap
group, 2.3 m (range: 2-3 m) in the mild impairment group, and 6 m in
case 4 of the normal development group who suffered from macro-
cephaly. The mean age at diagnosis was 11.6 m (range: 4-51 m) in the
severe handicap group, 4.7 m (range: 2-8 m) in the mild impairment
group, and 27 m (range: 24-30 m) in the normal development group,
except for the 3 cases diagnosed by newborn screening. Macrocephaly
was observed in 31.6% of patients (6/19). All 19 cases showed high urinary
glutaric acid excretion. Cranial CT and/or MRI demonstrated frontotem-
poral atrophy and striatum signal abnormalities in all cases involving mild
impairment or severe handicap. In contrast, three of five cases in the
normal development group demonstrated mild changes by
neuroimaging.

3.2. Clinical manifestations of patients

No cases had a past history except for cases 1,6, 7, and 9. None of the
cases showed abnormal development before the onset of GAl.
Immediately after the diagnosis of GA1, all cases were treated with
dietary restriction, L-carnitine administration, and prompt intravenous
fluid infusions for catabolic states such as recurrent vomiting and

diarrhea. In addition, a GABA analogue and vitamin B2 were given to the
14 and 8 cases, respectively.

3.2.1. Normal development group

Cases 1-3 were detected prior to displaying any specific symptoms
by a newborn screening program using MS/MS. Case 1 weighed 2952 g
when she was born at a gestational age of 39 weeks and 2 days. Abruptio
placentae occurred during her birth and she suffered from asphyxia
(Apgar score: 3/4). She recovered following hypothermia treatment for
hypoxic-ischemic encephalopathy. Cases 2 [21] and 3 [21] had no
remarkable delivery events. In these 3 cases, no signs of neurologic
complications were evident at 4 months, 5 years, and 7 years old,
respectively.

Case 4 was the nonsymptomatic older sister of case 19, who was
severely handicapped [16]. She was diagnosed with GA1 by a sibling
GC/MS screening in the presymptomatic stage at 2 years old.

Case 5 was hospitalized because of macrocephaly (47.6 cm, + 2.5 S.D.)
at 6 months. There was no sign of neurologic complications or
developmental delay, but cranial CT suggested a subarachnoid cyst and
a subdural hematoma. Thereafter, the subarachnoid cyst and subdural
hematoma became smaller. At 2.5 years, he was referred to the pediatric
department due to progressive macrocephaly (56.5 cm, 3.0 S.D.). Brain
CT demonstrated widening of the Sylvian fissures, which in fact had been
found by CT at 7 months.

3.2.2. Mild impairment group

Case 6 was treated for initial vomiting and idiopathic hyper-
bilirubinemia during the neonatal period [18]. Screening by brain
echography identified dilated ventricles.

Case 7 was delivered at 27 weeks of dizygotic twin gestation [18].
His birth weight was 998 g. Macrocephaly and convulsions were
noticed at 2 and 3 months, respectively. Following treatment, his
development caught up.

In case 8, progressive macrocephaly was noticed at 3 months old.
Her head circumference was + 5.0 S.D. at 7 months old. Her regression
and hypotonia, which were accompanied by seizures at 8 months old,
improved gradually after treatment.

3.2.3. Severe handicap group

Cases 10, 11, and 13 died. Case 10 displayed a lack of head control
at 4 months old [17,18] and irritability and sleeplessness at 5 months
old. She died suddenly at 5 years old after developing a common cold.
Cases 11 [19] and 13 presented encephalitis-like disease at 5 and
7 months, respectively. Case 11 died suddenly at the age of 3 years.
Case 13 died of airway obstruction due to choking after developing an
infection at 3 years old.

Similarly, no treatment was effective for the neurological symptoms of
the severely handicapped patients that survived, all of whom are
bedridden, require tube feeding, and smile spontaneously. Case 9 was
born at 35 weeks with an Apgar score of 6/9 by cesarean delivery for
premature membrane rupture and breech presentation. His birth weight
was 2235 g. He was diagnosed with GA1 at 4 months after an episode of
convulsions. He required mechanical ventilation and a tracheostomy for
respiratory distress at 10 months old. Case 12 suffered from encephalitis-
like symptoms including convulsions, unconsciousness, and rigidity
following fever and an upper respiratory tract infection at 5 months old
[16]. Case 14 was affected with Kawasaki disease at 5 months old.
Intravenous immunoglobulin resulted in rapid defervescence, but his
regression, involuntary movement, and irritability accompanied by fever
were irreversible. Case 16 was affected by viral encephalitis with
hyperpyrexia, consciousness disturbance, and hypertonia at 7 months
of age. Case 17 was found to have subependymal pseudocysts and
temporal lobe hypoplasia at 1 month. Transient regression was observed
at 7 months after gastroenteritis. Thereafter, progressive neurological
regression, hypotonia, and rigidity were observed following convulsions
associated with pneumonia at 8 months. Case 19 was the younger sister of
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Table 1
Clinical manifestations and genetic characteristics of Japanese patients with glutaric acidemia type 1.

- €01 —

Case Sex Ageat Ageat Precipitating factor  Clinical Macrocephaly Treatment Outcome Urine C5DC  Neuroimaging Exonor  Base change Effect GCDH
LD onset  diagnosis symptoms GA (<0.3) intron activity
affected
Normal development group
(Newborn screening cases)
1 F - 1m None Normal development L-carnitine Normal  High 1.08  Typical Exon9/ 1064G>A/ R355H/R383C ND
(4m) Exonl0 1147 CT
2 F - 1m None Normal development L-carnitine Normal  High 222 Mid Exon6/ 556 A>T/ S186C / S305L Deficiency
(5y4m) Exon8 914 &T
3 F - 1m None Normal development L-carnitine Normal  High 1.95 Mild Exon3/ 215G>T/ R72L /Y413D Deficiency
(7y6m) Exonl10 1237 T>G
(Sibling screening cases)
a4 F - 2y0m  None Normal development L-carnitine, GABA Normal  High ND Mild Exon8/ 914C>T/ S305L / M339V Deficiency
analogue (22y) Exon9 1015A> G
(other cases except for screening)
5 M 6 2y6m  None Normal development L-carnitine, vitamin B2 Normal  High 44 Typical Exon5 /7?7 416C>T/? S139L/7? Deficiency
(6y11m)
Mild impairment group
6 M 2m 2m None Enlargement of ventricles L-carnitine, vitamin B2, Mild High ND Typical Exon8/ 914C>T/ S305L / R383C Deficiency
GABA analogue (23y) Exon10 1147 CT
7 M 2m 4m None Seizure L-carnitine, GABA Mild High ND Typical Exon5/ 413G>A/ R138K / S139L Deficiency
analogue (25y) Exon5 416CGT
8 F 3m 8m None Seizure, regression L-carnitine, GABA Mild High 336  Typical Exon8/  914C>T/ S305L / K361E N.D
analogue, antiepileptic  (3y2m) Exon9 1081A> G
Severe handicap group
9 M 4m 4m None Seizure, regression L-carnitine, vitamin B2, Severe High ND Typical Intrond / IVS4+2T>C/ Truncated (Splicing) / N.D
antiepileptic (1y4m) Exon6 532G>A G178R
10 F 4m 7m None Regression, irritability, L-carnitine, vitamin B2, Severe High ND Typical Exon9/ 1054C>T/ Truncated(Q352stop) /  Deficiency
sleeplessness, dystonia GABA analogue (5y:died) Exon9 1054 T Truncated(Q352stop)
11 M 5m 6m None Seizure, regression, hypotonia, L-carnitine, GABA Severe High ND Typical Exon3/ 226CT/ Truncated (Q76stop) / Deficiency
dystonia analogue (3y:died) Exon7 730G>A G244S
12 M 5m 6 m Infection, fever Seizure, dystonic L-carnitine, vitamin B2, Severe High ND Typical Exon9/  1064G>A/ R355H / R355H N.D
GABA analogue (14y6m) Exon9 1064G >A
13 F 5m 7m Infection Seizure, regression, hypertonia L-carnitine, GABA Severe High ND Typical Exon9/ 1061G>C/ G354A / Truncated Deficiency
analogue (3y9m: Introni0 IVS10-2 A>C (splicing)
died)
14 M 5m 7m Kawasaki disease Regression, dystonia L-carnitine, GABA Severe High 176  Typical Exon5/ 416C>T/ S139L / R257W Deficiency
analogue, antiepileptic  (7y) Exon7 769C-T
b15 M 5m 4y3m  Fever of unknown Regression, dystonia L-carnitine, vitamin B2, Severe High 038  Typical Exonl/ 89 or 90delC/ Truncated (frame shift) / ND
origin GABA analogue (5y2m) Exon5 461A>G Y155C
6 M 7m 7m Infection, fever Unconscious, dystonia L-carnitine, GABA Severe High 057  Typical Exon10/ 1144-1145delGC/ Truncated (frame shift) / N.D
analogue (1ylm) Exonll  1298CT A433V
17 M 7m 12m Gastroenteritis Seizure, regression, dystonia, L-carnitine, GABA Severe High ND Typical Exon5/ 383G>A/ R128Q / R383C Deficiency
hypotonia analogue, antiepileptic  (2y5m) Exon10  1147CT
b18 F 8m 9m Palio vaccine, Regression, dystonia L-carnitine, vitamin B2, Severe High 041 Typical Exonl/ 89 or 90delC / Truncated (frame shift) / Deficiency
infection, fever GABA analogue (1y8m) Exon5 461A>G Y155C
at9 F 8m 12m Gastroenteritis Coma, dystonia L-carnitine, vitamin B2, Severe ~ High ND  Typical Exon8/ 914C>T/ S305L/ M339V Deficiency
GABA analogue (20y) Exon9 1015A>G

Abbreviations: a,b, siblings; M, male;

dehydrogenase.

Novel mutations are underlined. The mutations highlighted in bold were identified in this study; Deficiency: GCDH activity <5%.

N.D: not determined.

F, female; Age, y (vears); m (months); Treatment, except for dietary restriction ; GA, glutaric acid; C5DC, glutarylcarnitine in dried spots (nmol/ml) when the patient was diagnosed; GCDH, glutaryl-CoA
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Fig. 1. Age at onset and diagnosis in three groups with different outcomes. The mild impairment group was diagnosed earlier than the severe handicap group {4.7 m (2-8 m) vs.

11.6 m (4-51 m)}. Three cases (cases 10, 11, and 13) died.

case 4. At 8 months old, she suffered an encephalopathic crisis after
gastroenteritis, which lasted for several days [16]. Cases 15 and 18 were
siblings. Case 15, the older brother, was hospitalized for fever of unknown
origin at 5 months of age and treated with antibiotics for 10 days. In
addition to hypotonia, which appeared at the time of discharge, his
regression, rigidity, and involuntary movement worsened every month
that he suffered from fever. Although idiopathic encephalopathy was
initially suspected, a diagnosis of GA1 was made in a sibling screening
program by GC/MS, and treatment was initiated at 4 years and 3 months.
Case 18 suffered from fever after polio vaccination at 8 months.
Thereafter, she became unable to support her head and roll over. Her
neurological skills deteriorated every month that she suffered from fever.
The diagnosis of GA1 was made by GC/MS at 9 months of age.

3.3. Gene mutations in GCDH

Nineteen mutations were identified in 13 cases, and 8 of them
were novel. These included four missense mutations (Y155C, G244S,
G354A, and K361E), a nonsense change (Q352X), a splice site
alteration (IVS4+-2T>C), and frame shift mutations (89 or 90delC,
and 1144-1145delGC). These novel mutations were not detected in
100 chromosomes from unaffected Japanese individuals.

All mutations are summarized in Table 1 and Supplemental Fig. 1,
together with information on 6 cases whose genetic alterations were
reported previously ( [16] and Japanese domestic journal). Only two
unrelated patients out of 19 cases had homozygous mutations
(Q352X, R355H). In 34 independent alleles, the frequency of S305L
was 12.1% (4/34 alleles), S139L, R355H, and R383C had frequencies of
8.8% (3/34 alleles), respectively and Q352X were found in 2 alleles
(5.8%) each. Another 19 mutations were only found in a single allele.

4. Discussion

Since it has been remaining unknown whether there are common
mutations and a phenotype/genotype correlation in Japanese GA1l

cases, we investigated the relationship between clinical and muta-
tional spectrums of 19 Japanese patients with GAl. Japanese are
relatively homogenous ethnic population on islands isolated from
other countries. We found a few common mutations distinct from
other nations. We also found that mutations in Japanese cases are
different from what have been reported in the Caucasian cases,
indicating specific genetic information unique for Japanese cases are
crucial for their diagnosis in the future. The current study also
indicates that earlier detection of the disease followed by appropriate
medicare is crucial for the better outcome than the genotype,
reinforcing the importance of neonatal screening for GA1l. This is a
first report that studied the largest cohort of Japanese patients with
GA1l.

In this study, we identified 19 mutations in 24 independent alleles
including eight novel mutations. The amino acids affected by these new
mutations are highly conserved among different species (Pan troglodytes,
mice, Xenopus, and Bordetella parapepertusis) including humans,
suggesting that the region plays an important functional role in GCDH
activity. It is highly likely that Q352X, 89 or 90 delC, 1144-1145delGC, and
IVS4+4-2T C abolish GCDH activity, because these mutations result in
truncation of the peptide. G354S and Y155H, which affect the same
positions as G354A and Y155C, respectively, were reported to have no
enzymatic activity |6,7]. The homology of the peptide's structure indicates
that G244, G354, and K361 are conserved in the acyl-CoA dehydrogenase
group [22]. These findings suggested that all 8 novel mutations in this
study have little GCDH activity. In the 19 Japanese cases of GA1 including 6
previously reported patients, Q352X and R355H were homozygous
mutations and found in 2 alleles. The frequency of S305L was 12.1% (4/34
alleles), suggesting that this mutation is common in Japanese, in contrast
to the very few reports of this mutation from other countries. S139L,
R355H, and R383C were also found on 8.8% (3/34 alleles), respectively,
implicating that these mutations may be also common, respectively.
Additionally, mutations in exon 9 were found more frequently in Japanese
GA1 compared with the report by the HGMD (http://www.hgmd.cf.ac.uk/
ac/index.php). It is highly likely that understanding common mutations
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will facilitate rapid and accurate diagnosis of Japanese cases with GA1.
Furthermore, this information may be useful for other Asian countries as
well, since some of them are shared with patients from other Asian
countries. Newborn screening using MS/MS is becoming popular, and the
number of patients will become larger in Asian countries [23] as well as
the other countries [24-26]. R402W, the most common mutation in
Caucasians, in whom it shows an allele frequency of 12-25% [6,8], was not
found in our Japanese cases. [VS10-2A C, a common mutation in China
(30%, 3/10 alleles) [ 10] and Taiwan (66.7%, 4/6 alleles) [13], was also only
found in a single allele in our study. Collectively, these findings suggest
that Japanese GA1 patients show allelic heterogeneity and have different
genetic backgrounds to GA1 patients from other countries. However,
S139L, R355H and G178R, in addition to IVS10-2AC, may be common
mutations among oriental populations, since S139L have been discovered
in2 of4 alleles in Korean cases [27], and R355H and G178R were detected
in one allele in Chinese case, respectively [10].

All 19 cases demonstrated a high-excretor phenotype in urinary
organic acid analysis by GC/MS, suggesting that their mutations resulted
in lower enzyme activity (<5%) [6]. In fact, an enzyme assay confirmed
0-5% residual GCDH activity in 11 cases (Cases 2-7, 10-11, 13-14, and
19) [19,21,28,29]. Furthermore, an in vitro probe assay using cultured
fibroblasts and MS/MS demonstrated a deficiency of GCDH in 10 cases
(cases 4,6,7,10, 11, 13-14, and 17-19) [30]. Although all 19 cases were
assumed to have barely detectable enzyme activity, their clinical
outcomes were diverse, ranging from normal development, through
mild impairment, to severe handicap. This study suggests that the
phenotypes of Japanese GA1 patients are not associated with a specific
genotype. A previous study also showed that there is no clear correlation
between genotype, biochemical phenotype, and the clinical severity of
GA1 [6,24]. Frequency (31.6%: 6/19 cases) of macrocephaly of this study
is lower than other reports (65-75%) [2,31]. This may represent unique
phenotype in Japanese patients with GA1, which have genetic back-
grounds distinct from other nations. However, additional case studies are
warranted to validate whether this is indeed the cases.

All symptomatic cases except for case 5 had mild impairment or severe
handicap indicating that the neurological sequelae of symptomatic cases
are poor in Japanese GA1 patients, as reported in previous cases [2431-
33]. With respect to the grounds for the neurological manifestation, we
were not able to completely rule out hypoxic-ischemic encephalopathy,
hyperbilirubinemia, prematurity, very low birth weight, or encephalitis.
However, since there was no sign of neurologic complications or
developmental delay before the onset in any cases, we suspect that the
neurological symptoms are not a consequence of these conditions.
Importantly, the mild impairment group was diagnosed earlier than the
severe handicap group {47+25m (2-8m) vs. 11.6m=+127m (4~
51 m)}, suggesting that a better outcome was induced by early diagnosis.
The reason for the better outcome seen in the patients who were
diagnosed younger age was considered that early diagnosis led to an
earlier initiation of the treatment and/or intervention in a timely manner
for any medical conditions, which in turn prevented patients from
neurological impairment. The frequency of macrocephaly was higher in
the mild impairment group (3/3 cases) than in the severe impairment
group (2/11 cases), making it likely that macrocephaly led to an early
diagnosis of GA1. Furthermore, there was a notable difference in the
phenotypes of siblings with the same mutations: case 4 showed normal
development, whereas case 19 showed severe retardation (Supplemental
Fig. 2), indicating that genotype does not predict clinical outcome.
Taken together, these findings strongly suggest that early diagnosis
and treatment but not genotype are associated with a better patient
outcome.

Because the diagnosis was made by newborn screening only in 15.8%
(3/19 cases), there is no direct evidence that newborn screening has
neuroprotective effect for the patients with GA1 in this study. However,
our study indicates that genotype does not necessarily predict clinical
outcome and that early diagnosis and treatment are critical for a better
outcome. While indirect findings, these observations strongly suggest

that earliest diagnosis by the newborn screening will also be beneficial
for a better outcome. In this regard, it is very important to expand
newborn screening by MS/MS to improve the outcome of Japanese GA1
patients.

Supplementary materials related to this article can be found online
at doi:10.1016/j.ymgme.2010.11.159.
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Carnitine Palmitoyltransferase-2 (CPT2) Deficiency : Time-dependent Changes of Acylcarnitine Profiles
in Dried Blood Spots and Serum after Birth

Kazuo Kubota”, Toshiyuki Fukao", Tomohiro Hori", Hironori Kobayashi”,
Michinori Funato", Yuki Hasegawa®, Seiji Yamaguchi® and Naomi Kondo"
“Department of Pediatrics, Graduate School of Medicine, Gifu University
“Medical Information Science Division, United Graduate School of Drug Discovery and Medical Information,
Gifu University
*Department of Pediatrics, Shimane University School of Medicine

We analyzed time-dependent changes of acylcarnitine profiles in dried blood spots and serum samples af-
ter birth in a CPT2-deficient patient. The boy was born at 37 weeks gestation via Caesarean section. Since his
sister had CPT2 deficiency, he was carefully followed with intravenous glucose infusion from birth to day 6. Al-
though he had no clinical symptoms, he was also diagnosed as CPT deficiency based on the family history and
acylcarnitine analyses. In the acylcarnitine analyses using dried blood spots, peak levels of C16, C18, and
C18 : 1 acylcarnitines, which are the usual screening markers for CPT2 deficiency, were above their upper
cutoff values on day 3. However, their levels decreased and were under the cutoff values thereafter. The ratio
C16+C18 : 1/C2 was above the upper cutoff values until day 14, indicating that the ratio is a useful screening
marker for CPT2 deficiency. In contrast, for acylcarnitine analyses using serum, although the peak levels of
C16, C18, and C18 : 1 acylcarnitines were also detected on day 3. their levels declined gradually but still were
above their upper cutoff values until day 14. These facts indicate that acylcarnitine analyses using serum de-
tected this abnormality more effectively than using dried blood spots. Therefore, screening for fatty acid oxi-
dation using dried blood spots on day 5 may result in a {alse-negative result since the values of C16, C18, and
C18 : 1 acylcarnitines were under their cutoff values in our CPT2 deficient patient. Screening earlier than on
day 5 may be considered to detect CPT2-deficient patients like this case.
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