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Abstract

Creatine transporter deficiency (CTD) is an example of X-linked intellectual disability syndromes, caused by mutations in
SLC6A8 on Xq28. Although this is the second most frequent genetic cause of intellectual disabilities in Europe or America after
Fragile X syndrome, information on the morbidity of this disease is limited in Japan. Using the HPLC screening method we have
established recently, we examined samples of urine of 105 patients (73 males and 32 females) with developmental disabilities at our
medical center. And we have found a family with three [D boys with a novel missense mutation in SLC6A48. This is the second report
of a Japanese family case of CTD. A systematic diagnostic system of this syndrome should be established in Japan to enable us to

estimate its frequency and treatment.

© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Intellectual disability; X-linked; Mental retardation; Creatine d

s Urine

1. Introduction

Cerebral creatine deficiency syndromes (CCDSs) are
a group of inborn errors of creatine metabolism, includ-
ing two autosomal recessive disorders that impair the
biosynthesis of creatine, arginine:glycineamidinotrans-
ferase deficiency (MIM 602360) and guanidinoacetate-

* Corresponding author. Address: 2-138-4, Mutsukawa, Minami-ku,
Yokohama, Kanagawa 232-8555, Japan. Tel.: +81 45 711 2351; fax:
+81 45 721 3324,

E-mail address: takahito.wada0001@me.com (T. Wada).

methyltransferase deficiency (MIM 601240), and the
X-linked disorder, creatine transporter deficiency
(CTD; MIM 300036). The common clinical features of
CCDSs are intellectual disability, delayed language,
autistic behavior and epilepsy {1].

CTD is caused by mutations in SLC648 on Xq28,
and reported to constitute 1% of males with ID of
unknown etiology [2] or 2.1% of male with nonsyndro-
mic X-linked intellectual disability (XLID) [3]. Although
this is the second most frequent genetic cause of intellec-
tual disabilities in Europe or America after Fragile X
syndrome, only one case report of a Japanese patient

0387-7604/$ - sce front matter © 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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with a deletion of the SLC6A48 gene has been published
by Osaka [4], and we have little information on the fre-
quency of this disease in Japan.

To diagnose the three types of CCDs, we have estab-
lished a new simple HPLC screening method to deter-
mine the concentrations of guanidinoacetic acid
(GAA), creatine (CR), and creatinine (CN) in urine
[5]. Here we report the second case of Japanese familial
case of CTD with a novel missense mutation of the
SLC6AS gene.

2. Case report

The proband is a six-year-old boy, who was referred
to our medical center because of his psychomotor retar-
dation and delayed speech at age 4 years 11 months. He
was born after an uneventful and full-term pregnancy.
He sat until 12 months and walked at 22 months. He
had no overt dysmorphism. He had febrile seizures three
times. He could speak only a few words. His language
comprehension was much better than expression, and
he could obey several simple orders. His cognitive func-
tion seems to be that of a 34 years old. His neurological
examination showed no abnormal findings, including
pyramidal, extrapyramidal, or cerebellar signs. At
6ycars and 4 months old, his height was 112.7cm
(—0.6 S.D.), and weight 18.8 kg (~0.7 S.D.), and head
circumference 47.8 cm (—2.28.D.), suggesting relative
acquired microcephalus. He had no apparent autistic
features.

The clinical pictures of the patient, his two younger
brothers and mother are summarized. (Fig. 1 and
Table 1).

We detected an abnormal pattern in the patient’s
urine by the HPLC method, showing CR/CN ratio
was extremely high and GA within normal range, during

1

OO

the examination of the urine samples of 105 patients (73
males and 32 females) with developmental disabilities at
our medical center.

These results prompted us to suspect a diagnosis of
CTD. The urines of his two brothers and their mother
also showed abnormal pattern. (Fig. 2).

'H-MRS, examined using 3.0T MR system at the left
basal ganglia of the index case showed a marked reduc-
tion of brain creatine peak. Brain T2-weighted and
FLAIR MRI showed a high signal at the left trigone,
and hypoplasia of the corpus callosum.

Genetic analysis of genomic DNA and ¢cDNA from
the patient showed a novel missense mutation in the
exon 12 of the SLC648 gene [c.1681G>C;
p-Gly561Arg). The two brothers had the same mutation.
This glycine is a highly conserved amino acid among the
creatine transporters of several species (chimpanzee, cat-
tle, dog, mouse, rat and zebrafish). This amino acid sub-
stitution was not registered in the SNP database, and we
did not find this substitution in 50 controls. Therefore
this mutation is likely to be a pathogenic mutation for
this family. Their mother has the same mutation
heterogeneously.

3. Discussion

This is the second report of a Japanese familial case
of CTD with a novel missense mutation of the SLC6A48
gene, diagnosed by our new screening method of urinary
GAA concentration and CR/CN ratio for individuals
with developmental disabilities.

Several reviews have been published to characterize
the clinical, laboratory, molecular, and imaging profiles
of CTD, and the patients can presented with various
symptoms, including growth disorder, hypotension,
pyramidal/extrapyramidal findings, and attention deficit
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Fig. 1. Pedigree chart of the family.
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Table 1
Clinical features of the family.

m-1;6 Yr m-2; 4 Yr I-3; 2 Yr 13,29 Yr
Gestational age 38.6 w 385w 40.6w 40w
Birth Wi/HC 2776 g/32.5 cm 2632 g/~ 2882 g/~ 2960 g/NA
Present Wi/HY/HC  —0.6/—0.7/-2.2 ~04/-1.7/NA —2.2/-3.4/-42 ~2,1/-22/NA
(SD)
Walking 24 months 22 months 24 months 18 months
Language ‘Words only 5 words only One words only 16 months
development
Meaningful words  Perception > Expression T P > E; ionPerception > Exp

24-months 20-months 21-months
Seizure Febrile Sz Febrile Sz Febrile Sz Status (11 Mo) Epilepsy (14 Yr)
(Onset) (5Yr) (2Yr 10 Mo) Epilepsy (1.5Yr)
EEG No Sz discharge Not done No Sz discharge P/O-dominant diffuse

Sp&W

Brain MRI/CT Hypoplasia of corpus callosum

Normal (CT only) Delayed myelination, hypoplasia of Normal

corpus callosum, small pituitary

grand
Characteristics Obey a simple order, understand his ~ Obey a simple order  Restless, hyperactive Poor at putting in
situation, good memory of sight order, easy to be
information deceived
Creatine/Creatinine  55.2/10.9 175.3/21.5 110.3/16.5 294.0/131.6
(mg/di)
Ratio 5.07 6.39 6.7 2.23
Yr, year(s); Wt, weight; HC, head circumference; w, week(s); Ht, height; NA, not d; EEG, electr h Sz, seizure; Mo, month(s);

P/O, Parietal and occipital cortex; Sp&W, spike and waves; MRI, magnetic resonance imaging; CT, computed tomography.

7.00
(53 ‘
600 w2 &
9 % SLCEA deletion
S0 W ’
4.00
CR/CN ratio
3.00
LE - ]
8
2.00
k4
: 3
.
10 b P
.00 A g i.
] 1 2 3 2
Q~5Yr 6~10Yr >10Yr
(n=62) {n=25) {n=18}
1031093 0.57 2049 0.51£0.60

Fig. 2. The distribution of the ratio of creatine (CR)/creatinine (CN) by age of normal controls and the family. “SLAGAS deletion™ is the patient

reported by Osaka 4], (Yr, years; n, number).

hyperactivity disorder (ADHD) have been reported [1].
Our patients of the family presented with a broad
spectrum of clinical phenotypes and relatively mild intel-
lectual disability without autistic features or extrapyra-
midal abnormal movement, and they had expressive

language disorder rather than receptive language disor-
der. Their relatively mild phenotype may suggest that
their creatine transporter has some residual activity,
although we have not confirmed it yet. Our result indi-
cates that short stature and acquired relative microceph-

H. Kato et al. | Brain & Development 36 (2014} 630-633 633

aly may be a good indication to suspect CTD as a diag-
nosis for patients with ID.

Up to now, no treatments had been established for
CTD, although oral supplementation of creatine mono-
hydrate is known to be effective for GAMT and AGAT
deficiency. Recently it was reported that the creatine
analog, cyclocreatine, improved the cognitive abilities
of brain-specific Slc6a8 knockout mouse, and this might
be a therapeutic agent in the near future [6].

Female carriers of X-linked CTD can commonly
manifest, although usually less severely than affected
males, as the mother of our index case presents. There
is no consistent skewing of X-inactivation in peripheral
tissues, indicating that there is no selection against CTD
[7]. We emphasize the utility of our screening method for
patients of CCDSs because of its cost performance,
although the screening method may not be suitable for
detecting female patients with CTD because of the high
rate of false positive results [8].

The family was diagnosed during the examination of
the urine samples of 105 patients with developmental
disabilities at our medical center by our screening HPLC
method. Considering that CTD is a frequent cause of
intellectual disabilities in Europe or America, many
patients in Japan should remain to be diagnosed. We
have to develop systematic strategies for diagnosis,
treatment and prevention of CCDSs as early as possible,
because CCDSs are potentially treatable disorders [9].
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Abstract Guanidinoacetate methyltransferase (GAMT)
deficiency is a rare disorder of creatine synthesis resulting
in cercbral creatine depletion. We present a 38-ycar-old
patient, the first Japanese case of GAMT deficiency.
Developmental delay started after a few months of age
with a marked delay in language, which resulted in severe
intellectual deficit. She showed hyperactivity and trichotil-
lomania from childhood. Epileptic seizures appeared at
18 months and she had multiple types of seizures including
epileptic spasms, brief tonic seizures, atypical absences,
complex partial seizures with secondary generalization, and
“drop” seizures. They have been refractory to multiple
antiepileptic drugs. Although there have been no involun-
tary movements, magnetic resonance imaging revealed T2
hyperintense lesions in bilateral globus pallidi. Motor
regression started around 30 years of age and the patient
is now able to walk for only short periods. Very low serum

creatinine levels measured by enzymatic method raised a
suspicion of GAMT deficiency, which was confirmed by
proton magnetic resonance spectroscopy and urinary
guanidinoacetate assay. GAMT gene analysis revealed that
the patient is a compound heterozygote of c.578A>G,
p.GInl93Arg and splice site mutation, ¢.391G>C,
p.Glyl31Arg, neither of which have been reported in
the literature. We also identified two aberrant splice
products from the patient’s cDNA analysis. The patient
was recently started on supplementation of high-dose
creatine and ornithine, the effects of which are currently
under cvaluation. Although rare, patients with develop-
mental delay, epilepsy, behavioral problems, and movement
disorders should be vigorously screened for GAMT
deficiency, as it is a treatable disorder.
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Guanidinoacetate methyltransferase (GAMT;, OMIM
601240) deficiency is a rare autosomal recessive disorder
of creatine synthesis resulting in cerebral creatine depletion
(Stockler et al. 1994, 1996b). Guanidinoacetate (GAA)
accumulates in body fluids. Symptoms of GAMT defi-
ciency usually emerge after a few months of life, such as
intellectual disability, speech delay, autistic behaviors,
epileptic seizures, and involuntary movements (Mercimek-
Mahmutoglu et al. 2006). Making a diagnosis of GAMT
deficiency is challenging; nonetheless, early diagnosis is
crucial because this disorder is treatable (Stockler et al.
1996a). Only approximately 80 cases have been reported
to date, mostly from Europe and the Middle East. Here we
report on the first Japanese patient with GAMT deficiency
with two novel gene mutations.
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Case Report

The patient, a 38-year-old female with intractable epilepsy
and severe mental retardation, was born at full term with a
birth weight of 3,260 g. There were no pre- or perinatal
complications. She is the third of four children of Japanese
non-consanguineous healthy parents. The first child, a boy,
started having epileptic seizures after 1 year of age with
unknown cause and died at 28 years of age at an institution
for the mentally handicapped. The other two children have
been healthy.

Although the patient showed a social smile by 3 months
and head control by 4 months of age, her development
has been delayed since then. She sat alone at 14 months,
walked alone at around 20 months, and became able to take
the stairs one step at a time with support around 5 years of
age. She has spoken no meaningful words and gained little
language comprehension. Her medical chart at 7 years of
age described her as speechless, unable to follow verbal
commands, but able to run and walk up the stairs one step
at a time without support. She showed no involuntary
movements. She was hyperactive and had trichotillomania.
Neuropsychological assessment at 7 years 7 months by
analytic test for development in infancy and childhood
(Enjoji and Yanai 1961) demonstrated her developmental
quotient was 14, Around 30 years of age, she was unable
to walk for a long time but was able to take the stairs
with support. At 32 years of age, she was no longer
able to run. Currently, at 38 years of age, the patient has
severe intellectnal deficit with no speech or language
comprehension. She still has trichotillomania. Her transport
is mostly by wheelchair, although she is able to walk slowly
for short periods. Her muscle tone is normal and there are
no involuntary movements.

The onset of epilepsy was at around 18 months of
age, characterized by epileptic spasms and brief tonic
seizures. At 2 years of age, atypical absences appeared.
Despite therapy with multiple antiepileptic drugs, the patient
continued to have these scizures until 15 years of age,
when her seizures were suppressed by valproic acid and
clonazepam. When they recurred at 20 years of age, her
seizures were characterized by consciousness impaitment
with head and body version to left followed by generalized
tonic-clonic convulsions lasting up to 1 minute, suggesting
complex partial seizures with secondary generalization. At
around 23 years, brief “drop” seizures occurring in clusters
started. She has continued to have these seizures since then,
although she has been tried on multiple anticpileptic drugs
including phenobarbital, valproic acid, clonazepam, phenyt-
oin, clobazam, topiramate, lamotrigine, and levetiracetam.

Electroencephalograms (EEGs) at 2-12 years of
age showed a slow background activity, generalized
1.5-2.5 Hz slow spike-wave bursts and some multifocal
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spikes, consistent with Lennox-Gastaut syndrome. EEGs
after adolescence showed multifocal spike-waves with
anterior head predominance and intermittent generalized
slow spike-waves. The most recent EEG at 38 years of
age demonstrated background slowing and no spikes
during wakefulness but intermittent focal polyspikes and
polyspike-waves over bilateral anterior and left posterior
head regions during sleep.

Laboratory blood tests demonstrated low levels of
serum creatinine (5-7 pmol/L by enzymatic method;
normal range 40-71 pmol/L). Subsequent tests using
enzymatic methods demonstrated serum creatine levels
were below detection limit (normal range 23—-92 pmol/L).
Proton magnetic resonance spectroscopy ('H-MRS)
demonstrated absent creatine peak (Fig. 1a). Brain magnetic
resonance imaging (MRI) demonstrated T2 high-intensity
lesions in globus pallidi (Fig. 1b). Analysis of urinary
creatine metabolites by weak-acid ion chromatography
(Wada et al. 2012) demonstrated elevated GAA (548.53,
782.52 mmol/mol creatinine; normal 3-78 mmol/mol
creatine (Almeida et al. 2004)) and creatine below detection
limit. These findings suggested GAMT deficiency.

Genomic DNA analysis of the GAMT gene (Suppl. Table 1)
showed a compound heterozygosity for two novel point
mutations, an exonic splicing mutation ¢.391G>C located
at the last nucleotide of exon 3 and a missense mutation
¢.578A>G, p.GInl193Arg in exon 6 (Fig. 2a). Analysis
of ¢DNA revealed two aberrantly spliced transcription
products at the allele of splicing mutation (Fig. 2b, ¢).
One transcript had the complete exon 3 (64-bp) deletion
by exon skipping and the other transcript was aberrantly
spliced at exon 2 involving intron 2 imsertion (44-bp)
followed by exon 3 skipping, resulting in a 20-bp
deletion. Both transcripts are expected to result in frame
shift and premature termination of p.Vall10Glyfs*30 and
p.Jle111Profs*73, respectively. A novel A to G transition
on exon 6 (c.578A>G) results in the replacement of
arginine by glutamine at position 193 (p.GIn193Arg).
This missense variation was not found in 100 control
alleles. Glutaminel93 is highly conserved in evolution
(Fig. 2d), suggesting this mutation represents a pathogenic
mutation.

This patient was recently started on supplementation
of high-dose creatine and ornithine, and its effects are
currently under evaluation.

Discussion

We reported on the first Japanese case of an adult patient
with GAMT deficiency. Cases have been reported mostly
from Europe and the Middle East (Mercimek-Mahmutogla
et al. 2006).
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Fig. 1 MR spectroscopy and MRI from the patient with GAMT deficiency. (2) 'H-MRS at the right basal ganglia demonstrates absence of
creatine peak. (b) T2-weighted brain MRI shows high-intensity lesions in bilateral globus pallidi. Cho choline; NA4 N-acetylaspartate

Compared with cases in the literature, our patient showed
similar MRI findings and clinical course, with severe
intell 1 deficit, i ble epilepsy, behavioral prob-
lems, but she lacked involuntary movements. Although
no definite progression of symptoms was seen during
adolescence and young adulthood, motor regression slowly
started around 30 years of age. This suggests GAMT
deficiency can be slowly progressive if ur d

decay (Fig. 2b). GInl93Arg substitution by the latter
mutation is presumed to destabilize the tertiary structure
of GAMT (Komoto et al. 2002) by increasing the bulkiness
and changing the neutral to a positively charged residue,
as GiIn193 is situated in the middle of «-helix and protrudes
into this enzyme.

Making a diagnosis of GAMT deficiency is challenging,
of its nonspecific symptoms and limited access

1

Onset of symptoms in GAMT deficiency is from a few
months to young childhood (Longo et al. 2011). Intellectual
disability is seen in.all cases and is severe (IQ < 35) in
the majority, especially with profound speech disturbance
(Mercimek-Mahmutoglu et al. 2006). Epilepsy is the
second most frequent symptom, intractable in most cases,
and partially responsive to antiepileptic drugs in two
thirds (Leuzzi et al. 2013). Various types of seizures, such
as generalized tonic-clonic seizures, absences, myoclonic
seizures, myoclonic-astatic seizures, and partial seizures
with secondary generalization, have been reported (Leuzzi
et al. 2013). Involuntary movements, behavioral problems,
and abmormal MRI signals in globus pallidi are seen
in some cases. Adult cases that help to understand the
natural history of GAMT deficiency are scarce (Schulze
et al. 2003; Caldeira Arafijo et al. 2005). Progression of
neurological deficits, such as paraparesis, hypertonia, and
rigidity, has been reported in some cases (Caldeira Araijo
et al. 2005).

GAMT gene analysis revealed a compound heterozy-
gosity of two novel mutations: ¢.391G>C splice donor
site of exon 3 and ¢.578A>G, p.GIn193Arg in exon 6.
The former led to two abnormal transcripts lacking exon 3,
resulting in a premature stop codon. Reverse transcription
polymerase chain reaction detected a higher expression
level of the allele with the ¢.578A>G mutation, which
implies the degradation of mRNA from the allele with
the splice site mutation by nonsense-mediated mRNA

or capacity of 'H-MRS. GAA assay may not be readily
available. While not as specific as GAA, measurement of
creatinine is helpful, as creatinine can be low in GAMT
deficiency (Verhoeven et al. 2000). It should be warned
that creatinine may also be low in patients with decreased
muscle volume. Another caveat is that creatinine measure-
ment by Jaffé method is not as sensitive in detecting
GAMT deficiency as the enzymatic method or high-
performance liquid chromatography (Verhoeven et al. 2000).
Our patient showed low levels of serum creatinine as
determined by enzymatic method, which directed us to
the diagnosis of GAMT deficiency. The assay of creatine
and creatinine is also important to detect creatine trans-
porter 1 deficiency, another type of cerebral creatine
deficiency, as the urinary creatine/creatinine ratio is
elevated in this disorder (Salomons et al. 2003; Verhoeven
et al. 2005). GAA is a more sensitive marker than
creatine and creatinine in GAMT deficiency and arginine:
glycine amidinotransferase deficiency, the other type of
cerebral creatine deficiency (Verhoeven et al. 2005).
Therefore, blood and urine tests of creatinine, creatine and
GAA should be a part of the workup for developmental
delay and/or epilepsy with unknown cause, if creatine and
GAA measurements are available.

Early diagnosis is crucial to achieve a favorable
outcome in GAMT deficiency. Ideally, treatment should
be initiated as early as possible before the creatine pool
supplied from matermal body during gestation becomes
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Fig. 2 Genetic analysis of the mutation in GAMT. (a) Ct splicing one with plete exon 3 (64-bp) skipping and

of genomic DNA analysis in a patient shows the heterozygote of
¢.391G>C (leffy and ¢.578A>G (right). (b) cDNA analysis in the
patient shows two aberrantly spliced transcription products (feff) and
c.578A>G (right). (¢) ¢.391G>C mutation causes two aberrant

depleted and clinical symptoms appear. Presymptomatic
treatment has been shown to be successful in achieving
normal development (Schulze et al. 2006; El-Gharbawy
et al. 2013). Even when diagnosed later, creatine supple-
mentation with reduction of GAA by arginine restriction
and ornithine supplementation can alleviate symptoms
and prevent further progression of the disease (Schulze
et al. 2001). GAMT deficiency is a good candidate
for neonatal mass screening. Elevated GAA levels
in neonatal blood (Schulze et al. 2006; El-Gharbawy
et al. 2013) and amniotic fluid (Cheillan et al. 2006) have
been reported, and validity of these tests needs to be
elucidated.
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the other involving intron 2 insertion {44-bp) followed by exon 3
skipping. (d) Aligned GAMT amino acid sequence of the patient
with several other animals, revealing Ginl93 is highly conserved
among species

In conclusion, we p i a 38-year-old patient,
the first Japanese case of GAMT deficiency with two
novel gene mutations. We should always include this
disorder on the list of differential diagnoses when
seeing patients with neurclogical symptoms such as
intellectual disability, cpilepsy, behavioral problems, and
involuntary movements, since GAMT deficiency is a
treatable disorder.

Take-Home Message

A 38-year-old patient, the first Japanese case of guanidi-
noacetate methyltransferase deficiency with two novel gene
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mutations (splice site mutation and missense mutation) was
reported.
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The BCAP31 gene is located between SLC6AS, associated with X-linked
creatine transporter deficiency, and ABCDI, associated with X-linked
adrenoleukodystrophy. Recently, loss-of-function mutations in BCAP3I
were reported in association with severe developmental delay, dealness and
dystonia. We characterized the break points in eight patients with deletions
of SLC6A8, BCAP31 and/or ABCDI and studied the genotype—phenotype
correlations. The phenotype in patients with contiguous gene deletions
involving BCAP31 overlaps with the phenotype of isolated BCAP31
deficiency. Only deletions involving both BCAP3] and ABCDI were
associated with hepatic cholestasis and death before I year, which might
be explained by a synergistic effect. Remarkably, a patient with an isolated
deletion at the 3"-end of SLC6A8 had a similar severe phenotype as seen
in BCAP3] deficiency but without deafness. This might be caused by the
disturbance of a regulatory element between SLC6A8 and BCAP3I.
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Loci for the genes SLC6A8 and ABCDI are within
a 55-kb span of Xq28. Loss-of-function mutations in
SLC6A8 are associated with X-linked creatine trans-
porter deficiency (CRTR-D), which is characterized
by severely reduced brain creatine on 'H-magnetic
resonance spectroscopy (‘H-MRS) and an increased
creatine/creatinine ratio in urine. Males present with
intellectual disability, severe speech delay, behavioral
problems and seizures. The creatine uptake defect can
be confirmed in cultured fibroblasts (1).

Loss-of-function mutations in ABCDJ are associated
with X-linked adrenoleukodystrophy (X-ALD), which
is characterized by reduced B-oxidation of very long
chain fatty acids (VLCFAs), demyelination of white
matter and adrenal cortex atrophy. Elevated plasma
VLCFA is present at birth. The phenotypic expression
of ABCDI mutations varies widely. The most severe
form, childhood cerebral X-ALD, has an onset usually
after 3 years of age; it is characterized by neurological
deterioration, often starting with behavioral problems
and learning deficits, and later progresses to total
disability and death (2). .

BCAP31 is located between SLC6A8 and ABCDI . It
is in a head-to-head orientation with ABCDI and a tail-
to-tail orientation with SLC6AS. In 2002, Corzo et al.
(3) reported three male newborns with large ABCDJ
deletions that extended into BCAP31 (DXS1357E).
They had profound hypotonia, developmental delay,
hepatic cholestasis and death prior to their first birthday.
This severe neonatal presentation has never been
observed in isolated ABCDI defects. The extent of
the contiguous gene deletions was not determined in
all the three boys, but the patient with the smallest
deletion was characterized and showed that the critical
region included the 5' coding exons of BCAP3] and
ABCDI . The syndrome was named ‘contiguous ABCDI
DXSI357E deletion syndrome’ (CADDS). A fourth
CADDS patient with a similar phenotype has been
reported; he had a large deletion spanning seven genes:
BCAP31, ABCDI, PLXNB3, SRPK3, IDH3G, SSR4
and PDZD4 (4).

Large deletions involving SLC6A8 were reported
in three boys with a more severe presentation than
in classic CRTR-D; they had pronounced hypotonia
and developmental delay, severe failure to thrive
and dystonia or choreathethoid movements (3, 6). In
one patient, the deletion extended into BCAP3! (6).
However, the deletion size was not determined in the
other two patients (3).

These studies suggest that the clinical phenotypes
associated with ABCD/! or SLC6A8 deficiencies were
exacerbated by concomitant knockout of BCAP3! . Just
recently, isolated loss-of-function mutations in BCAP3I
were reported in association with a severe phenotype
combining deafness, dystonia and cerebral hypomyeli-
nation (DDCH, MIM 300475) (7). Conclusions
regarding the contribution of the separate genes in
contiguous gene deletions involving SLC6A8, BCAP31
and/or ABCDI were hampered by the fact that the
deletion size was not determined in all the seven
reported patients (3, 5). We characterized the break
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points in five patients and provide an update of the
patients who were alive at the time of the previous
report (3, 6). In addition, we describe two new patients
with a CADDS and one patient with an isolated partial
SLC6A8 deletion. We discuss the genotype—phenotype
correlations in all the 10 patients.

Materials and methods
Materials and patients

DNA was isolated from blood or cultured fibroblasts
of eight patients with suspected large gene deletions of
SLC6AS and/or ABCDI . Three patients were suspected
of SLC6A8 deletions and five patients of ABCDI
deletions, based on clinical and biochemical features
and the absence of polymerase chain reaction (PCR}
products of the involved gene. Case reports of two
patients with SLC6AS deletions (5, 8) and three patients
with CADDS {3) were previously reported. In addition,
the genotype and phenotype of two previously reported
contiguous gene deletion patients (4, 6) were reviewed
(patients 9 and 10).

Brezk point analysis

Multiplex  ligation-dependent probe amplification
(MLPA) using the P049 kit with probes for several
exons of SLC6A8, BCAP31, ABCDI and neighboring
genes was performed to confinn the deletions and to
estimate their size. To narrow down the regions of
the break point, PCRs of about 200 bp in intervals of
~5-10kb were designed flanking the deleted MLPA
probes. Finally, long-range PCR over the break point
was performed followed by DNA sequencing to reveal
the exact break points. All primers were designed
with a high specificity for the X-chromosome, as a
paralogous gene region occurs on chromosome 16.

RNA analysis of BCAP3?

RNA was isolated from the available fibroblasts of
patients 2—-6 and 9. Subsequently, cDNA was syn-
thesized using oligedT. In order to study whether the
deletions resulted in truncated transcripts, we amplified
specific regions of the BCAP3] transcript (i.e. exons
1-8, 14 and 5-8) using specific reverse transcription
polymerase chain reaction (RT-PCR) primers.

Results
Break point analysis

The break points were sequenced by long-range PCR in
seven patients (Appendix S1, Supporting information).
Although long-range PCR was unsuccessful in eighth
patient (patient 6), MLPA and locus-specific PCR
analyses narrowed down the break point sites to
between exons 5 and 8 in BCAP31 and between exons
7 and 8 in ABCDI . In total, of the 10 patients reported
here, 2 had isolated partial SLC6A8 deletions and 8
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