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Chapter 2.1
Functional characterization of missense variants in the creatine transporter gene
(SLC6A8): improved diagnostic application.
Human Mutation, 2007
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lines of 13 unaffected individuals and 12 affected patients.
Difficulties in distinguishing disease-causing missense mutations
from rare variants especially arise when no supplemental material
(e.g., fibroblasts, proton magnetic resonance spectroscopy
[H-MRS]) is available to substantiate the clinical diagnosis of
SLC6A8 deficiency. Therefore, we expanded the creatine uptake
assay to study in vitro the pathogenic nature of variants by
introducing the mutation in an expression vector with the
SLC6A8 coding sequence, followed by transient transfection in
SLC6A8-deficient fibroblasts.
MATERIALS AND METHODS
Fibroblasts Cell Culture
A total of 13 fibroblast cell lines in which no inborn errors of
metabolism were detected, were anonymized and used as control
cell lines. Fibroblast cell lines of 12 patients, affected with creatine
transporter deficiency, were reported previously [Mancini et al.,
2005; Rosenberg et al., 2004; Salomons et al., 2001, 2003].
Fibroblasts were cultured in HAM-F10 supplemented with 1%
penicillin/streptomycin and 10% fetal bovine serum (FBS; Gibco,
Invitrogen, Breda, Netherlands) under a humidified atmosphere of
95% air/5% CO2 at 371C. Culture medium in the absence or
presence of 10% FBS was analyzed for Cr content by GCMS (see
below) and contained 0 and 25 mM creatine, respectively.
Creatine Uptake Assay
Creatine monohydrate (50 mM; Fluka, Sigma-Aldrich, Zwijndrecht, Netherlands) was dissolved in Hanks’ Balanced Salt
Solution (HBSS). The stock solution was filter sterilized (0.22 mm
filter) and stored at 201C. The optimal testing conditions were
determined by incubation with a concentration range of
25–1,000 mM Cr. After 24 hours, the cells were washed with
HBSS twice, harvested by trypsinization, followed by two washing
steps in HBSS, pelleted (2 minutes; 4,000 g) and stored at 801C
until further use. The final washing solution of the cells was
analyzed by GCMS and did not contain creatine.
A total of 12 SLC6A8-deficient patient fibroblast cell lines and
13 control fibroblasts were tested with 25 mM Cr and 500 mM Cr,
respectively. Cells were plated into six-well culture plates (Greiner
Bio-One, Frickenhausen, Germany) and cultured for at least 24
hours to obtain 50 to 80% confluent cell layers. Cells were
incubated for 24 hours with 25 mM or 500 mM creatine. Cells were
washed with HBSS twice, harvested by trypsinization, followed by
two washing steps in HBSS, pelleted (2 minutes; 4,000 g) and
stored at 801C before they were further processed for the
quantification of creatine by GCMS, using stable isotope-labeled
creatine as internal standard.
Cell pellets were resuspended in 102 ml HBSS and 60 ml was
used for analyzing intracellular creatine concentration; 2.5 nmol of
2
H3-creatine was added as internal standard. Creatine is converted
to a pentafluorobenzyl derivate that can be quantitatively
measured by the SID-GCMS method as described previously
[Almeida et al., 2004; Struys et al., 1998]. Protein content was
determined using the Bicinchoninic acid protein assay kit
(Sigma-Aldrich), according to the instructions of the manufacturer. The creatine concentration is expressed as pmol creatine/mg
total protein.
Interassay variability was determined by processing the same
sample in five independent preparations on different days.
Intraassay variability was established by processing one sample
10 times within the same experiment.
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Mutation Nomenclature
The mutation nomenclature is based on the coding region of the
solute carrier Family 6, Member 8 (SLC6A8) transcript, GenBank
Accession NM_005629.1 (cDNA), according to recommendations
of the Human Genome Variation Society (HGVS; www.hgvs.org/
mutnomen). For cDNA numbering, 11 corresponds to the A of
the ATG translation initiation codon in the reference sequence.
For protein numbering, the initiation codon is codon 1.
Construction of SLC6A8 Expression Vector
RNA was isolated from control fibroblasts (Promega SV RNA
isolation kit, Promega, Leiden, Netherlands) and cDNA was
synthesized by reverse transcriptase (Qiagen, Venlo, Netherlands).
The full-length SLC6A8 open reading frame (ORF) was amplified
by PCR using specific primers, with BamHI or HindIII restriction
site extensions. Forward primer 50 -CCCAAGCTTCCACCATGG
CGAAGAAGAGCGCCGAG-30 , reverse primer 50 -CGCGGATCC
ATGACACTCTCCACCACGAC-30 . This amplicon was cloned into
pCR2.1-TOPO (Invitrogen, Breda, Netherlands). The construct
(pCR2.1-SLC6A8) was used for subcloning into pEGFP-N1 or as
template for site-directed mutagenesis
Site-Directed Mutagenesis
Site-directed mutagenesis was used to introduce the mutations/
variants in pCR2.1-SLC6A8 using specific primers for each
mutation/variant. The PCR reaction mix consisted of 50 ng
pCR2.1-SLC6A8, 100 ng forward and reverse primer (sequences
available upon request), 0.8 U Phusion polymerase (Bioké, Leiden,
The Netherlands), 10 mg dNTP and 1  PCR buffer in a total
volume of 50 ml. PCR reaction was performed with 22 cycles
of 981C for 10 seconds, 56–681C (depending on the primers) for
30 seconds and 721C for 90 seconds. After amplification, the
template pCR2.1-SLC6A8 was digested by incubation with DpnI
(Roche, Almere, Netherlands) at 371C for 2 hours. Subsequently,
the mutant SLC6A8-ORF was excised with BamHI and HindIII,
and ligated into a predigested pEGFP-N1 expression vector
(Clontech, Mountain View, CA).
After cloning and subcloning, the SLC6A8 cDNA of all the
different constructs was completely sequenced to confirm the
presence of the desired mutation, and absence of PCR artifacts.
Concentration and purity of the constructs was determined with
the Nanodrop (Wilmington, DE) N-1000 according to the
manufacturers directions. The A260/A280 ratio of all constructs
that were used for transfection was between 1.8 and 2.0.
Transfection
The SLC6A8-deficient primary fibroblasts (hemizygous for the
p.Arg514X mutation; [Salomons et al., 2001]) were used for
transfection. Cells were grown to 70% confluence. The pEGFPSLC6A8 constructs were incubated at room temperature for 10
minutes with polyethyleneimine (PEI, Polysciences, Eppelheim,
Germany) in a 1:3 ratio in serum-free medium and subsequently
applied to the cells. The medium was refreshed after 4 hours.
Incubation with creatine was started 48 hours after transfection.
Transfections and the creatine uptake assay of each variant was
performed in triplicate (500 mM Cr), and measured by SIDGCMS. The creatine concentration results were corrected for the
protein content.
Interassay variability was determined by processing five
independent transfectants with the same construct on different
days. Intraassay variability was established by processing 10
transfectants with the same construct within the same experiment.
Human Mutation DOI 10.1002/humu
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RT-PCR

Transient Transfection of pEGFP-SLC6A8 Variants

To prove expression of the constructs, RT-PCRs were performed.
RNA isolation and cDNA synthesis from the transfected cells
was performed as described above. A SLC6A8-specific forward
primer (50 -CGTTGTGTACTACGAGCCG-30 ) and enhanced
green fluorescence protein (EGFP) specific reverse primer (50 CGTCGCCGTCCAGCTCGACCAG-30 ) were used to amplify
amplicons of 376 bp by PCR. To rule out genomic and plasmid
DNA contamination, RT-PCR was performed without reverse
transcriptase for each transfected cell line.

Previously, we reported nine likely pathogenic variants, three
unclassified variants and one nonpathogenic variant in the ORF of
SLC6A8 (Table 2) [Clark et al., 2006; Rosenberg et al., 2004]. To
obtain final proof for the nature of these variants, each of these
variants was introduced in the SLC6A8 ORF by site-directed
mutagenesis, subcloned in the pEGFP-N1 vector (pEGFP-Lys4Arg
y pEGPF-Val629Ile), expressed in SLC6A8-deficient primary
fibroblasts, and tested for Cr uptake capacity when incubated with
500 mM Cr, as described above. RT-PCR confirmed mRNA
expression, indicating successful transfection. In contrast to the
mock and nontransfected cells, expression of SLC6A8-EGFP
mRNA was observed in all cells transfected with wild-type or
variant pEGFP-SLC6A8 constructs.
There was no significant difference in creatine uptake between
the nontransfected cells (6.2 pmol Cr/mg protein) vs. mock
transfectants (pEGFP-N1; 5.1 pmol Cr/mg protein; Fig. 1) in the
same assay. Transient transfection with wild-type pEGFP-SLC6A8
resulted in a six-fold increase of Cr uptake (29.3 pmol Cr/mg
protein; Fig. 1) compared to the mock transfectants (5.1 pmol
Cr/mg protein). Overexpression of nine variants (p.Gly87Arg,
p.Phe107del, p.Tyr317X, p.Asn336del, p.Cys337Trp, p.Ile347del,
p.Pro390Leu, p.Arg391Trp, and p.Pro554Leu) did not result in a
significant increase of Cr uptake (range 4.9–8.6 pmol Cr/mg protein;
Fig. 1). Overexpression of pEGFP-Lys4Arg, pEGFP-Gly26Arg,
pEGFP-Met560Val, and pEGFP-Val629Ile (23.5–34.3 pmol Cr/mg
protein) resulted in a Cr uptake profile similar to the wild-type
pEGFP-SLC6A8 (29.3 pmol Cr/mg protein; Fig. 1).

RESULTS
Creatine Uptake Assay
Interassay and intraassay values. Inter- and intraassay
variability was determined for all used conditions, i.e., control and
SLC6A8-deficient fibroblasts after incubation with 25 mM Cr and
500 mM Cr, and SLC6A8-deficient fibroblasts transfected with
mock vector or pEGFP-SLC6A8 after incubation with 500 mM Cr.
All results are listed in Table 1.
Reference Values
Cr uptake was measured in control fibroblasts (n 5 13) and
SLC6A8-deficient fibroblasts (n 5 12) The reference values
obtained for both groups are listed in Table 1. In all 12 patient
fibroblast cell lines with a pathogenic mutation in the SLC6A8
gene, a significant difference in the creatine uptake profile was
found compared to the 13 control cell lines. When SLC6A8deficient fibroblasts were grown in the presence of a physiological
Cr concentration (25 mM), the average creatine uptake
(0.5871.03 pmol Cr/mg protein) was just above the detection
limit, whereas in the control fibroblasts it was significantly higher
(27.875.6 pmol Cr/mg protein). When fibroblasts of SLC6A8deficient patients were incubated with 500 mM up to 1000 mM
creatine, some intracellular Cr (6–17 pmol Cr/mg protein) could
be detected. In the presence of 500 mM Cr, SLC6A8-deficient
fibroblasts showed an average creatine uptake of 6.2272.14 pmol
Cr/mg protein, which is approximately seven times lower than that
in control fibroblasts (41.377.0 pmol Cr/mg protein).

TABLE 1.

ReferenceValues for the Creatine UptakeAssay
in Fibroblasts

Control
Average (n 513)
Range
Interassay (n 5 5)
Intraassay (n 510)
De¢cient
Average (n 512)
Range
Interassay (n 5 5)
Intraassay (n 510)
Transfected wild-type
Interassay (n 5 5)
Intraassay (n 510)
Transfected mock
Interassay (n 5 5)
Intraassay (n 5 5)

25 mM creatine

500 mM creatine

27.875.6
18.8^38.0
27.873.2
27.171.2

41.377.0
31.9^51.7
42.779.9
41.172.41

0.5871.03
0.0^3.16
1.6571.47
0.5770.35

6.2272.14
2.1^10.54
9.3571.02
6.2770.29
31.879.59
21.174,89
5.1971.38
6.8770.43

Control, transfected, or nontransfected SLC6A8-de¢cient ¢broblasts

were incubated for 24 hours in presence of 25 mM or 500 mM creatine.
Intracellular Cr was measured by SID-GCMS and expressed in pmol
Cr/mg total protein.

Human Mutation DOI 10.1002/humu

DISCUSSION
The broad spectrum of sequence variants in the SLC6A8 gene
in (XL)MR patients poses problems with regard to classification of
these changes as pathogenic mutations or nonpathogenic variants/
polymorphisms. Deletions in SLC6A8, ranging from single nucleotides to contiguous gene deletions [Corzo et al., 2002] or splice
errors, and (other) truncating mutations can easily be classified as
pathogenic mutations. However, in order to gain insight in the
significance of missense variants, additional workup is needed.
This is particularly true for the missense variants that we have
identified in the patient panels studied for the prevalence of
SLC6A8 mutations [Clark et al., 2006; Rosenberg et al., 2004].
In most cases, it was impossible to prove the clinical diagnosis
of SLC6A8 deficiency, since further investigations, such as urinary
Cr/Crn(creatine) ratio assessment and/or brain H-MRS imaging
could not be performed. We now have developed and validated a
functional diagnostic assay, in which we can determine Cr uptake
activity in cultured primary fibroblasts, which is reliable and
reproducible.
Previously, we have shown that SLC6A8-deficient primary
fibroblasts can be complemented by stable transfection with the
wild-type ORF of SLC6A8 [Rosenberg et al., 2006]. Since
fibroblasts are difficult to transfect stably and are slowly
proliferating, we have adapted the protocol for transient transfections. The mutations that were classified as pathogenic mutations
or unclassified variants in our previous reports, have been further
investigated. As positive controls, four pathogenic mutations
(p.Phe107del, p.Tyr317X, p.Asn336del, and p.Ile347del), based on
their deleterious character (deletion, nonsense mutation) were
transiently transfected. Indeed, overexpression of any of these
variants did not restore Cr uptake in SLC6A8-deficient primary
fibroblasts (range 7.0–7.9 pmol Cr/mg protein; Fig. 1). Conversely,

HUMAN MUTATION 28(9), 890^896, 2007
TABLE 2.

Patient
CMS4983g
CMS5058g
T31h
T115h
P66h
CMS5804 g
N87h
CMS4963g
T132 h
CMS5186 g
D11h
Controlg, P18 h
N67 h
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Features of Presumed Pathogenic Mutations and Coding Unclassi¢ed Variants in SLC6A8 [Clark et al., 2006;
Rosenberg et al., 2004]
Mutationa

Conservedb

Segregationc

Urined

Uptake assaye

Pathogenicf

c.11A4G; p.Lys4Argg
c.76G4A; p.Gly26Argg
c.259G4A; p.Gly87Argh
c.321_323delCTT; p.Phe107delh
c.950_951insA; p.Tyr317Xh
c.1006_1008delAAC; p.Asn336delg
c.1011C4G; p.Cys337Trph
c.1040_1042delTCA; p.Ile347delg
c.1169C4T; p.Pro390Leuh
c.1171C4T; p.Arg391Trpg
c.1661C4T; p.Pro554Leuh
c.1678A4G; p.Met560Valg,h
c.1885G4A; p.Val629Ileh

No
SLC6A8
Yes
^
^
^
Yes
^
Yes
No
Yes
No
SLC6A8

^
^
^
Yes
^
^
Yes
^
Yes
^
Yes
Yes
Yes

^
^
^
mj
^
^
m
^
^
^
m
^
Normal

^
^
^
1j
^
^
^
^
1j
^
1k
Normal
^

No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No

a

The mutation nomenclature is based on the coding region of the solute carrier Family 6, Member 8 (SLC6A8) transcript, GenBank Accession
NM_005629.1 (cDNA), according to recommendations of the Human Genome Variation Society (HGVS; www.hgvs.org/mutnomen), with 11 as the A
of the ATG initiation codon, and the protein initiation codon as codon 1.
b
The amino acid is considered conserved in case this residue is present in all known human SLC6 family members, and in the SLC6A8 species.
SLC6A8 indicates that the residue is only conserved among the SLC6A8 species (see Fig. 2 in Rosenberg et al. [2004]).
c
Clinical phenotype is associated with the presence of the mutation.
d
Urinary Cr:Crn ratio: m 5elevated
e
Cr uptake assay in patient ¢broblasts. 1 5 de¢cient in Cr uptake.
f
Pathogenic based on the Cr uptake results of SDM followed by transfection in SLC6A8 de¢cient ¢broblasts.
g
Clark et al. [2006].
h
Rosenberg et al. [2004].
j
Performed in material of an unrelated patient with the same mutation.
k
Became available after publication in Rosenberg et al. [2004].
^, not applicable or not available.

FIGURE 1. Creatine uptake in SLC6A8-de¢cient ¢broblasts, transiently transfected with SLC6A8 variants. Results are representative
for the triplicate measurements after 24 hours with 500 mM Cr. SLC6A8-EGFP mRNA expression is con¢rmed by RT-PCR. In contrast
to the mock and nontransfected cells, expression of SLC6A8-EGFP mRNA was observed in all cells transfected with wild-type or
variant pEGFP-SLC6A8 constructs.

transient transfection of the wild-type SLC6A8 ORF restored
Cr uptake to normal levels (29.3 pmol Cr/mg protein; Fig. 1). In
addition, the p.Met560Val variant, originally identified in a patient

from the European XLMR panel [Rosenberg et al., 2004], but more
recently found in a healthy control male [Clark et al., 2006], could
be used to validate our diagnostic approach, since overexpression of
Human Mutation DOI 10.1002/humu

894

HUMAN MUTATION 28(9), 890^896, 2007

deficiency in the routine testing in these male patients. The
diagnostic approach depends on the available facilities and the
cooperation of the patients and their guardians. For initial
testing, three tests are available: 1) brain MRS, 2) urine
metabolite testing, and 3) DNA analysis (Fig. 2). It should be
noted that the uptake assay in fibroblasts is not feasible as
primary screening because of its invasive and laborious nature.
For accurate diagnosis, a combination of these three tests is
preferred, as all have their own respective advantages. 1) In brain
H-MRS, a highly decreased Cr signal is a strong indication for a
primary cerebral creatine deficiency syndrome. In the majority of
the cases, this is caused by SLC6A8 deficiency. However, this
may also be the result of a Cr biosynthesis defect. Thus,
metabolite and/or functional assays and/or DNA analysis is
warranted for a definitive diagnosis. The advantage of brain MRI/
MRS is that other disorders can be detected simultaneously
[Newmeyer et al., 2005]. However, MRS is only available in
specialized institutes and usually sedation is needed for patients
with mental retardation. 2) An elevated urinary Cr:Crn ratio is a
strong indication for SLC6A8 deficiency [Almeida et al., 2004].
In that case, DNA analysis is warranted to confirm the diagnosis.

this variant resulted in similar uptake activity as observed in the
wild-type transfectants (31.6 pmol Cr/mg protein; Fig. 1).
Overexpression of five missense variants (p.Gly87Arg,
p.Cys337Trp, p.Pro390Leu, p.Arg391Trp, and p.Pro554Leu) did
not result in a significant increase of Cr uptake (4.9–8.6 pmol Cr/mg
protein; Fig. 1). Overexpression of the p.Val629Ile allele results in a
six-fold increase of Cr uptake (29.8 pmol Cr/mg protein), which is
similar to the Cr uptake detected in wild-type and p.Met560Val
transfectants, confirming that this variant is not pathogenic.
Identical conclusions could be drawn for the p.Lys4Arg and
p.Gly26Arg alleles (23.5 and 34.1 pmol Cr/mg protein, respectively).
The results of the overexpression studies are in good agreement
with the previous classification based on theoretical arguments
[Rosenberg et al., 2004]. Therefore, for other genes, in which
functional analysis is not achievable, the theoretical arguments
may prove valuable [Lovelock et al., 2006; Yntema et al., 2002].
We and others have shown previously that the prevalence of
SLC6A8 deficiency is relatively high in patient panels with
mental retardation of unknown etiology as well as in a panel of
XLMR males [Clark et al., 2006; Newmeyer et al., 2005;
Rosenberg et al., 2004]. This justifies inclusion of SLC6A8

Mental Retardation of
unknown etiology

Urine
Cr:Crn
(only malesb)

Brain H-MRSa
CR signal
Normal
No Cerebral Creatine
De ciency Syndrome

Decreased
Metabolite
and/or
DNA analysis

DNA sequence
analysis of SLC6A8

Increasedc

Normal

DNA variant

No indication for
creatine transporter
defectd

No DNA alteration
No indication for
creatine transporter
defectd

Uptake assay in
broblasts
Normal

No SLC6A8
de ciencyf

SLC6A8
de ciency
Neutral variant / IVS

Site Directed Mutagenesis
and functional assay

Pathogenic
mutation

SLC6A8
de ciency

Impaired

Missense variant

no

Pathogenic
mutatione

mRNA analysis

Uptake restored?
yes
yes
Re ne molecular
analysisg

Aberrant?

Pathogenic
mutation

no

Re ne molecular
analysisf

FIGURE 2. Schematic diagram for screening for SLC6A8 de¢ciency in patients with mental retardation of unknown etiology. Brain
H-MRS: A highly decreased Cr signal in brain H-MRS is a strong indication for primary cerebral creatine de¢ciency syndrome. Metabolite and/or DNA analysis is warranted for a de¢nitive diagnosis. Urine Cr:Crn: An elevated urinary Cr:Crn ratio is a strong indication for SLC6A8 de¢ciency [Almeida et al., 2004]. In that case, DNA analysis is warranted to con¢rm the diagnosis. DNA sequence
analysis: In many cases the result of DNA analysis can provide the de¢nitive diagnosis of SLC6A8 de¢ciency.The DNA analysis can
result in three variant options: a pathogenic mutation is found, a novel missense variant is found, or a novel neutral variant or intronic
variant is detected. aBrain MRI/H-MRS may result in detection of an other disorder. bUsually, in females the Cr:Crn ratio is not informative. cIn approximately 10% a false-positive Cr:Crn ratio is found (see Discussion). dThere is no information on the frequency of
false-negative results in metabolite and DNA analysis. Mutations outside the analyzed regions will be missed. eA mutation is considered to be pathogenic if it:1) is a nonsense mutation, 2) is a deletion, 3) causes a frameshift, or 4) has been proven to be pathogenic.
f
In case the Cr signal is reduced on brain H-MRS, AGATand GAMT-de¢ciency need to be investigated. gIf brain H-MRS and/or uptake
in ¢broblasts indicate SLC6A8 de¢ciency, but site-directed mutagenesis classi¢es the missense variant as a polymorphism,
additional molecular analysis should be performed to identify the pathogenic mutation.

Human Mutation DOI 10.1002/humu
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Furthermore, urine metabolite analysis may also reveal a Cr
biosynthesis defect especially if guanidinoacetic acid, the
precursor of creatine, is included [Almeida et al., 2004]. Our
experience is that in about 10% of the patients with an elevated
urinary Cr:Crn ratio, this normalizes in repeat samples. In those
patients we did not detect a DNA variant. For the case in which
the urinary Cr:Crn ratio is consistently increased in the absence
of a mutation, follow-up investigations (e.g., uptake in cultured
fibroblasts or H-MRS of the brain) are needed to exclude that a
mutation has been missed. 3) DNA is available from most
patients for routine testing of common causes of mental
retardation. Therefore, genomic testing for SLC6A8 deficiency
will not put additional burden on the patient. Furthermore, in
many cases the result of DNA analysis can provide the definitive
diagnosis of SLC6A8 deficiency.
The DNA analysis can result in three findings (Fig. 2): 1) no
DNA alteration, 2) a pathogenic mutation, or 3) a novel DNA
variant (missense, neutral, or intronic).
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applying these studies, we have shown that nine alleles proved not
to result in Cr uptake activity in SLC6A8-deficient fibroblasts upon
transient transfection, and thus could be classified as pathogenic
mutations, and four alleles were proven to be rare variants that have
Cr uptake activity similar to the wild-type SLC6A8. In case prenatal
diagnosis is required, it is essential to prove pathogenicity of the
missense variant by overexpression studies (e.g., transient transfection
into SLC6A8-deficient cells).
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which 15 novel, as well as the validation of the detection of variants
in SLC6A8 by denaturing high performance liquid chromatography
(DHPLC), most suitable for detecting heterozygous variants in females. All variants reported in this study are included in the LOVD database (www.lovd.nl/SLC6A8).

as the optimal partially denaturing temperature(s) (Tm) for each
amplicon, depicted in Table 1.

2. Materials and methods

To assess the effect of the missense variants found in SLC6A8, they
were all introduced in the SLC6A8 open reading frame by sitedirected mutagenesis, using Phusion polymerase (NEB). The reaction
was performed in a total volume of 50 μl, including 50 ng template
DNA, 3% DMSO and 125 ng of forward and reverse primer (For primer
sequences see Supplementary Table 1). The thermocycling program
consisted of an initial 2′ at 98 °C, followed by 22 cycles of 15″ at
98 °C, 60″ at 66 °C and 90″ at 72 °C, with a ﬁnal step of 10′ at 72 °C.
The product was then subcloned in the pEGFP-N1 vector. Prior to
transfection, polyethylenimine and plasmid were mixed in a 1:3
ratio. Subsequently, SLC6A8-deﬁcient primary ﬁbroblasts were transient transfected in triplicate with the variant containing vector, as
well as a separate transfection of the wildtype and the empty vector.
The creatine uptake capacity was then tested through incubation
with the physiological creatine concentration of 25 μM as previously
described by Ref. [15]. Cells were harvested by trypsinization, divided
in aliquots for creatine measurement as well as Western blotting and
stored as dry pellets at − 80 °C until further use. Intracellular creatine
content was measured by stable isotope dilution GC–MS [14]. The
presence of the creatine transporter was determined with the use of
Western blotting. To prove SLC6A8-EGFP fusion protein expression,
cell pellets were lysed in urea lysis buffer (8 M urea/100 mM NaCl/
10 mM Tris–HCl, pH 8.0). Protein content was measured using a
Bicinchoninic acid protein assay (Sigma-Aldrich, St Louis, MO, USA).
Cell lysates (10 μg protein) were size-separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS PAGE)
and transferred to a PVDF membrane (Invitrogen, dry blot system).
Immunodetection was performed using antibodies directed against
the EGFP tag. Immune complexes were detected by enhanced
chemiluminescence (Lumilight Plus), conducted according to the
manufacturer's speciﬁcations (Roche, Indianapolis, IN, USA).

2.1. Samples
For the DHPLC analysis of SLC6A8, 33 novel variants and 34 previously published variants, all found and/or conﬁrmed in our diagnostic
department, were used. The samples analyzed consisted of 6 intronic
and 61 exonic variants. For the functional analysis of the SLC6A8 missense variants, using the overexpression assay, we analyzed a total of
21 variants.
2.2. PCR
The ampliﬁcation and sequencing of SLC6A8 were performed
under standard conditions as described earlier. For DHPLC analysis,
all amplicons, consisting of a single exon and the ﬂanking intronic sequences, were ampliﬁed using Discoverase DHPLC DNA Polymerase
(Invitrogen) according to the instructions of the manufacturer.
Primers were designed using Navigator 2.0 software (Transgenomic,
Omaha, NE) and GC-clamps were added where necessary. Ampliﬁcation consisted of an initial denaturation step at 94 °C of 30 s; followed
by 35 cycles at 94 °C for 30 s, 62 °C for 30 s, and 68 °C for 45 s; ﬁnished off with a ﬁnal extension step at 68 °C for 1 min.
2.3. Mutation detection by DHPLC
PCR products of hemizygous (SLC6A8) mutations were mixed in a
1:1 volume ratio with a wildtype PCR product of the same amplicon,
while heterozygous variants were used directly. Samples were heated
for 5 min at 95 °C and gradually cooled to 25 °C in a period of 1 h.
Subsequently, 5 μl of the heteroduplex/homoduplex mixture was
loaded on a WAVE 3500HT DNA fragment analysis system (Transgenomic, Omaha, NE). Elution of the PS-DVB DNAsep column (Transgenomic, Omaha, NE) was performed in high-throughput mode with a
linear gradient of increasing acetonitrile (ACN) concentration with a
runtime of 3 min and a constant ﬂow rate of 1.5 ml/min. Gradient
was realized with the use of buffer A (0.1 M triethylammonium acetate [TEAA] and 0.025% ACN) and buffer B (0.1 M TEAA and 25%
ACN). Navigator 2.0 software (Transgenomic, Omaha, NE) was used
to calculate the ratio of buffers A and B during the gradient, as well

2.4. Functional analysis of missense variants by overexpression studies in
SLC6A8 deﬁcient ﬁbroblasts

3. LOVD database
All novel SLC6A8 variants have been checked for proper nomenclature using Mutalyzer and were subsequently included in the
LOVD database. The database is localized at a server in Leiden,
The Netherlands, which can be reached by the following URL
http://www.LOVD.nl/SLC6A8 or through the Variation Databases
page of the Human Genome Variation Society (HGVS, www.HGVS.

Table 1
Primers used for the synthesis of SLC6A8 amplicons and their corresponding partial denaturing melting temperatures.
Exons 2 to 13 of SLC6A8 were ampliﬁed in 12 separate amplicons with the corresponding primer pairs. Primers were designed using the Navigator 2.0 software (Transgenomic,
Omaha, NE) and GC clamps (underlined in primer sequence) were added if necessary. Each amplicon was run with the corresponding melting temperature. In cases where the sequence could not be analyzed with one melting temperature, multiple injections were performed with different melting temperatures. When analyzing male patients, PCR reactions
were mixed in a 1:1 volumetric ratio with the corresponding wildtype amplicon to ensure detection of hemizygous variants.
Exon

Basepairs

Melting
temperature(s)

Primer sequence (5′–3′)

2
3
4
5
6
7
8
9
10
11
12
13

346
416
328
273
288
311
295
320
339
228
437
344

62.2
61.8; 63.2; 63.8
63.2
63.9
63.3; 64.2
63.9
65.4
63; 63.6
64; 64.6
64.6; 65.1
63.1; 63.8; 64.9
64.1

cctacactgactcacccagtc
gaggtggccagggaagaatc
cgcccgccgccgcccgccgcccgtccaattggacaagagggacccgc
gaggtggtgccacagcctc
gagaggctgcagcagggcgct
gctacaagtaagcaccgccg
cgcccgccgccgcccgccgcccgtgccccctcctggctccctgtcc
cgcccgccgccgcccgccgcccgtctgctgcttggtctcgacagc
tgccctctgctttgtcatcg
cgcccgccgccgcccgccgcccgtcaaggcaggtctccagcttgg
gcccgccgccgcccgccgcccgtcccgccccttcttcaccccgctggtct
ggcaggcagtgggaaccgg
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org). The database has been developed with the recently described
LOVD software, which is in agreement with the HGVS guidelines.
Currently, the SLC6A8 database contains 80 pathogenic mutations
reported in 138 male patients and 82 female carriers, and 74 variants that seem not to be associated with SLC6A8 deﬁciency.
4. Results
4.1. Functional and conservational analysis of novel missense variants
The transfection of the 21 missense variants resulted in deﬁnite
characterization of the variants. In total we found 16 variants to be
pathogenic, indicated by the lack of restoration of creatine uptake
compared to the wildtype transfected ﬁbroblasts. We found 3 variants, c.1271G>A; p.(Gly424Asp), c.1631C>T; p.(Pro544Leu) and
c.1699T>C; p.(Ser567Pro), to have residual activity ranging from
21% to 39% of the measured activity of the wildtype transfected
cells. Two variants, c.1442C>T; p.(Thr481Ile) and c.1516G>A;
p.(Asp506Asn), were characterized as not associated with disease
since the transfection with these vectors did result in a restoration
of the creatine uptake. All triplicate transfections for each variant
resulted in detectable EGFP-SLC6A8 fusion protein on Western blot.
Some variants resulted in different patterns as compared to the wildtype and although the blots were not quantiﬁed, the level of expression
of variants without restored SLC6A8 activity showed a generally reduced expression (Fig. 1).
All missense variants studied by overexpression in SLC6A8 deﬁcient ﬁbroblasts, consisting of 20 pathogenic, 6 non-disease associated and 3 with residual activity, are depicted in the model of SLC6A8,
based on the LeuT model of Ref. [21], together with the computed

conservation of the 12 transmembrane domains of SLC6A8 throughout different species as well as the SLC6 family (Fig. 2).
4.2. Detection of variants by DHPLC
For the DHPLC analysis, all but one of the 67 mutations and variants of SLC6A8 analyzed were identiﬁed with a clear separation of
hetero- and homoduplices (Supplementary Fig. F1) and all variants
resulted in distinctive unique peak patterns. The c.541T>C variant
not being separated at a range of melting temperatures was already
expected at onset and indeed the analysis at partial denaturing temperatures, ranging from 61.7 °C to 64.1 °C, did not result in clear
separation.
4.3. Detection of low level somatic mosaicism by DHPLC
One mutation, c.1667G>A;Trp556X, was detected by DNA sequence analysis in an index SLC6A8 deﬁcient male. Subsequent sequencing of his mother did not give a clear result of the presence of
the variant. However, using DHPLC, we showed a low level of the variant present in DNA extracted from EDTA blood, indicating low-level
somatic mosaicism (Fig. 3).
5. Discussion
Currently, the methods of deﬁnitive diagnosis for CCDS include a
wide range of biochemical and molecular analyses. Previously, we
set up guidelines for the diagnosis of CCDS in males, starting from patients suffering from intellectual disability through to the deﬁnitive
molecular analysis [15]. In the present paper we have investigated

a

b

Fig. 1. Creatine uptake of SLC6A8 deﬁcient ﬁbroblasts after transient transfection with pEGFP-SLC6A8 including generated missense variants and detection of their fusion proteins.a.
All reported SLC6A8 missense variants were analyzed by their introduction in the open reading frame of SLC6A8 followed by transient transfection in triplicate in SLC6A8 deﬁcient
ﬁbroblasts and tested for creatine uptake capacity. Uptake results were calculated as the total amount of intracellular creatine in picomole corrected for the amount of protein in
milligrams, but are here shown as the relative uptake compared to the wildtype (WT) transfected ﬁbroblasts in percentage. Error bars represent the standard error of the triplicate
transfection.b. All triplicate samples were analyzed by Western blotting for the presence of the EGFP-SLC6A8 fusion proteins using an antibody against EGFP (indicated by arrows).
A representative analysis of the triplicate samples is shown. The proteins running with an apparent molecular mass between ~ 75 kDa and ~ 100 kDa visible in all transfectants except for the N1 transfectant probably represent the un-glycosylated and the N-linked glycosylated form of SLC6A8. These 2 forms have slightly different migration patterns/abundance in the majority of the pathogenic variants compared to the wildtype transfectants. The higher molecular weight proteins indicated by a hash (#) could represent aggregates of
creatine transporter fusion proteins. These are often absent in the pathogenic variants. All samples originate from a single run, except for the samples indicated by an asterisk (*).
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Fig. 2. Schematic representation of SLC6A8 and its twelve transmembrane domains.a. All missense variants analyzed by overexpression in SLC6A8 deﬁcient ﬁbroblasts in this and a
previous study [15] are depicted in the putative model of the SLC6A8 transporter. This model, based on the LeuT model [21] was adapted for the human SLC6A8 protein [5]. Variants
that restored activity after transfection to levels comparable to the wildtype level are depicted in a green square and variants that had no restorative effect in a red oval. Three variants, c.1271G>A; p.(Gly424Asp), c.1631C>T; p.(Pro544Leu) and c.1699T>C; p.(Ser567Pro), resulted in a residual uptake of 29%, 39% and 37% of the wildtype transfection level
respectively and are depicted in a blue hexagon. Two variants, c.1472G>A and c.1473C>G, substitute the 491st amino acid, Cysteine, to a Tryptophan and Tyrosine respectively
but are only indicated by a single red box.b. The overall amino acid conservation of SLC6A8 throughout different species (Rat, Mouse, Cow, Rabbit, Marbled Electric Ray) and the
SLC6 neurotransmitter transporter family (A1 = GABA1, A2 = noradrenaline, A3 = dopamine, A4 = serotonine, A5 = glycine, A6 = taurine, A7 = proline, A9 = glycine, A11 =
GABA3, A12 = betaine/GABA, A13 = GABA2 and A14 = ATB0+) is computed for each transmembrane domain (TM). The number of identical, functionally conserved and nonconserved amino acids was divided by the total amount of amino acids of each TM and results are depicted in black (identical), dark grey (functionally conserved) and light
grey (non-conserved). Please note that while some intra- and extracellular domains are illustrated in the same manner as the TM domains, they are not included in the
amino acid conservation calculations. Also, the size of the illustrated TMs does not correlate with the actual number of amino acids.

the effect of 21 missense variants on the function of the creatine
transporter. Of these variants, 16 showed reduced creatine uptake
comparable with untransfected SLC6A8 deﬁcient ﬁbroblasts. The
presence of the EGFP-SLC6A8 fusion proteins was shown by Western
blotting, indicating proper transfection. These data classiﬁed all 16
variants as pathogenic.
Included in the pathogenic variants is c.1141G>C; p.[Gly381Arg,
Val377GlyfsX15]. In a previous study, cDNA analysis, which showed
two splice products, together with impaired creatine uptake in the
patients ﬁbroblasts proved the pathogenic nature of this variant
[3,9]. In this study we detected the c.1141G>A variant, which causes
the same amino acid substitution, but due to the lack of additional
materials of this patient we could not show the actual alternative
splicing effect of the variant. However, in the functional analysis of
the c.1141G>C variant, where we only tested the effect of the
amino acid substitution, a pathogenic effect was seen. Therefore, regardless of a possible alternative splicing effect, we can conclude
that the c.1141G>A variant is also a pathogenic event.
Of the other 5 missense variants, 2 variants, c.1442C>T; p.(Thr481Ile)
and c.1516G>A; p.(Asp506Asn), resulted in creatine uptake in the same
range of the wildtype transfected cells, indicating that these variants do
not cause SLC6A8 deﬁciency. The remaining 3 variants, c.1271G>A;
p.(Gly424Asp), c.1631C>T; p.(Pro544Leu) and c.1699T>C; p.(Ser567Pro), resulted in a residual uptake of 29%, 39% and 37% of the wildtype
transfection level respectively. The question remains if this is clinically
relevant. The latter 2 variants reside near the C-terminus of the protein.
Based on the crystal structure of the bacterial (Aquifex aeolicus) leucine
transporter, a member of the neurotransmitter transporter family, like
SLC6A8, the transmembrane domains 1 and 6 are considered to play a
crucial role in substrate binding and are therefore considered essential
for correct transport, TM11 and 12 are considered to participate in multimerization [17,21]. Combined with the facts that so far all variants found
to substitute amino acids after TM10 have no pathogenic effect and the

non-conserved nature of these regions, it seems that these parts are
not crucial for creatine uptake. Currently, it is not clear whether multimerization is necessary for the correct functioning of SLC6A8, as it is for
other family members, including the serotonin transporter SLC6A4 [13],
the dopamine transporter SLC6A3 [11] and the norepinephrine transporter SLC6A2 [10]. However, the current ﬁndings are pointing towards
a model where correct functioning of the protein as a monomer is possible, but in a less efﬁcient way, also indicated by the residual activity seen
in this study and the generally reduced expression of variants not restoring SLC6A8 activity. In addition, the actual presence of these regions does
seem to be necessary, since nonsense mutations in these regions have
been found to diminish creatine transport by SLC6A8. The c.1271G>A;
p.(Gly424Asp) variant resides in TM8. Although this TM is considered
to play an important role in the binding of Na+ and creatine, the glycine
at this position is found not to be conserved at all throughout different
species, indicating no necessity for glycine on this position for correct
functioning of SLC6A8.
Several studies have been performed with creatine and creatine
precursors supplementation to patients with SLC6A8 deﬁciency, but
unfortunately no consistent improvement in clinical outcome was
reported [1,2,4,6,7,14]. However, patients in whom mutations are
found with residual activity may have a better response to creatine
and/or creatine precursors supplementation. So far 2 families including 3 patients with the c.1631C>T; p.Pro544Leu mutation have been
treated with either both L-arginine and creatine or just with L-arginine. In both families, no signiﬁcant clinical improvement was observed [8,19,20]. There is no treatment data available for the patients
harboring the other 2 variants with residual activity found in this
study, c.1271G>A; p.(Gly424Asp) and c.1699T>C; p.(Ser567Pro).
All of the currently known variants, with the exception of large deletions and deep intronic variants, were used for the validation of
DHPLC. This resulted in a highly sensitive 99% (66 out of 67) detection
rate. The c.541T>C variant was not detected. Prior to measurement
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Fig. 3. Low-level somatic mosaicism of the c.1667G>A; Trp556X mutation.a. DHPLC elution proﬁles of the exon 12 amplicon of SLC6A8 in order to assess the sensitivity of the detection of the c.1667G>A; Trp556X mutation. Wildtype and mutant PCR amplicons were mixed with increasing volumetric ratios, expressed in percentages, ranging from 0:100 to
50:50.b. DNA sequence results of SLC6A8 from position c.1657 to c.1674 of an index patient and his mother. The hemizygous mutation c.1667G>A, indicated by an arrow in the left
panel, was not clearly present in the DNA of the mother after sequence analysis, although a small peak at the c.1667 position was visible.c. DHPLC analysis of the exon 12 containing
amplicon of the mother's DNA extracted from EDTA blood. The asterisk (*) indicates the heteroduplex peak, with a similar elution proﬁle as the 6.6% mutant percentage proﬁle seen
in panel a. This indicates low-level somatic mosaicism of the c.1667G>A; Trp556X mutation in the mother.

this was expected since no partial denaturing temperature could be
predicted, as a result of the high GC-content of this region. This problem could not be circumvented with the use of lengthy GC-clamps
and this was also the case for exon 1 of SLC6A8. The conclusion is
that these regions should be analyzed by direct sequence analysis.
DHPLC is most suitable for the detection of heterozygous mutations and in the case of low-level mosaicism DHPLC can easily detect a 1% occurrence of the mutant allele, while sequencing may
not be able to reach this. Henceforth we propose using DHPLC for
the screening of females with (mild) intellectual disability. Furthermore, due to the small amount of handling time required, it is a
very convenient and suitable technique for mutation analysis of
large cohorts. However, the detection of homozygous or hemizygous mutations does require an additional step of adding an equal
amount of WT PCR product, increasing the handling time for each
sample. In general, DNA analysis for heterozygous variants has its
caveats; large deletions can be missed, allele dropout can cause a
wildtype signal and in the speciﬁc case of SLC6A8, where only the
open reading frame is sequenced, variants outside this region can
be overseen.
All our ﬁndings are reported in the LOVD database, with which we
hope to aid in and simplify the process of diagnosing SLC6A8 deﬁciency. Moreover, the database is a great tool for clinicians and researchers to get an up-to-date overview of the type of mutations,
the frequency of speciﬁc variants and more details. An added value
is the option to hide information on mutations that have not been
made public yet, but still allows contact between clinicians. Since all
data is carefully screened, researchers and clinicians are invited to
submit their data to the database building up a vast collection of accessible information.

We report a total of 67 variants, of which 33 novel, and their effect
on the activity of the creatine transporter, shown by transient transfection in ﬁbroblasts. In addition, we developed a fast and efﬁcient
method for the DNA analysis of SLC6A8, suitable for screening of
large cohorts of males with intellectual disability of unknown etiology. This method is very useful for the detection of (somatic) mosaicism in females and in the screening for mutations of potential
female carriers since it does not require a mixing step with a wildtype
DNA.
Supplementary materials related to this article can be found online at doi:10.1016/j.ymgme.2011.12.022.
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ARTICLE

Characterization of novel SLC6A8 variants with the
use of splice-site analysis tools and implementation
of a newly developed LOVD database
Ofir T Betsalel 1, Efraim H Rosenberg 1,2, Ligia S Almeida1,3, Tjitske Kleefstra 4, Charles E Schwartz5,
Vassili Valayannopoulos 6, Omar Abdul-Rahman 7, Nicola Poplawski8, Laura Vilarinho 3, Philipp Wolf 9,
Johan T den Dunnen10, Cornelis Jakobs1 and Gajja S Salomons*,1
The X-linked creatine transporter defect is caused by mutations in the SLC6A8 gene. Until now, 66 synonymous and intronic
variants in SLC6A8 were detected in our laboratory. To gain more insight in the effect of the detected variants, we applied five
free web-based splice-site analysis tools to 25 published variants that were stratified as (non-)disease causing. All were correctly
predicted to have no effect ( n¼18) or to cause erroneous splicing ( n¼7), with the exception of a pathogenic de novo 24 bp
intronic deletion. Second, 41 unclassified variants, including 28 novel, were subjected to analysis by these tools. At least four
splice-site analysis tools predicted that three of the variants would affect splicing as the mutations disrupted the canonical
splice site. Urinary creatine/creatinine and brain MRS confirmed creatine transporter deficiency in five patients (four families),
including one female. Another variant was predicted to moderately affect splicing by all five tools. However, transient
transfection of a minigene containing the variant in a partial SLC6A8 segment showed no splicing errors, and thus was finally
classified as non-disease causing. This study shows that splice tools are useful for the characterization of the majority
of variants, but also illustrates that the actual effect can be misclassified in rare occasions. Therefore, further laboratory
studies should be considered before final conclusions on the disease-causing nature are drawn. To provide an accessible
database, the 109 currently known SLC6A8 variants, including 35 novel ones, are included in a newly developed
LOVD DNA variation database.
European Journal of Human Genetics (2011) 19, 56–63; doi:10.1038/ejhg.2010.134; published online 18 August 2010
Keywords: SLC6A8; XLMR; splicing; LOVD

INTRODUCTION
to classify as pathogenic or non-disease causing because the variants
In 2001, the X-linked mental retardation (XLMR) syndrome, SLC6A8 are either located in the coding region, but are synonymous, or are
deficiency, was identified because of a creatine deficiency in the brainfound in the intronic regions. However, such variants may affect
5 We therefore not only
caused by mutations in the creatine transporterSLC6A8)
(
gene (MIM
proper splicing and are potentially pathogenic.
1 and is a member of the tested if such variants could be properly analyzed by studying
300036). SLC6A8 has been mapped to Xq28
solute-carrier family 6 (neurotransmitter transporters). The clinical previously classified variants, but also subjected 28 novel variants to
presentation of males affected with SLC6A8 deficiency is mental these tools. Moreover, to facilitate worldwide diagnostic and research
retardation (MR), expressive speech and language delay, epilepsy, laboratories interested in theSLC6A8 gene, we developed a novel
developmental delay and autistic behavior. Laboratory hallmarks LOVD database (http://www.LOVD.nl/SLC6A8), which includes
include a reduction of the creatine signal in the proton magneticclinically and genetically relevant data.
resonance spectroscopy (H-MRS) of the brain, an increased urinary
creatine/creatinine ratio and impaired creatine uptake in cultured MATERIALS AND METHODS
fibroblasts. In female carriers, learning disabilities of varying degrees Subjects
have been noted. Two studies of males with XLMR estimated the In our diagnostic unit, a total of 1900 patients with a differential diagnosis
prevalence of SLC6A8 deficiency to be 2.1% (CI: 0.44–3.76)2 and 1.5% of SLC6A8 deficiency were analyzed by DNA sequence analysis. This resulted
(CI: 0–4.46). 3 A third study of males with MR revealed a prevalence of in the detection of 66 individuals with intronic or synonymous variants
0.8% (CI: 0.02–1.7%). 4 Within the last decade many novel variants (including 28 novel). These variants are addressed in this study. Also,
in the SLC6A8 gene have been detected. These variants are difficultfive novel patients affected with SLC6A8 deficiency are reported.
1Metabolic
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Methods
PCR of exon 1–13 of SLC6A8 (NM_005629.1). Exon 2 to 13 and flanking
intronic sequences of SLC6A8 were amplified using HotStarTaq Polymerase
(Qiagen, Valencia, CA, USA). Amplification consisted of an initial denaturation
step at 95 1C for 15 min, followed by 38 cycles of 94 1C for 45 s, 66 1C for 45 s
and 72 1C for 80 s. For the amplification of exon 1 and its flanking sequences,
Takara LA Taq (Takara Bio Inc., Otsu, Shiga, Japan) Polymerase was used. After
an initial denaturing step for 1 min at 94 1C, amplification was allowed in 35
cycles composed of 95 1C for 30 s, 66 1C for 30 s and 72 1C for 80 s.
RT-PCR analysis of SLC6A8 cDNAs and minigenes. RNA was isolated
from lymphoblasts or fibroblasts using the SV RNA kit (Promega, Madison,
WI, USA) or from PAX blood tubes (Qiagen). cDNA was synthesized from
isolated RNA using Omniscript Reverse Transcriptase (Qiagen) according to
the manufacturer’s instructions. RT-PCR was performed using cDNA primers
designed for the exons of interest of the SLC6A8 gene. To rule out possible
amplification of genomic DNA, RT-PCR for each RNA was also performed
without reverse transcriptase.
Construction and transfection of the minigenes. Owing to the large size of
the SLC6A8 gene and its highly GC-rich 5¢region, we only cloned the region
of interest of the SLC6A8 gene. As templates for the PCR, the patients’ and a
wild-type genomic DNAs were used. The fragment, covering exons 3–7
including 53 and 55 nucleotides of the flanking 5¢ and 3¢ intronic regions
respectively, was amplified with forward primer 5¢-CCGGAATTCGTAAAACG
ACGGCCAGCAGGGGGAGGTGGCCAGGG-3¢ containing an EcoR1 site and
reverse primer 5¢-GCGTCGACCAGGAAACAGCTATGACATGCATCTGGGT
AGCACTC-3¢ with a SalI restriction site for cloning into the pBABE-puro
plasmid. The fragment was amplified using Takara LA Taq (Takara Bio Inc.),
cloned into the TOPO-TA (Invitrogen, Breda, The Netherlands) vector and
either wild-type or mutant sequence was confirmed by sequencing. For the
construction of the positive control (ie, c.777+2T4A), site directed mutagenesis was performed on the TOPO vector containing the wild-type fragment
with forward primer 5¢-AAATCCACGGGAAAGGAACCACTAGAGGCATGC-3¢
and reverse 5¢-GCATGCCTCTAGTGGTTCCTTTCCCGTGGATTT-3¢. Presence
of the desired mutation and absence of PCR-artifacts were confirmed by
sequencing of the complete fragments. After digestion with EcoR1 and Sal1,
the inserts were sub cloned into the pBABE-puro plasmid.
Minigene constructs were transiently transfected into SLC6A8-deficient
primary fibroblasts. With the use of polyethylenimine (PEI), 25 mg of construct,
in a ratio of 3:1 (PEI:DNA), was transfected in fibroblasts grown to 70%
confluence in a 75 cm2 culture disc. After 48 h, cells were harvested.
DNA sequence analysis. Sequence analysis was performed using BigDye v3.1
terminator and an ABI 3130xl (Applied Biosystems, Nieuwerkerk aan de IJssel,
The Netherlands). The obtained sequences were analyzed using the Mutation
Surveyor software package (Softgenetics, State College, PA, USA).
Analysis of amplicons with DHPLC. For DHPLC analysis, optimal heteroduplex formation was realized by denaturing PCR products at 95 1C for 5 min
and gradual cooling to 25 1C over a period of 60 min. Subsequently, 5 ml of the
heteroduplex/homoduplex mixture was loaded on a WAVE 3500HT DNA
fragment analysis system (Transgenomic, Omaha, NE, USA). Elution of the
PS-DVB DNAsep column (Transgenomic) was performed in high-throughput
mode with a linear gradient of increasing acetonitril (ACN) concentration with
a runtime of 3 min and a constant flow rate of 1.5 ml/min. Gradient was
realized with the use of buffer A (0.1 M triethylammonium acetate (TEAA)
and 0.025% ACN) and buffer B (0.1 M TEAA and 25% ACN). Navigator 2.0
software (Transgenomic) was used to calculate the ratio of buffer A and B
during the gradient, as well as the optimal partially denaturing temperature
(Tm) for the amplicon. The Tm of this amplicon was determined as 64 1C.
In silico analysis. The analysis of splicing efficiencies in the normal and
mutant sequences was carried out using the following five splice-site analysis tools,
which are commonly used in diagnostic laboratories: the Berkeley Drosophila
Genome Project6 (http://www.fruitfly.org/seq_tools/splice.html), Netgene27
(http://www.cbs.dtu.dk/services/NetGene2/), Splice Predictor8 (http://deepc2.
psi.iastate.edu/cgi-bin/sp.cgi), GenscanW9 (http://genes.mit.edu/GENSCAN.html)

and FSplice (http://linux1.softberry.com/berry.phtml?topic¼fsplice&group¼
programs&subgroup¼gfind). The parameters used for analysis were the default
settings of all tools.
LOVD database. The target of the LOVD database is to include all published
and unpublished mutations and variants. It is localized at a server in Leiden,
The Netherlands, which can be reached by the following URL http://
www.LOVD.nl/SLC6A8 or through the Variation Databases page of the Human
Genome Variation Society (HGVS, www.HGVS.org/). The SLC6A8-specific
database has been developed with the recently described LOVD software,10
which is in agreement with the HGVS guidelines.11 All variants are checked and
approved by Mutalyzer.12 So far 38 pathogenic mutations have been reported in
44 male patients affected with SLC6A8 deficiency.

RESULTS
Validation of splice-site analysis using previously reported variants
We analyzed seven pathogenic mutations (Table 1) detected in patients
affected with SLC6A8 deficiency by applying five splice-site analysis
tools (see methods). In six out of seven pathogenic mutations at least
four of the five tools predicted a reduced recognition of the splice sites,
varying with a reduction of the probability score between 9 and 100%.
Three mutations had significant reduction scores of 499% in four of
the five tools, whereas three other variants had reduction of their
scores in a much lower range. One mutation, c.1392+24_1393-30del,
reducing the intron from 76 to 52 bp, was not recognized by all the
tools. Although analysis of this mutation with Splice Predictor resulted
in the loss of both rho and gamma values, this was not ascribed to the
mutation itself but to Splice Predictor’s precondition of an intron size
of at least 60 bp.
In addition, 18 previously reported variants that are not disease
causing were correctly predicted not to cause erroneous splicing by all
five splice-site analysis tools, with the exception of one synonymous
variant that showed in four tools minor reduction scores of equal or
o7%. These variants are all confirmed to be non-disease causing,
because we now either established at the cDNA level that no erroneous
splicing occurred or that the variants were detected in healthy control
males or were published in dbSNP (see Table 1; see www.lovd.nl/
slc6a8).
Detection and classification of novel variants
Within the last decade, we have analyzed about 1900 individuals
(referred to our department because of, eg, MR, increased urinary
creatine/creatinine) by DNA sequence analysis of the SLC6A8 gene to
exclude/confirm creatine transporter defect. In this endeavor, we
identified 41 variants including 28 novel synonymous and intronic
variants that were not included in the dbSNP database and of which
their (non-) disease-causing nature needed to be established. All
were subjected to the five splice-site analysis tools. In total, three
novel pathogenic mutations (c.263-1G4C, c.778-2A4G and c.1596+
1G4A) were detected that were predicted to cause aberrant splicing
with reduction scores of 100% by at least three splice-site analysis tools
(Table 2). Twenty-seven variants showed no effect by all five tools. By
only one or two tools eight variants were predicted to decrease the
possibility of correct splicing by 10% or less. One synonymous
unclassified variant (c.780C4T) showed in three splice-site analysis
tools reduction scores that appear significant in terms of percentage,
but if the normal range is taken into account these differences
are considered minimal (eg, the score by the FruitFly tool shows a
decrease in 32% while the actual score decreases from 0.22 to 0.15 with
the range of low probability to high probability being 0–1.00). All
these variants were considered non-disease causing. Only one intronic
unclassified variant (c.777+4C4T) was predicted by all five splice-site
European Journal of Human Genetics
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Table 1 Proven pathogenic mutations and non-disease associated variants in SLC6A8
Location cDNA

RNA

Protein
p.(?)
p.Gly88_Glu109del
p.Ile260_Gln304del
p.(?)
p.[Gly381Arg,
Val377GlyfsX15]
p.[?]
p.Gly465GlufsX12
p.(¼)
p.(¼)

01i
01i
05
06i
07

c.262_262+1delinsTTa

09i
10i
01i
02i

c.1392+24_1393-30del
c.1495+5G4C
c.262+26T4C
c.394+88G4C

r.(spl?)
r.263_328del
r.772_912del
r.(spl?)
r.[1141G4C,
1129_1141del]
r.[1392y]b
r.1393_1495del
ND
ND

05
06i
07i

c.813C4T
c.1016+9C4T
c.1141+37G4A

ND
r.¼
r.¼

p.(¼)
p.¼
p.¼

07i

c.1141+87A4G

r.¼

p.¼

07i
07i
08i
08i
09i
10
10i
11i
12

c.1142152_151del
c.114235G4A
c.1254+28C4T
c.125535G4A
c.139336G4A
c.1494C4T
c.149618C4T
c.1596+21G4A
c.1678A4G

r.¼
r.¼
r.¼
r.¼
r.¼
r.¼
r.¼
r.¼
ND

p.¼
p.¼
p.¼
p.¼
p.¼
p.¼
p.¼
p.¼
p.(Met560Val)

12i
12i
12i

c.1767+15C4T
c.1767+32C4A
c.176882G4C

r.¼
r.¼
ND

p.¼
p.¼
p.(¼)

aThis

c.2632A4G
c.912G4A
c.1016+2T4C
c.1141G4C

Controls

Netgene2

Fruitfly

Splice
predictor

Genscan W

FSplice

0/280
0/280
0/280
0/280
0/280

1.0040 (100%)
0.9540 (100%)
0.9940.80 (19%)
0.9940 (100%)
0.9940.90 (9%)

0.9940.01 (99%)
0.6140 (100%)
0.9540.67 (30%)
0.9940 (100%)
0.9240.17 (82%)

0.9940 (100%)
0.9740 (100%)
0.9940.88 (11%)
0.9740 (100%)
0.9940.90 (10%)

57.0439.1 (31%)
21.945.9 (73%)
12.449.1 (27%)
18.2410.9 (40%)
24.3418.7 (23%)

12.440 (100%)
12.540 (100%)
11.646.0 (48%)
10.1640 (100%)
11.041.5 (86%)

+/+
+/+
+/+
+/+
+/+

Wilcken et al 21
Schiaffino et al 20
Lion-Francois et al 18
Rosenberg et al 2
Hahn et al 17

NC
0.9640 (100%)
NC
NC

NC
0.9940.86 (13%)
NC
NC

NC
17.9415.7 (12%)
NC
NC

NC
11.041.5 (86%)
NC
NC

+/+
+/+
/
/

Mancini et al 19
Rosenberg et al 2
Rosenberg et al 2

NC
NC
NC

NC
NC
NC

NC
NC
NC

NC
NC
NC

/
/
/

Clark et al 4
Rosenberg et al 2
Rosenberg et al 2

NC

NC

NC

NC

/

Rosenberg et al 2

NC
NC
NC
NC
NC
0.9640.89 (7%)
NC
NC
NC

NC
NC
NC
NC
NC
NC
NC
NC
NC

NC
NC
NC
NC
NC
17.9416.7 (7%)
NC
NC
NC

NC
NC
NC
NC
NC
11.0410.3 (6%)
NC
NC
NC

/
/
/
/
/
/
/
/
/

NC
NC
NC

NC
NC
NC

NC
NC
NC

NC
NC
NC

/
/
/

Rosenberg et al 2
Rosenberg et al 2
Rosenberg et al 2
Rosenberg et al 2
Rosenberg et al 2
Rosenberg et al 2
Rosenberg et al 2
Rosenberg et al 2
Rosenberg et al 2
and Clark et al 4
Rosenberg et al 2
Rosenberg et al 2
Rosenberg et al 2

0/280
NC
0/280
0.9540.70 (26%)
6/280
NC
rs6643763,
NC
7/280
4/280
NC
0/280
NC
rs2071028,
NC
9/280
rs41302172,
NC
6/280
0/280
NC
2/280
NC
0/280
NC
0/280
NC
1/280
NC
1/280
0.9540.91 (4%)
0/280
NC
0/280
NC
1/280
NC
0/280
0/280
1/280

NC
NC
NC

Path. Reference

mutation arose de novo.

br.[1392_1393ins1392+1_1393-1;1392+24_1393-30del,

1393_1495del].
Location refers to the intron (i) or exon (two digits) number in which the variant was found. In the upper panel the proven pathogenic variants are denoted. The lower panel includes both intronic
and synonymous variants.
ND, not performed. NC: no change. Variant did not influence the predicted score compared with the canonical site.
Path.: reported and concluded pathogenicity. +: pathogenic; : no known pathogenicity.
r.(spl?): the variant is expected to affect splicing; however, no further mRNA analysis is performed.
cDNA denotation is based on the reference sequence NM_005629.3, where +1 corresponds to the first nucleotide of the initiation codon. All variants are annotated according to the guidelines of
Den Dunnen and Antonarakis
(http://www.genomic.unimelb.edu.au/mdi/mutnomen/).

Table 2 Twenty-eight novel intronic variants and 13 previously reported unclassified variants in SLC6A8
Location

cDNA

Deduced effect

Netgene2

Fruitfly

Splice predictor

Genscan W

FSplice

Path.

01i
01i
02
02i
02i
02i
02i
03
03
03i
04i
04i
05
05
05i
06i
06i
06i
07i
07i
07i
07i
07i
07i
08
08i
08i
09i
09i
10
10
10i
10i
10i
11i
11i
11i
11i
12
12
12i

c.262+65G4A
c.263-1G4C
c.306A4G
c.394+52C4T
c.394+66C4A
c.394+72C4A
c.394+88G4A
c.495C4T
c.603C4T
c.644+9G4A
c.777+4C4T a
c.7782A4G
c.780C4T
c.856C4T
c.91340T4C
c.1016+41_46del
c.1016+41_45dup
c.101738C4G
c.1141+18G4A
c.1142130C4T
c.1142122C4T
c.1142100G4A
c.114298C4A
c.114219G4A
c.1162G4A
c.1254+39G4T
c.1254+54C4T
c.1392+12G4T
c.1392+31T4C
c.1416G4A
c.1437C4T
c.14968C4T
c.14967G4A
c.14965C4T
c.1596+1G4A
c.1596+24_1597-41dup
c.1596+28C4T
c.159720C4T
c.1629G4A
c.1662G4A
c.1767+20C4T

p.(¼)
r.263_325del
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
r.(spl?)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(Ala388Thr)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
r.(spl?)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)
p.(¼)

NC
0.9540 (100%)
NC
NC
NC
NC
NC
NC
NC
NC
0.9140.82 (10%)
1.0040 (100%)
1.0040.96 (4%)
NC
NC
0.9940.96 (3%)
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
1.0040.96 (4%)
NC
0.9540 (100%)
NC
NC
NC
NC
NC
NC

NC
0.9340.32 (66%)
NC
NC
NC
NC
NC
NC
NC
NC
0.6140.47 (23%)
0.2240 (100%)
0.2240.15 (32%)
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
0.7240.67 (7%)
NC
1.0040 (100%)
NC
NC
NC
NC
NC
NC

NC
0.9740 (100%)
NC
NC
NC
NC
NC
NC
NC
0.8540.79 (7%)
0.9440.92 (2%)
SND
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
0.9240.89 (3%)
NC
NC
NC
NC
NC
NC
NC
0.8640.81 (6%)
0.9940 (100%)
NC
NC
NC
0.5740.55 (4%)
NC
NC

NC
21.945.9 (73%)
NC
NC
NC
NC
NC
33.3432.8 (2%)
NC
NC
7.846.6 (15%)
12.447.7 (38%)
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
14.1940 (100%)
NC
NC
NC
27.9425.3 (9%)
NC
NC

NC
12.540 (100%)
NC
NC
NC
NC
NC
NC
NC
NC
9.648.7 (10%)
3.340 (100%)
3.342.67 (20%)
NC
10.049.2 (9%)
NC
NC
10.2410.0 (2%)
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
11.9840 (100%)
NC
NC
NC
NC
NC
NC

?/?
+/+
?/?
?/?
?/?
?/?
?/?
?/?
?/?
?/?
/
+/+
?/?
/
?/?
?/?
?/?
?/?
?/?
?/?
?/?
?/?
?/?
?/?
/
?/?
?/?
?/?
?/?
/
?/?
?/?
?/?
?/?
+/+
?/?
?/?
?/?
?/?
?/?
?/?

aThis

Reference

Clark et al 4

Clark et al 4

Clark et al 4
Clark et al 4
Clark et al 4

Rosenberg et al 2

Clark et al 4
Clark et al 4
Clark et al 4
Rosenberg et al 2
Clark et al 4

Clark et al 4

Clark et al 4

variant was cloned into a minigene. Overexpression studies indicated that this variant does not affect splicing.
None of these variants, including 3 pathogenic mutations and 13 previously reported variants were detected in 280 control alleles.
Location refers to the intron (i) or exon (two digits) number in which the variant was found. /
NC: no change (ie, the variant did not influence the predicted score compared with the canonical site)
SND: site not detected. The canonical donor or acceptor site is not recognized as a naturally occurring site by this splice-site analysis tool.
Path.: reported/concluded pathogenicity. : no known pathogenicity; ?: probably no pathogenicity; ?: unknown; +?: probably pathogenic; +: pathogenic.
Deduced effect: brackets indicate that the variant has not been tested at the mRNA level; r.(spl?): the variant is expected to affect splicing; p.(¼), no effect predicted, but not tested at the mRNA level.
cDNA denotation is based on the reference sequence NM_005629.3, where +1 corresponds to the first nucleotide of the initiation codon. All variants are annotated according to the guidelines of
Den Dunnen and Antonarakis
(http://www.genomic.unimelb.edu.au/mdi/mutnomen/).
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analysis tools to reduce the probability of the canonical donor site of
exon 4 (Table 2) by 10, 2, 23, 10 and 15% compared with the
canonical donor site score. cDNA was not available from this patient
and thus this variant was studied by overexpression of a minigene
(ie, a genomic SLC6A8 segment containing the c.777+4C4T variant).
Both overexpression of the wild-type minigene as well as the
mutant minigene in SLC6A8-deficient primary fibroblasts showed
normal splicing as detected by RT-PCR and sequence analysis.
This is in contrast to the positive control minigene that contained the
c.777+2T4A mutation and resulted in skipping of exon 4 (Figure 1).
Five novel SLC6A8-deficient patients
The first case (patient I) was a young female (DOB January 1993)
born at term following a normal pregnancy and delivery with normal

weight, length and head circumference. From the age of 2, she developed a behavior disturbance and was assessed by a pedopsychiatric
institution that also diagnosed mild MR. At age 14, she was affected
with auditory hallucinations and the diagnosis of chronic hallucinatory psychosis was made. Her cognitive impairment was stable with
conserved language capacities and social contact, no motor impairment and no specific neurological signs. Her total IQ was tested at 45
(verbal: 61, reason: 45, memory: 53; and working velocity: 66). A brain
H-MRS was performed which showed a reduced cerebral creatine
level with a normal appearance to choline and N-acetylaspartic acid
(Figure 2). Urinary creatine levels were within the upper normal
range. Plasma creatine was determined twice resulting in values of
39.9 mmol/l and 75.4 mmol/l (normal 30–124 mmol/l). Genomic DNA
sequencing revealed a c.263-1G4C mutation. This mutation arose de
novo. Somatic mosaicism was not detected in her parents’ DNA by
both DNA analysis and the use of DHPLC (Figure 3). mRNA isolated
from PAX tubes, followed by cDNA synthesis showed approximately
mV

Wildtype

Figure 1 RT-PCR results of spliced products after transfection of the
minigenes in SLC6A8-deficient fibroblasts. SLC6A8-deficient fibroblast
were transfected with a minigene, containing an exon 3 to 7 fragment of
SLC6A8 with either a wild-type sequence, the c.777+2T4A transversion or
the c.777+4C4T variant. Cells were harvested and RNA was isolated using
the Promega RNA Isolation Kit. Subsequent RT-PCR of the wild-type and
the c.777+4C4T minigene transfected fibroblasts resulted in an amplicon of
384 bp, indicating the variant not to cause aberrant splicing. The positive
control (c.777+2T4A transfectants) resulted in a 251 bp amplicon.
Sequencing analysis showed that exon 4 was skipped in the 251 bp amplicon.
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Figure 2 Proton MRS of the brain of an index girl with SLC6A8 deficiency
(patient I). A proton MRS was performed on a 14-year-old girl with mild
mental retardation. Creatine (Cr) was found to be reduced with a normal
appearance to choline (Cho) and N-acetylaspartic acid (NAA). Subsequent
genomic DNA sequencing revealed a pathogenic c.263-1G4C mutation,
which confirmed the diagnosis of SLC6A8 deficiency.

Patient I

1

1.5

min

Figure 3 Patient I with a c.263-1G4C mutation in the SLC6A8 gene.
Somatic mosaicism for the c.263-1G4C mutation was not detected in both
parents of patient I. The DHPLC elution profile of the exon 2 amplicon
of EDTA blood DNA of patient I with a c.263-1G4C variant in SLC6A8
including her parents and a male control. At the retention time of the
heteroduplex peak clearly visible with the patient, no peak is visible with the
parents, indicating both are not somatic mosaic for the mutation.
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LOVD database
In total, the LOVD database of SLC6A8 lists 44 SLC6A8-deficient
families, with a total of 43 mutations. Of these, 38 are proven
pathogenic (+/+), whereas 5 others are presumed to be pathogenic
(+?/+?). The latter are all missense variants, which have not been
investigated by overexpression studies yet.15
The database (Figure 5) provides detailed information on the
nature of the variants, but also exon–intron location of the DNA
change (both according to current nomenclature and as published),
RNA change and protein change. To all variants a unique database
number is assigned. The column ‘variant remarks’ provides a detailed
description on the nature of the variant. The final conclusion is
presented in the first column ‘path.’ in which the first sign provides
the conclusion of the report and the second one that of the curator
(eg, +/+ meaning confirmed pathogenic). Other columns include
detailed information on the variant origin, reference, template, technique, frequency, disease status, patient remarks, times reported,
gender, geographic origin and ethnic origin. Moreover, clinical symptoms are continuously archived (non-public). The database is an
excellent tool to get an up-to-date overview of the type of mutations,
the frequency of specific variants and more details. This data can be
found in the different tabs by any user, but an advanced search
function is also available. Researchers or clinicians who are interested
in the nature of a specific variant can use the database to search if the
variant has been detected in other patients. This information may have
been published in reports or on the website only, but also may include
unpublished variants, which have not yet been made public. The latter
allows contact between clinicians even if the data are not publicly
released. All scientists/clinicians are invited to submit their data to the
database. The identity of the submitter is included in the database.
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(Figure 4). This conclusively classified the c.1392+24_1393-30del
mutation as the pathogenic event. Also, the same de novo mutation
was detected in an unrelated patient.14

2

90% r.263_325del (p.Gly88_Leu108del) and 10% wild-type product.
The X-inactivation was studied in blood with the analysis of
HhaI digested and undigested DNA followed by PCR of the highly
polymorphic CAG repeat of the androgen receptor gene and showed
a 90:10 pattern. Also, fibroblasts incubated with a physiological
concentration of creatine (25 mM) showed no uptake. All these findings
combined confirmed creatine transporter deficiency.
The second case (patient II) was a 7-year-old male with epilepsy,
expressive language difficulties and a movement disorder. He was
tested for mutations in SLC6A8 after H-MRS of the brain revealed a
diminished creatine peak with a normal appearance to NAA and
choline and urinary analysis showed an increased Cr/Crn value. This
resulted in the detection of a hemizygous c.778-2A4G variant. His
brother (patient III), currently 10 years old, showed a similar clinical
phenotype with an increased urinary Cr/Crn value and absence of
cerebral creatine. He was also found to be hemizygous for this variant
while his mother was proven to be heterozygous.
The fourth patient (patient IV) was a young male with a reduced
cerebral creatine level measured by H-MRS. Further investigation
resulted in the detection of a c.1596+1G4A variant, which was also
found to be heterozygous in DNA from his mother.
The fifth patient (patient V) was unmistakably diagnosed with
SLC6A8 deficiency at the age of 6 years. The patient suffered from
moderate MR and severe language delay. Quantitative localized single
voxel magnetic resonance spectroscopy was performed over the basal
ganglia and revealed a markedly diminished creatine level with a
normal appearance to choline. Urinary analysis revealed a creatine/
creatinine value of 1.7 (normal 0.017–0.72).13 The creatine uptake
ability of the patients’ fibroblasts was significantly decreased in
comparison with control cells when incubated at a physiological
creatine concentration of 25 mM. Moreover, the mutation could not
be detected in the DNA of the mother and is therefore considered
de novo. At the cDNA level, two erroneous transcripts were revealed
(r.[1392_1393ins1392+1_1393-1;1392+24_1393-30del,1393_1495del])

exon11

exon 10

c.1392+24_1393-30del

mRNA
Wildtype

exon 9

exon 10

exon11

r.1392_1393ins1392+1_1393-1;
1392+24_1393-30del
r.1393_1495del

50 bp
50 bp

Figure 4 Schematic representation of the c.1392+24_1393-30del variant in SLC6A8. The c.1392+24_1393-30del variant was found in two independent
patients and occurred de novo in both cases. In the patients’ DNA a hemizygous variant, c.1392+24_1393-30del, was found (upper pane). mRNA analysis
showed that this variant affects splicing and results in different splice products, r.[1392_1393ins1392+1_1393-1;1392+24_1393-30del, 1393_1495del]
(lower pane), resulting in SLC6A8 deficiency. For the second patient see Hathaway et al.14 This variant is annotated according to the guidelines of
Den Dunnen and Antonarakis (http://www.genomic.unimelb.edu.au/mdi/mutnomen/).
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Figure 5 Screenshot of the newly developed LOVD/SLC6A8 database. The currently known variants and pathogenic mutations of SLC6A8 are described in
the newly developed LOVD database including the corresponding clinical data. Search queries can be performed for many parameters (ie, specific variant,
exon number, biochemical findings). In order to submit variants it is required to log in, after which the variants will be checked for correctness and
completeness by the curator.

DISCUSSION
In this study, the nature of 67 intronic and synonymous variants has
been studied by free web-based splice-site analysis tools. These have
been characterized and are all being included in a newly developed
LOVD database. In addition, all previously published mutations are
included in this database as well. This is of high relevance for
researchers and clinicians who detect difficult to interpret variants
in the SLC6A8 gene. In an ideal diagnostic setup, an unclassified
variant is further investigated at the mRNA, protein and/or functional
level to confirm/exclude its pathogenic nature. However, in diagnostic
laboratories time is usually limited and proper materials are often not
available. Therefore, alternative methods are warranted for variant
classification such as frequently used splice-site analysis tools, which
predict the possible effect on RNA splicing of a variant based on
known and computed conserved splicing sequences. Here we demonstrate that the use of five splice-site analysis tools, indeed is very
helpful for proper classification.

In total, 24 out of 25 (96%) variants were properly classified by the
combined use of the five tools. The importance of using more than
one splice-site analysis tool is illustrated by the fact that four out
of seven proven pathogenic mutations were not predicted to
have a strong effect (ie, 90% or higher reduction) by one or more
of the individual analysis tools, whereas the combined data of all
the tools clearly predicted erroneous splicing for six of these variants
(Table 1). In one case, only one tool predicted a reduction in the
probability of correct splicing. The fact that this ‘missed’ mutation
(c.1392+24_1393-30del) comprises an intronic deletion of 24 bp out
of a 76 bp intron, easily explains this omission as none of the
five splice-site analysis tools have intron size as a parameter. This
caveat is an important finding for diagnostic laboratories that
encounter this specific type of mutations (eg, deletions, insertions in
small introns). We demonstrated that this deletion indeed results in
erroneous spliced transcripts (r.[1392_1393ins1392+1_1393-1;1392+24_
1393-30del,1393_1495del]), (Hathaway et al,14 this study).
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In 17 out of 18 proven variants, no change in prediction scores was
detected by any of the five tools. Only one variant that was proven not
to interfere with proper splicing, had a reduced score of 7% or less
compared with the canonical site by four of the five tools. Owing to
this variant, we arbitrarily decided to only consider variants for further
molecular workup if at least three tools predicted a mild effect
(10o480%), or if one or two tools predicted a significant effect
(480%). In addition, we took into account the prediction score of
the wild-type splice site. Thus, a 50% reduction of a canonical site
with a 0.99 score is more likely to have an effect on splicing than a 50%
reduction in a splice site with a much weaker score of for instance 0.22.
Utilizing these criteria, we analyzed the potential effect of 41
unclassified variants on the SLC6A8 mRNA with the use of these
five splice-site analysis tools. This resulted in the identification of
three pathogenic mutations (c.263-1G4C, c.778-2A4G and
c.1596+1G4A), and 38 variants that have no apparent relation with
creatine transporter deficiency. The effect on splicing for two of the
three novel pathogenic mutations could not be confirmed at the
cDNA level. However, given the fact that all three mutations affect the
donor or acceptor splice-site, all were classified as pathogenic. Pathogenicity was in excellent agreement with the fact that the mutations
were not detected in 280 control chromosomes, the biochemical
findings (increased urinary Cr/Crn) and/or reduced cerebral creatine
detection by H-MRS.
Interestingly, one novel mutation (c.263-1G4C) was found in a
girl, who according to our knowledge is the first reported index girl
affected with SLC6A8 deficiency. The girl was not correctly diagnosed
until the age of 14 when a brain H-MRS revealed a reduced cerebral
creatine level. This led to DNA analysis that resulted in the discovery
of the pathogenic c.263-1G4C mutation. Additional investigations
revealed a urinary creatine to creatinine ratio within the normal range
as well as normal values for plasma creatine. The discrepancy between
the urinary, plasma and cerebral creatine levels is possibly caused by
variation of the X-inactivation pattern in different tissues, which was
shown to be skewed in blood of this patient.
In a recently described cohort of female relatives who were heterozygous for a pathogenic mutation in SLC6A8, it was shown that
symptoms of SLC6A8 deficiency (eg, MR, learning difficulties and
constipation) can occur in female heterozygotes. However, it should
be noted that the level of biochemical markers (urinary creatine to
creatinine ratio and/or cerebral creatine) usually overlap with that of
normal controls. This is in concordance with the clinical and biochemical findings of the above mentioned female index patient and
confirms the recommendation of screening for mutations in SLC6A8
in females with (mild) MR/psychiatric disorders as this method
appears to be the most sensitive and specific test.16
In only 1 of the 38 UVs, mild reduction values of the probability
scores were detected by all five splice-site analysis tools. Unfortunately,
it was not possible to obtain additional material of the patient to
isolate mRNA, and clinically it was also not possible to exclude/
confirm SLC6A8 deficiency. We therefore selected this variant
(c.777+4C4T) for overexpression studies of a minigene containing
the variant. These studies revealed no aberrant splicing and therefore
this variant is also considered non-pathogenic.
After evaluating the results of the splice-site analysis tools reported
in this study, we defined our criteria for the analysis of SLC6A8. If at
least three out of five splice-site analysis tools predict a reduction of
410% or one out of five predicts a reduction of 80% of the site score
compared with the canonical site, further research is warranted.
However, a critical view needs to be kept which is illustrated by the
fact that in our study 1 out of the 10 proven pathogenic mutations
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would have escaped proper identification. The c.1392+24_1393-30del
mutation was not recognized by the overall prediction score of all five
splice-site analysis tools. It is noteworthy that these scores do not
include composition, size and branch site of the intron as parameters.
One exception is Splice predictor, which does have additional introndependent scores, namely rho and gamma. Unfortunately, these scores
are not calculated and set at zero when an intron is smaller than 60 bp,
therefore making it difficult to deduce the actual reduction with this
variant as the deletion leads to a 52 bp intron. This of course reduces
the reliability of these scores because naturally occurring introns can
have sizes of 60 bp and less.
In conclusion, splice-site analysis tools are very important in the
process of classifying novel variants. For definite classification of novel
variants outside the canonical donor and acceptor sites, in vitro
experimentation, either with mRNA analysis or with the use of a
minigene (if no additional material is available), is an essential
procedure.
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