
VU Research Portal

Creatine Transporter Deficiency

Betsalel, O.T.

2014

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Betsalel, O. T. (2014). Creatine Transporter Deficiency: How to get from A to CTG. [PhD-Thesis - Research and
graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/d7330404-0ae3-4b6e-b648-386f161a1c42


 

Summary and Discussion 

Since the first discovery of SLC6A8 deficiency in 20011, the knowledge of this 

disorder has rapidly increased. More than 150 patients harbouring over 80 

pathogenic mutations (Figure 1) have been diagnosed up to now. In this thesis, the 

development of our knowledge base focussing on the DNA analysis of the SLC6A8 

gene in diagnostics and its clinical implications has been outlined. In this final 

chapter, these progressions are discussed in more depth.  

Introduction of amino acid replacements in proteins is a tool to study structure 

function of proteins. In this study the effect of mutations introduced by nature 

were studied in our diagnostic model by reintroducing these alleles in primary 

SLC6A8 deficient fibroblasts. Using these studies, some variants appeared to have 

residual activity. These data, together with the tertiary structure of the LeuT 

transporter as well as the alignment within the SLC6 family were used in our 

studies. For instance, the c.1271G>A; p.(Gly424Asp) variant resides in 

transmembrane domain 8 (TM). Although this TM is considered to play an important 

role in the binding of Na+ and creatine2, the glycine at this position is not 

conserved at all throughout different species, suggesting no absolute necessity for 

glycine on this position for correct functioning of SLC6A8. Also, so far no 

pathogenic missense variants downstream of TM11 and TM12were found. In 

addition, compared to SLC6A8 proteins of different species and the superfamily of 

neurotransmitter transporters, these regions seem to be non-conserved. So it 

appears that these parts are not crucial for creatine uptake. This hypothesis is 

strengthened by the residual activity of variants in these regions, mentioned in 

chapter 4. However, the actual presence of these regions does seem to be 

necessary, since truncating mutations that predict proteins that lack only the C-

terminus end (including aa 424) have been found to diminish creatine transport by 

SLC6A8. On the other hand we have not studied the presence of these truncated 

proteins, and thus it also could be that these truncated proteins are not stable. 

Since the majority of variants resulted in the absence of residual activity it is 

concluded that all investigated residues are essential for proper protein folding and 

or function. 
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Figure 1. An overview of the pathogenic mutations detected in patients with SLC6A8 

deficiency. The location of the mutations is indicated by each line. The bottom right box 

contains mutations spanning several exons or complete loss of the SLC6A8 gene. nt= 

nucleotide, aa= amino acid, UTR= Untranslated region 
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c.778-300_1764del , del exon 5-12

c.1142-?_1908+?del, del exon 8-13

c.(?_-?)_(*?_?)del, del exon 1-13

c.1A>G, p.(Met1?)

c.92del, p.(Pro31ArgfsX66)

c.185_187del, p.(Ile62del)

c.219del, p.(Asn74ThrfsX23)

c.321_323del, p.(Phe107del)

c.370T>C, p.(Trp124Arg)

c.395G>T, p.(Gly132Val)

c.462G>A, p.(Trp154X)

c.428_430del, p.(Tyr143del)

c.541T>C, p.(Cys181Arg)

c.570_571del, p.(Ala191GlnfsX10)

c.634G>A, p.(Glu212Lys)

c.942_944del, p.(Phe315del)

c.1011C>G, p.(Cys337Trp)

c.917G>A, p.(Trp306X)

c.986G>T, p.(Ser329Ile)

c.1016+2T>C, p.(?)

c.1169C>T, p.(Pro390Leu)

c.1171C>T, p.(Arg391Trp)

c.1206G>A, p.(Trp402X)

c.1166A>G, p.(Tyr389Cys)

c.1210G>C, p.(Ala404Pro)

c.1222_1224del, p.(Phe408del)
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c.1428C>G, p.(Tyr476X)

c.1456C>T, p.(Gln486X)

c.1472G>A, p.(Cys491Tyr)

c.1495+5G>C, p.Gly465GlufsX12

c.1685G>A, p.(Trp562X)

c.1684dup, p.(Trp562LeufsX28)

c.1699T>C, p.(Ser567Pro)

c.1631C>T, p.(Pro544Leu)

c.1690_1703del, p.(Phe564HisfsX21)

c.1261G>C, p.(Gly421Arg)

c.1381A>G, p.(Met461Val)

c.950dup, p.(Tyr317X)

c.1006_1008del, p.(Asn336del)

c.974_975del, p.(Thr325SerfsX139)

c.943T>A, p.(Phe315Ile)

c.467_469del, p.(Phe156del)

c.64dup, p.(Leu22ProfsX167)

c.259G>A, p.(Gly87Arg)

c.1141G>C, p.[Gly381Arg, Val377GlyfsX15]

c.1067G>T, p.(Gly356Val)

c.1040_1042del, p.(Ile347del)

c.1059_1061del, p.(Phe354del)

c.1078_1080del, p.(Phe360del)

c.1090G>T, p.(Gly364Cys)

c.1105G>A, p.(Glu369Lys)

c.1141G>A, p.(Gly381Arg)



 

MOLECULAR DIAGNOSIS 

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 ID through to the 

definitive molecular analysis3. As methods evolve, so do the guidelines. In chapter 

4, a flowchart is presented to guide physicians towards the correct diagnosis in the 

case of suspected SLC6A8 deficiency. In this flowchart the molecular 

characterization of variants detected in DNA of patients with suspected SLC6A8 

deficiency is included. Here the nature of the variant should be determined, which 

can offer quite the challenge (This thesis). If the variant is known, its effect can be 

confirmed using the LOVD database (www.lovd.nl/slc6a8). This database, which 

was developed by the Free University Medical Center in cooperation with the 

Leiden University Medical Center, lists all published variants and pathogenic 

mutations of SLC6A8. These data are freely accessible and are maintained and 

updated by the whole community working on SLC6A8. Moreover, this database also 

offers information that is usually inaccessible (e.g. the molecular proof of 

pathogenicity). 

In the case of a novel unclassified variant, a few elements should be considered. If 

the variant has an apparent pathogenic effect, (i.e. nonsense, large deletions, 

frameshift, splice error causing variants), further investigation is usually not 

essential. Missense, 1-2 amino acid deletions, intronic or neutral variants require 

further work-up. For correct classification of missense and 1-2 amino acid 

deletions, creatine uptake studies in patient fibroblasts should be performed. If 

these are not available, construction of the variant in an expression vector, 

followed by in vitro overexpression in SLC6A8 deficient fibroblasts should give an 

indication of the pathogenicity of the variant. For intronic or neutral variants, a 

different approach is necessary. In chapter 2.3, we describe a method where with 

the use of online splice site analysis tools, these types of variants can be analysed. 

However, as important as these tools are when no additional patient material is 

available, they cannot substitute in vitro experimentation, either with mRNA 

analysis or with the use of a minigene. These findings illustrate the importance of 

collecting and sharing variant data. Especially with next generation sequencing 

around the corner, which will result in vast amounts of novel variants, waiting to 
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be classified. Ideally only in cases where the variant is expected to be likely 

pathogenic, the patients are subjected to further biochemical and clinical workup. 

There is one specific type of variant which is not easily classified as either 

pathogenic or non-disease causing, the missense variant with residual transporter 

activity in transfection studies. In chapter 4, we present nine patients harbouring 

this type of mutation. In one remarkable case, a missense variant 

(c.1271G>A;p.Gly424Asp) was detected in a mother and her 3 sons. Creatine uptake 

studies of SLC6A8 deficient fibroblasts after transient transfection with pEGFP-

SLC6A8-Gly424Asp resulted in a relative uptake of around 29% compared to the 

wildtype transfected fibroblasts. Also, the EGFP-SLC6A8-Gly424Asp fusion protein 

was detected using an antibody against EGFP. Clinically, these brothers had a very 

different pattern. Two of them had relatively mild ID, while the third had a more 

for SLC6A8 deficiency typical phenotype with moderate ID, autistic features, 

expressive dysphasia and epilepsy. Three other variants, c.1661C>T; p.(Pro544Leu), 

c.1699T>C; p.(Ser567Pro) and c.1190C>T; p.(Pro397Leu), also showed to have 

residual transporter activity and resulted in variable clinical phenotypes. The 

discrepancies between the molecular and clinical findings make this kind of 

variants difficult to definitively classify, they might however help us understand 

the in vivo functioning of the SLC6A8 protein. 

Another interesting finding was the identification of a family with the pathogenic 

mutation c.1059_1061delCTT; p.Phe354del, which was not previously described 

(Chapter 3). Additional molecular workup on the mother of the index patient 

showed that she displayed low-level (6%) somatic mosaicism for this amino acid 

deletion. This might not seem to be clinically relevant, especially with a de novo 

occurrence rate of 30% in index patients. But with a relatively high percentage (7%) 

of mothers with somatic mosaicism, we underline the importance of awareness of 

mosaicism in the counselling of families with a de novo mutation in the SLC6A8 

gene and the need for prenatal diagnosis, unrelated from the outcome of DNA 

sequencing, which does not detect low-level somatic and germline mosaicism.  

In conclusion, our diagnostic workup flowchart, in combination with the LOVD 

database should be considered important tools in aiding and simplifying the process 

of diagnosing SLC6A8 deficiency.  
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CLINICAL PRESENTATION 

The extensive investigation of SLC6A8 deficiency in males has provided us with a 

clear overview of the clinical hallmarks.  

In males, the most common clinical features are ID with prominent speech delay, 

behavioural abnormalities and seizures. Most adult male patients had severe ID, 

while younger patients showed a mild ID. 

Most patients were above all delayed in speech development while their motor 

development was only mildly delayed. Other common symptoms were behavioural 

problems, mostly autistic features and attention deficit and hyperactivity, and 

seizures. Hypotonia, mild signs of spasticity and coordination disturbances are also 

very frequent in males.  

In females, heterozygous for pathogenic mutations in SLC6A8, similar symptoms 

have been described, such as mental retardation, learning difficulties and 

constipation. However, the biochemical profile of females (e.g. urinary creatine to 

creatinine ratio and/or cerebral creatine) is usually within the range of normal 

controls.  

 

TREATMENT 

Initially, when the first patient was diagnosed, the general hope was that an 

effective treatment was within reach. Unfortunately until present day this goal has 

not been reached. With the discovery of SLC6A8 deficiency, several therapeutic 

trials have been commenced. Initially, patients were treated with high doses of 

creatine monohydrate. After these did not show any clinical improvements, studies 

followed with the creatine precursor L-arginine or lipophilic creatine analogs. 

Regrettably, none of these resulted in the desired clinical effect in males4–9, which 

keeps the search open for the right treatment of SLC6A8 deficiency. In females 

with a heterozygous pathogenic mutation in SLC6A8, treatment was proven to be 

mildly effective in several cases. One example is a female with a heterozygous 

c.1067G>T, p.Gly356Val mutation, that showed complete loss of her intractable 

epilepsy after treatment with creatine monohydrate and L-arginine and L-glycine, 

but no significant increase in her intellectual development10. 

Patients harbouring mutations known to have residual activity in vitro may benefit 

more from treatment with creatine and/or creatine precursors. Currently, this 
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hypothesis was not in line with the treatment of 3 patients with the c.1631C>T; 

p.Pro544Leu mutation (residual activity of 38% of wildtype transfected cells), 

whom were treated with either a combination of L-arginine and creatine or just 

with L-arginine. All three showed no significant clinical improvement11,12. Possibly, 

treatment of patients harbouring the other two published variants with residual 

activity, c.1271G>A; p.(Gly424Asp) and c.1699T>C; p.(Ser567Pro), will show a 

different course of improvement. 
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