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Abstract

:

Creatine deficiency syndrome (CDS) comprises three separate enzyme deficiencies with overlapping clinical presentations: arginine:glycine amidinotransferase (GATM gene, glycine amidinotransferase), guanidinoacetate methyltransferase (GAMT gene), and creatine transporter deficiency (SLC6A8 gene, solute carrier family 6 member 8). CDS presents with developmental delays/regression, intellectual disability, speech and language impairment, autistic behaviour, epileptic seizures, treatment-refractory epilepsy, and extrapyramidal movement disorders; symptoms that are also evident in children with autism. The objective of the study was to test the hypothesis that genetic variability in creatine metabolism genes is associated with autism. We sequenced GATM, GAMT and SLC6A8 genes in 166 patients with autism (coding sequence, introns and adjacent untranslated regions). A total of 29, 16 and 25 variants were identified in each gene, respectively. Four variants were novel in GATM, and 5 in SLC6A8 (not present in the 1000 Genomes, Exome Sequencing Project (ESP) or Exome Aggregation Consortium (ExAC) databases). A single variant in each gene was identified as non-synonymous, and computationally predicted to be potentially damaging. Nine variants in GATM were shown to have a lower minor allele frequency (MAF) in the autism population than in the 1000 Genomes database, specifically in the East Asian population (Fisher’s exact test). Two variants also had lower MAFs in the European population. In summary, there were no apparent associations of variants in GAMT and SLC6A8 genes with autism. The data implying there could be a lower association of some specific GATM gene variants with autism is an observation that would need to be corroborated in a larger group of autism patients, and with sub-populations of Asian ethnicities. Overall, our findings suggest that the genetic variability of creatine synthesis/transport is unlikely to play a part in the pathogenesis of autism spectrum disorder (ASD) in children.
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1. Introduction


Autism spectrum disorder (ASD) can be present in children with inborn errors of metabolism, the latter having a prevalence of 1 in every 800 live births [1]. Less than 5% of ASD cases can be attributed to routinely-screened-for inborn errors of metabolism [2,3]. Creatine deficiency syndrome (CDS) is an inherited metabolic disorder that is not included in routine newborn screening panels or in standard ASD diagnostic work up. The presence of autistic symptoms in patients with CDS suggests that genes in the creatine metabolic pathway may play a part in the neurobiology of ASD and may represent a treatable cause of ASD [4]. We recently ascertained the prevalence of CDS in children with non-syndromic autism in a large, prospective, multicentre study by screening for creatine metabolites in urine and sequencing GAMT, GATM and SLC6A8 genes (glycine amidinotransferase, guanidinoacetate methyltransferase and solute carrier family 6 member 8) for pathogenic mutations (443 children with ASD). The estimated prevalence of CDS was less than 7 in 1000 and there was no obvious correlation between pathogenic CDS gene mutations and ASD, Therefore, the chances of a child with ASD having a CDS were very low [5].



In the study presented here, we investigate the association of autism with non-CDS disease causing variants in the three creatine metabolism genes. Whereas non-synonymous nucleotide changes resulting in amino acid changes are likely to result in pathogenic mutations, synonymous changes that do not alter the amino acid are often attributable to polymorphisms. It has been shown that single nucleotide polymorphisms (SNPs) can explain up to 40% of the variance in liability to ASD [6,7]; thus common genetic polymorphisms can be a major risk factor for autism.



The clinical presentation of CDS is characterized by developmental delays and cognitive decline, intellectual disability, impaired speech and language, autistic behaviour, epileptic seizure activity, treatment-refractory epilepsy, and extrapyramidal movement disorders [8,9,10,11]. Significant behavioural, social and communication challenges seen in ASD can be caused by neurodevelopmental disabilities of complex aetiology. The symptoms in patients with CDS and those with ASD can overlap.



In patients with CDS, the impaired synthesis or transport of creatine leads to depletion of creatine/phosphocreatine in the brain. The creatine–phosphocreatine system plays an essential role in cellular energy homeostasis in the central nervous system. This system acts as a temporal and spatial energy buffer, energy transducer and general regulator of cellular energetics [12]. Creatine has been shown to act as a neuroprotective agent [13]; it protects rat hippocampal neurons against glutamate and amyloid beta peptide toxicity [14]; it seems to function as a potent natural survival and neuroprotective factor for γ-aminobutyric acid (GABA)-ergic neurons in a model for Huntington disease [15] and of dopaminergic neurons in a model for Parkinson’s disease [16]. In two studies, creatine supplementation was convincingly shown to improve concentration [17], as well as short-term memory and learning [18] in healthy human subjects. Due to these protective functions of creatine the deficiency of creatine could play a part in the neurobiology of ASD.



CDS includes three separate deficiencies: arginine:glycine amidinotransferase (AGAT), guanidinoacetate methyltransferase (GAMT), and creatine transporter (CrT) [4,8,19]. AGAT and GAMT deficiencies are autosomal recessive inherited biosynthesis defects of creatine. The AGAT gene (NCBI Gene ID 2628, official nomenclature: GATM) located on chromosome 15q15.3 is 16.8 Kb in size and contains nine exons, which encode 424 amino acids. The GAMT gene (Gene ID 2593) located on chromosome 19p13.3 is 4.46 Kb in size and has six exons encoding 237 amino acids. Dysfunction of the CrT leads to impaired intra-cellular creatine uptake and has X-linked inheritance. The CrT gene (Gene ID 6535, SLC6A8) located on Xq28 spans 8.4 Kb and consists of 13 exons encoding 635 amino acids [4]. To date, there are 6, 29, and 88 pathogenic mutations described throughout the GATM, GAMT, and SLC6A8 genes, respectively [20]. The common denominator of all these diseases is the virtually complete absence of creatine and phosphocreatine in the brain that can be assessed with in vivo magnetic resonance spectroscopy (MRS). The diagnosis can be made in spot urine determining the concentration of creatine and guanidinoacetate normalized for creatinine, in 24-h urine measuring the excretion of creatine, guanidinoacetate, and creatinine, and by measuring the concentration of these metabolites in blood [4,21,22]. Among CDS, GAMT deficiency, while presenting as a spectrum from mild to severe, has the most severe phenotype that includes severe intellectual deficits. Treatment-refractory epilepsy and extrapyramidal movement disorders are exclusively seen in GAMT patients [4,8,10,23,24]. The few AGAT-deficient patients described so far seem to have a less severe presentation with developmental delays and impaired communication and social contact. Mild seizures have been reported in only some of the cases [9,25,26]. Males with X-linked CrT deficiency present with impairments of speech and language and may have a seizure disorder. They usually show behavioural abnormalities and develop intellectual disability. While most of the female carriers have a normal appearance, some may have mild learning difficulties. Treatment with supplementation of creatine can fully (AGAT) or partly (GAMT) replenish brain creatine and attenuate the clinical course in AGAT and GAMT-deficient patients. In contrast, creatine supplementation has no effect on brain creatine and the clinical course in male CrT patients [4]. There is an even gender distribution in GAMT [10] and likely in AGAT deficiencies, whereas predominantly males are affected with the CrT defect. The latter is an X-linked condition and female carriers are mostly asymptomatic [8].



Because of the overlap of symptoms between CDS and ASD and because of the potential role of the creatine-phosphocreatine homeostasis in autism, we hypothesize that comparing the ASD population to the general population may reveal an altered frequency of genetic variants in the three CDS genes (GATM, GAMT and SLC6A8) that are associated with autism.




2. Results


A total of 166 subjects enrolled in the study, with 71 from the prospective group enrolled in Toronto and 95 from the Genome Canada study sample. Of these, 32 were females, and 134 were males. Ethnicities were described as European “EUR”, Asian “ASN”, African “AFR” or Admixed/Unknown, “MIX/UNK” (Supplementary Table S1).



2.1. Novel/Rare Variants Observed in CDS Genes in ASD Patients


Sequence data was compared with NCBI reference genes, and genetic variations were compared to three variation databases: the 1000 Genomes phase 3 dataset, the National Heart, Lung and Blood Institute Grand Opportunity Exome Sequencing Project (NHLBI GO ESP) and the Exome Aggregation Consortium (ExAC). A number of variants were identified, some of which are novel (not in the variant databases) or rare (present at allele frequencies less than 1% or 0.01) (Table 1, Table 2 and Table 3, Figure 1, Figure 2 and Figure 3).



2.1.1. GATM Gene Variants


A total of 29 variants were identified, of which four were present in coding regions (Figure 1, Table 1). Of these, two were rare variants: one was synonymous and one was non-synonymous. Synonymous variants are presumed to not have any potential pathogenicity, unless they are likely to affect splicing. The non-synonymous variant (c.700G > C, p.Asp234His) was not present in 1000 Genomes or ESP, but was present in the ExAC database at a minor allele frequency of 0.00001651 (2/121104 chromosomes, mixed ethnic population) (Table 1). The variant was identified as heterozygous in one individual in the ASD population, resulting in a minor allele frequency (MAF) of 0.003 (1/332 chromosomes). Computational software (SIFT [27], PolyPhen-2 [28] and MutationTaster [29]) all predict this variant to be damaging, and therefore pathogenic if homozygous (Table 1). Further functional testing would be needed to confirm the true pathogenicity of this variant.



There were several differences seen in the MAFs calculated for GATM variants identified in the ASD patient group compared to those from ethnic populations in 1000 Genomes database (European, East Asian, African and Mixed/Unknown) (Supplementary Table S2). Figure 4 shows the p-values from the Fisher’s exact test (plotted as -log (p)) and the variants identified. Fifteen of these differences were initially found to be significant (Fisher’s exact test, p = 0.01), and after running the Benjamini–Hochberg procedure, 11 of these values remained above the threshold of significance. Nine of these values represented a significant difference between the allele frequencies seen in our autism population and the East Asian population of the 1000 Genomes database: SNPs rs7164139 (c. − 200C > T, p = 0.000005), rs12437887 (c.70 − 77C > T, p = 0.00002), rs12437840 (c.70 − 38G > T, p = 0.00002), rs1288775 (c.330A > T, p = 0.000037), rs1145086(c.1252T > C, p = 0.000114), rs1049503 (c.*600A > G, p = 0.0003), rs1049508 (c.*715T > C, p = 0.000037), rs35410548 (c.*734_*735insCA, p = 0.000499) and rs1049518 (c.*940C > T, p = 0), Figure 4). All nine variants had a significantly lower MAF than the 1000 Genomes East Asian population database (Supplementary Table S2). It is possible that some of these SNPs could be inherited as a single haplotype (adjacent SNPs that are inherited together). To further investigate these nine variants, we compared the data from our Asian population with the 1000 Genomes South Asian population (Table 4). This data suggested that none of the variants were significantly different.



Two variants in the European cohort show significant variation from the 1000 Genomes European database population: rs17618637 (c.*913G > A, p = 0.00005) and rs1049518 (c.*940C > T, p = 0) both in the 3′UTR (untranslated region) of the GATM gene. Both had lower MAFs than in the database (Supplementary Table S2).




2.1.2. GAMT Gene Variants


A total of 16 variants were identified, of which three were in coding regions (Figure 2, Table 2). Two of these were rare variants, and one of these was non-synonymous. This variant (c.227C > T), observed in a heterozygous state in two individuals, had an MAF of 0.000616 in the ESP database (8/12984 chromosomes) and 0.000411 in the ExAC database (29/70554 chromosomes) (Table 2). In our ASD population, the variant was observed in 2/332 chromosomes, resulting in an MAF of 0.006. SIFT, PolyPhen-2 and MutationTaster all predicted the variant to be damaging (Table 2).



There were some differences seen in the MAFs calculated for GAMT variants identified in the ASD patient group compared to those from ethnic populations in the 1000 Genomes database (Supplementary Table S3). Figure 5 shows the p-values from Fisher’s exact test (plotted as −log (p)) and the variants identified. Only three of these differences were significant (Fisher’s exact test, p = 0.01), and after running the Benjamini–Hochberg procedure only one of these remained significant (r266813).




2.1.3. SLC6A8 Gene Variants


In total 25 variants were identified, of which two were in coding regions (Figure 3, Table 3). Of these, one resulted in a rare, non-synonymous coding change in exon 8: c.1162G > A. This was identified as hemizygous in a male individual, which would imply the variant would cause disease if found to be pathogenic, since the SLC6A8 gene is on the X chromosome. The MAF was 0.005 (1/198 alleles), and allele frequencies for the 1000 Genomes, ESP and ExAC databases were 0.0003 (1/3775 alleles), 0.0002886 (3/10394 alleles) and 0.00007051 (1/14182 alleles) respectively. SIFT, PolyPhen-2 and MutationTaster all suggest the variant is damaging, and if so, the variant could potentially be disease causing. However, the variant is listed in the Leiden Open Variation Database v2 [30] and is shown by one study to be benign. The variant was identified in a patient with mental retardation, but fibroblasts from the patient were confirmed to have normal creatine uptake. The variant was seen in 2/1900 patients with mental retardation [31]. Two more rare variants were also identified as non-pathogenic by other studies: c.813C > T, a synonymous variant in exon 5 [32], and c.1142 − 35G > A in intron 7, as well as several of the non-coding polymorphic variants [33].



There were some differences seen in the MAFs calculated for SLC6A8 variants identified in the ASD patient group compared to those from ethnic populations in 1000 Genomes database (Supplementary Table S4). Figure 6 shows the p-values from Fisher’s exact test (plotted as -log (p)) and the variants identified. Only three of these differences were significant (Fisher’s exact test, p = 0.01), but after running the Benjamini–Hochberg procedure, these values fell below the threshold of significance.






3. Discussion


Three rare, non-synonymous genetic variants were identified in coding regions in GATM, GAMT and SLC6A8 genes in four individuals with ASD. The variants were heterozygous in GATM and GAMT, implying possible carrier status for a pathogenic mutation; and hemizygous for SLC6A8 in a single male, suggesting creatine transporter deficiency if the variant is proven pathogenic. All three variants were predicted as being damaging using SIFT, PolyPhen-2 and MutationTaster. No creatine transporter defect had been demonstrated in males with the hemizygous SLC6A8 c.1162G > A variant. This variant was subsequently proven to be benign, based on its presence in two patients with mental retardation and no creatine transporter defect [31]. The variants in GATM and GAMT can only be proven as truly pathogenic if functional studies are performed. No homozygous or compound-heterozygous variants classified as “damaging” were identified in the ASD population, suggesting the prevalence of CDS in autism patients in our sample is zero. We have recently published another study confirming the prevalence to be zero, as no cases of CDS were identified in 443 children with ASD (screening of patients was done using both metabolic and molecular methods) [5]. Schiff et al. [34] screened urine from 203 children with non-syndromic autism and found none to be affected with CDS. The only other genetic screen was carried out by Newmeyer et al [35]. They screened 100 males with ASD for mutations in the SLC6A8 gene, and reported one affected child. However, this male patient had the c.1162G > A variant. He was later further investigated and had a normal urine creatine/creatinine ratio, suggesting the variant was benign.



Statistical Differences between MAFs in CDS Genes in ASD and the General Population


Fisher’s exact test was used to determine the statistical significance of any differences identified in the allele frequencies of the autism cohort compared to the 1000 Genomes database (divided into four population groups).



There were some differences seen in the MAFs calculated for GATM, GAMT and SLC6A8 variants identified in the ASD patient group, but the only statistically significant results were seen in the GATM gene. These included variants in non-coding regions (3′ and 5′UTRs, introns) as well as changes in exons. The Asian autism cohort was compared to the East Asian data in 1000 Genomes initially. Nine variants were identified at a statistically lower frequency in our Asian autism cohort compared to the 1000 Genomes database. The data for these nine variants was then compared to the South Asian data in 1000 Genomes, which further suggested that the MAFs were not significantly different. We do not know the diversity of ethnicities within our Asian cohort and so cannot determine if our population is skewed towards one or another subpopulation. This potentially interesting finding would need further investigation with Asian subpopulations. Two variants in the European autism cohort also presented at a statistically lower allele frequency than in the 1000 Genomes database.





4. Materials and Methods


A prospective group consisting of 71 subjects was enrolled in Toronto, and a retrospective sample of 95 subjects was collected as part of the Canadian Autism Genome Project (families with only one autistic child). The former was also part of the prevalence study of CDS in ASD [5]. Supplementary Table S1 shows the cohort divided by ethnicity and sex.



Participants received a diagnosis of ASD from clinician experts based on diagnostic and statistical manual of mental disorders, 4th edition (DSM-IV) criteria for ASD (autism, Asperger’s, or pervasive developmental disorder—not otherwise specified (PDD-NOS)) with the diagnosis confirmed by the autism diagnostic observation schedule (ADOS-G) [36]. An additional group of children with moderate to severe ASD eligible for a publicly-funded Intensive Behavioural Intervention Therapy program for children with ASD was recruited. Children included from this subgroup also underwent assessment by clinician experts, however, rather than the ADOS, their assessment included observation with the Childhood Autism Rating Scale (CARS) [37] and the DSM-IV checklist. Individuals were excluded if they had Rett syndrome, Childhood disintegrative disorder, severe bilateral visual impairment, or severe bilateral hearing impairment.



4.1. Study Design and Measurement


To investigate the genetic variability in genes involved in creatine metabolism in children with ASD, Sanger-based DNA sequencing chemistry was used (ABI-3730) to sequence the three genes, GATM (AGAT), GAMT, and SLC6A8 (CrT). The entire gene was sequenced including 3′ and 5′UTRs, coding regions and flanking intronic segments. Examination of raw sequence data was completed manually for missense, nonsense, or small insertion/deletion events, by aligning sequences with NCBI reference genes. Genetic variations were compared to sequence data in Alamut (Alamut Visual version 2.6, Interactive Biosoftware, Rouen, France) and three variation databases: the 1000 Genomes phase 3 dataset [38], Exome Sequencing Project [39] and the Exome Aggregation Consortium [40]. Fisher’s exact test was used to calculate “goodness-of-fit” between the allele frequencies in published databases (primarily the 1000 Genomes phase 3 dataset and the autistic patient population, based on ethnicity. If ethnicity was not known, or admixed, then allele frequencies were compared to the combined allele frequency for all ethnicities. Significant variation between allele frequencies for the two populations was noted when p < 0.01.



To reduce the false discovery rate, and help reduce type 1 errors (false positives) we applied the Benjamini–Hochberg procedure. The variants for each ethnic population for each gene (excluding the novel variants) were ranked in ascending p-values. Each individual p-value’s Benjamini–Hochberg critical value was calculated using the formula (i/m)Q (with i = the individual p-value’s rank; m = total number of tests; and Q = the false discovery rate (0.01)). The highest p-value that was also smaller than the critical value was noted, and that value and all values with lower p-values were considered significant. These variants are identified on the Manhattan plots.




4.2. Molecular Genetics


DNA was prepared from blood or lymphoblasts; PCR products were amplified using the primers listed in Supplementary Table S5, and sequenced by TCAG (Toronto Center of Applied Genomics, Toronto, ON, Canada). GATM gDNA was amplified using Herculase II Fusion Taq polymerase (Agilent Tech., Mississauga, ON, Canada). GAMT gDNA was amplified using Hotstar Taq polymerase (Qiagen, Toronto, ON, Canada). In some cases, a second nested amplification was carried out on the first PCR product; some of these primers had a GC clamp at their 5′ end. SLC6A8 was amplified using Herculase II Fusion Taq polymerase, Hotstar Taq polymerase or TaKaRa La Taq polymerase (Takara Bio Inc., Shiga, Japan). Some of these primers had an M13 clamp at their 5’ end (G. Salomons, personal communication).




4.3. Ethics, Consent and Permissions


The study was approved by the Research Ethics Boards of The Hospital of Sick Children, Surrey Place Center, and Holland Bloorview Kids Rehabilitation. Subjects enrolled in the study after parents completed written informed consent.





5. Conclusions


We hypothesized that genetic variability (polymorphisms) in the three genes associated with CDS could impact the health of children and result in an autistic phenotype. This hypothesis was suggested by the fact that rare variants have been shown to have a cumulative effect, contributing to ASD risk (narrow sense heritability); and that CSD and ASD have overlapping phenotypes suggesting some similar disease mechanisms.



Our findings suggest there could be a lower association of some specific GATM gene variants in Asians and Europeans with autism compared to the 1000 Genomes database (East Asian population and all Europeans), observations that would need to be corroborated in a larger group of autism patients in which ethnic sub-populations are known. Variants in GATM have not been associated with autism previously, nor has the chromosomal region of 15q21.1. There are no genes overlapping GATM that have been associated with autism.



By sequencing the three CSD genes, the findings demonstrate that genetic variability in genes of biosynthesis (AGAT and GAMT) and transport of creatine (CrT) is unlikely to play a part in the pathogenesis of ASD in children. Through this work, we have corroborated results determined in our prior prevalence study in which none of the 443 children with ASD was found to be affected with CDS [5]. Both studies taken together suggest that, despite the possibility that there is a shared feature that might cause the separate but similar ASD and CDS autistic symptoms, we should look elsewhere for causation of ASD.








Supplementary Materials


Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1665/s1.
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	PDD-NOS
	Pervasive Developmental Disorder–Not Otherwise Specified



	SNP
	Single Nucleotide Polymorphism



	UTR
	Untranslated Region







References


	



Pampols, T. Inherited metabolic rare disease. Adv. Exp. Med. Biol. 2010, 686, 397–431. [Google Scholar] [PubMed]

	



Ververi, A.; Vargiami, E.; Papadopoulou, V.; Tryfonas, D.; Zafeiriou, D.I. Clinical and laboratory data in a sample of Greek children with autism spectrum disorders. J. Autism Dev. Disord. 2012, 42, 1470–1476. [Google Scholar] [CrossRef] [PubMed]

	



Manzi, B.; Loizzo, A.L.; Giana, G.; Curatolo, P. Autism and metabolic diseases. J. Child Neurol. 2008, 23, 307–314. [Google Scholar] [CrossRef] [PubMed]

	



Schulze, A. Creatine deficiency syndromes. Mol. Cell. Biochem. 2003, 244, 143–150. [Google Scholar] [CrossRef] [PubMed]

	



Schulze, A.; Bauman, M.; Tsai, A.C.; Reynolds, A.; Roberts, W.; Anagnostou, E.; Cameron, J.; Nozzolillo, A.A.; Chen, S.; Kyriakopoulou, L.; et al. Prevalence of Creatine Deficiency Syndromes in Children with Nonsyndromic Autism. Pediatrics 2016, 137, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Gaugler, T.; Klei, L.; Sanders, S.J.; Bodea, C.A.; Goldberg, A.P.; Lee, A.B.; Mahajan, M.; Manaa, D.; Pawitan, Y.; Reichert, J.; et al. Most genetic risk for autism resides with common variation. Nat. Genet. 2014, 46, 881–885. [Google Scholar] [CrossRef] [PubMed]

	



Klei, L.; Sanders, S.J.; Murtha, M.T.; Hus, V.; Lowe, J.K.; Willsey, A.J.; Moreno-De-Luca, D.; Yu, T.W.; Fombonne, E.; Geschwind, D.; et al. Common genetic variants, acting additively, are a major source of risk for autism. Mol. Autism 2012, 3. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Schulze, A. Creatine deficiency syndromes. Handb. Clin. Neurol. 2013, 113, 1837–1843. [Google Scholar] [PubMed]

	



Leuzzi, V.; Mastrangelo, M.; Battini, R.; Cioni, G. Inborn errors of creatine metabolism and epilepsy. Epilepsia 2013, 54, 217–227. [Google Scholar] [CrossRef] [PubMed]

	



Stockler-Ipsiroglu, S.; van Karnebeek, C.; Longo, N.; Korenke, G.C.; Mercimek-Mahmutoglu, S.; Marquart, I.; Barshop, B.; Grolik, C.; Schlune, A.; Angle, B.; et al. Guanidinoacetate methyltransferase (GAMT) deficiency: Outcomes in 48 individuals and recommendations for diagnosis, treatment and monitoring. Mol. Genet. Metab. 2014, 111, 16–25. [Google Scholar] [CrossRef] [PubMed]

	



Van de Kamp, J.M.; Betsalel, O.T.; Mercimek-Mahmutoglu, S.; Abulhoul, L.; Grunewald, S.; Anselm, I.; Azzouz, H.; Bratkovic, D.; de Brouwer, A.; Hamel, B.; et al. Phenotype and genotype in 101 males with X-linked creatine transporter deficiency. J. Med. Genet. 2013, 50, 463–472. [Google Scholar] [CrossRef] [PubMed]

	



Wallimann, T.; Wyss, M.; Brdiczka, D.; Nicolay, K.; Eppenberger, H.M. Intracellular compartmentation, structure and function of creatine kinase isoenzymes in tissues with high and fluctuating energy demands: The ‘phosphocreatine circuit’ for cellular energy homeostasis. Biochem. J. 1992, 281, 21–40. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, L.S.; Salomons, G.S.; Hogenboom, F.; Jakobs, C.; Schoffelmeer, A.N. Exocytotic release of creatine in rat brain. Synapse 2006, 60, 118–123. [Google Scholar] [CrossRef] [PubMed]

	



Brewer, G.J.; Wallimann, T.W. Protective effect of the energy precursor creatine against toxicity of glutamate and beta-amyloid in rat hippocampal neurons. J. Neurochem. 2000, 74, 1968–1978. [Google Scholar] [CrossRef] [PubMed]

	



Andres, R.H.; Ducray, A.D.; Huber, A.W.; Perez-Bouza, A.; Krebs, S.H.; Schlattner, U.; Seiler, R.W.; Wallimann, T.; Widmer, H.R. Effects of creatine treatment on survival and differentiation of GABA-ergic neurons in cultured striatal tissue. J. Neurochem. 2005, 95, 33–45. [Google Scholar] [CrossRef] [PubMed]

	



Andres, R.H.; Huber, A.W.; Schlattner, U.; Perez-Bouza, A.; Krebs, S.H.; Seiler, R.W.; Wallimann, T.; Widmer, H.R. Effects of creatine treatment on the survival of dopaminergic neurons in cultured fetal ventral mesencephalic tissue. Neuroscience 2005, 133, 701–713. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, A.; Kato, N.; Kato, T. Effects of creatine on mental fatigue and cerebral hemoglobin oxygenation. Neurosci. Res. 2002, 42, 279–285. [Google Scholar] [CrossRef]

	



Rae, C.; Digney, A.L.; McEwan, S.R.; Bates, T.C. Oral creatine monohydrate supplementation improves brain performance: A double-blind, placebo-controlled, cross-over trial. Proc. Biol. Sci. 2003, 270, 2147–2150. [Google Scholar] [CrossRef] [PubMed]

	



Stromberger, C.; Bodamer, O.A.; Stockler-Ipsiroglu, S. Clinical characteristics and diagnostic clues in inborn errors of creatine metabolism. J. Inherit. Metab. Dis. 2003, 26, 299–308. [Google Scholar] [CrossRef] [PubMed]

	



Comeaux, M.S.; Wang, J.; Wang, G.; Kleppe, S.; Zhang, V.W.; Schmitt, E.S.; Craigen, W.J.; Renaud, D.; Sun, Q.; Wong, L.J. Biochemical, molecular, and clinical diagnoses of patients with cerebral creatine deficiency syndromes. Mol. Genet. Metab. 2013, 109, 260–268. [Google Scholar] [CrossRef] [PubMed]

	



Stöckler, S.; Holzbach, U.; Hanefeld, F.; Marquardt, I.; Helms, G.; Requart, M.; Hanicke, W.; Frahm, J. Creatine deficiency in the brain: A new, treatable inborn error of metabolism. Pediatr. Res. 1994, 36, 409–413. [Google Scholar] [CrossRef] [PubMed]

	



Schulze, A.; Hess, T.; Wevers, R.; Mayatepek, E.; Bachert, P.; Marescau, B.; Knopp, M.V.; De Deyn, P.P.; Bremer, H.J.; Rating, D. Creatine deficiency syndrome caused by guanidinoacetate methyltransferase deficiency: Diagnostic tools for a new inborn error of metabolism. J. Pediatr. 1997, 131, 626–631. [Google Scholar] [CrossRef]

	



Mercimek-Mahmutoglu, S.; Stoeckler-Ipsiroglu, S.; Adami, A.; Appleton, R.; Araujo, H.C.; Duran, M.; Ensenauer, R.; Fernandez-Alvarez, E.; Garcia, P.; Grolik, C.; et al. GAMT deficiency: Features, treatment, and outcome in an inborn error of creatine synthesis. Neurology 2006, 67, 480–484. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, N. Guanidinoacetate methyltransferase deficiency (GAMT). Brain Dev. 2009, 32, 79–81. [Google Scholar] [CrossRef] [PubMed]

	



Battini, R.; Leuzzi, V.; Carducci, C.; Tosetti, M.; Bianchi, M.C.; Item, C.B.; Stockler-Ipsiroglu, S.; Cioni, G. Creatine depletion in a new case with AGAT deficiency: Clinical and genetic study in a large pedigree. Mol. Genet. Metab. 2002, 77, 326–331. [Google Scholar] [CrossRef]

	



Nouioua, S.; Cheillan, D.; Zaouidi, S.; Salomons, G.S.; Amedjout, N.; Kessaci, F.; Boulahdour, N.; Hamadouche, T.; Tazir, M. Creatine deficiency syndrome. A treatable myopathy due to arginine-glycine amidinotransferase (AGAT) deficiency. Neuromuscul. Disord. 2013, 23, 670–674. [Google Scholar] [CrossRef] [PubMed]

	



Ng, P.C.; Henikoff, S. Predicting deleterious amino acid substitutions. Genome Res. 2001, 11, 863–874. [Google Scholar] [CrossRef] [PubMed]

	



Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A method and server for predicting damaging missense mutations. Nat. Methods 2010, 7, 248–249. [Google Scholar] [CrossRef] [PubMed]

	



Schwarz, J.M.; Cooper, D.N.; Schuelke, M.; Seelow, D. MutationTaster2: Mutation prediction for the deep-sequencing age. Nat. Methods 2014, 11, 361–362. [Google Scholar] [CrossRef] [PubMed]

	



Fokkema, I.F.; Taschner, P.E.; Schaafsma, G.C.; Celli, J.; Laros, J.F.; den Dunnen, J.T. LOVD v.2.0: The next generation in gene variant databases. Hum. Mutat. 2011, 32, 557–563. [Google Scholar] [CrossRef] [PubMed]

	



Betsalel, O.T.; Rosenberg, E.H.; Almeida, L.S.; Kleefstra, T.; Schwartz, C.E.; Valayannopoulos, V.; Abdul-Rahman, O.; Poplawski, N.; Vilarinho, L.; Wolf, P.; et al. Characterization of novel SLC6A8 variants with the use of splice-site analysis tools and implementation of a newly developed LOVD database. Eur. J. Hum. Genet. 2011, 19, 56–63. [Google Scholar] [CrossRef] [PubMed]

	



Clark, A.J.; Rosenberg, E.H.; Almeida, L.S.; Wood, T.C.; Jakobs, C.; Stevenson, R.E.; Schwartz, C.E.; Salomons, G.S. X-linked creatine transporter (SLC6A8) mutations in about 1% of males with mental retardation of unknown etiology. Hum. Genet. 2006, 119, 604–610. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, E.H.; Almeida, L.S.; Kleefstra, T.; de Grauw, R.S.; Yntema, H.G.; Bahi, N.; Moraine, C.; Ropers, H.H.; Fryns, J.P.; Degrauw, T.J.; et al. High prevalence of SLC6A8 deficiency in X-linked mental retardation. Am. J. Hum. Genet. 2004, 75, 97–105. [Google Scholar] [CrossRef] [PubMed]

	



Schiff, M.; Benoist, J.F.; Aissaoui, S.; Boepsflug-Tanguy, O.; Mouren, M.C.; de Baulny, H.O.; Delorme, R. Should metabolic diseases be systematically screened in nonsyndromic autism spectrum disorders? PLoS ONE 2011, 6, e21932. [Google Scholar] [CrossRef]

	



Newmeyer, A.; deGrauw, T.; Clark, J.; Chuck, G.; Salomons, G. Screening of male patients with autism spectrum disorder for creatine transporter deficiency. Neuropediatrics 2007, 38, 310–312. [Google Scholar] [CrossRef] [PubMed]

	



Lord, C.; Risi, S.; Lambrecht, L.; Cook, E.H., Jr.; Leventhal, B.L.; DiLavore, P.C.; Pickles, A.; Rutter, M. The autism diagnostic observation schedule-generic: A standard measure of social and communication deficits associated with the spectrum of autism. J. Autism Dev. Disord. 2000, 30, 205–223. [Google Scholar] [CrossRef] [PubMed]

	



Schopler, E.; Reichler, R.J.; DeVellis, R.F.; Daly, K. Toward objective classification of childhood autism: Childhood Autism Rating Scale (CARS). J. Autism Dev. Disord. 1980, 10, 91–103. [Google Scholar] [CrossRef] [PubMed]

	



The International Genome Sample Resource (IGSR). 1000 Genomes Phase 3 Dataset. Available online: http://www.1000genomes.org (accessed on 20 May 2015).

	



National Heart Lung and Blood Institute (NHLBI). Exome Sequencing Project (ESP). Available online: http://evs.gs.washington.edu/EVS/ (accessed on 20 May 2015).

	



Exome Aggregation Consortium (ExAC). ExAC Browser (Beta). Available online: http://exac.broadinstitute.org/ (accessed on 20 May 2015).








[image: Ijms 18 01665 g001 550] 





Figure 1. Flowchart summarizing variants identified in the glycine amidinotransferase (GATM) gene. 
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Figure 2. Flowchart summarizing variants identified in the guanidinoacetate methyltransferase (GAMT) gene. 






Figure 2. Flowchart summarizing variants identified in the guanidinoacetate methyltransferase (GAMT) gene.



[image: Ijms 18 01665 g002]







[image: Ijms 18 01665 g003 550] 





Figure 3. Flowchart summarizing variants identified in the solute carrier family 6 member 8 (SLC6A8) gene. 
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Figure 4. Manhattan plot showing the p-values from the Fisher’s exact test (significance of association, plotted as -log (p)) for each SNP sequenced on the glycine amidinotransferase (GATM) gene. p-values are shown for European, East Asian, African, and Unknown/Admixed populations. The nominal statistical threshold for p = 0.01 is shown, and p-values that are still significant after running the Benjamin–Hochburg procedure are indicated with boxes. The location of each SNP is shown on the GATM gene below the x-axis. EUR: European; ASN: East Asian; AFR: African; and UNK/MIX: unknown/admixed populations. 
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Figure 5. Manhattan plot showing the p-values from Fisher’s exact test (significance of association, plotted as -log (p)) for each SNP sequenced on the guanidinoacetate methyltransferase (GAMT) gene. p-values are shown for European, East Asian, African, and Unknown/Admixed populations. The nominal statistical threshold for p = 0.01 is shown, and p-values that are still significant after running the Benjamin–Hochburg procedure are indicated with boxes. The location of each SNP is shown on the GAMT gene below the x-axis. EUR: European; ASN: East Asian; AFR: African; UNK/MIX: Unknown/Admixed populations. 






Figure 5. Manhattan plot showing the p-values from Fisher’s exact test (significance of association, plotted as -log (p)) for each SNP sequenced on the guanidinoacetate methyltransferase (GAMT) gene. p-values are shown for European, East Asian, African, and Unknown/Admixed populations. The nominal statistical threshold for p = 0.01 is shown, and p-values that are still significant after running the Benjamin–Hochburg procedure are indicated with boxes. The location of each SNP is shown on the GAMT gene below the x-axis. EUR: European; ASN: East Asian; AFR: African; UNK/MIX: Unknown/Admixed populations.



[image: Ijms 18 01665 g005]







[image: Ijms 18 01665 g006 550] 





Figure 6. Manhattan plot showing the p-values from Fisher’s exact test (significance of association, plotted as -log (p)) for each SNP sequenced on the solute carrier family 6 member 8 (SLC6A8) gene. p-values are shown for European, East Asian, African, and Unknown/Admixed populations. The nominal statistical threshold for p = 0.01 is shown. The location of each SNP is shown on the SLC6A8 gene below the x-axis. EUR: European; ASN: East Asian; AFR: African; UNK/MIX: Unknown/Admixed populations. 
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Table 1. Summary of GATM (glycine amidinotransferase) gene sequencing results. Variants identified in the autisim spectrum disorder (ASD) population are noted, and minor allele frequency (MAF) calculated. MAF of variants present in 1000 Genomes, Exome Sequencing Project (ESP) and Exome Aggregation Consortium (ExAC) databases are shown for comparison. 1 Total number of samples = 166 (332 alleles); 2 MAF = minor allele frequency; the number of alleles in which variant was found/total number of alleles; 3 MAC = minor allele count; the number of times the minor allele was observed in the sample population of chromosomes; 4 Polymorphic variant: (>0.01 MAF in one database); 5 Rare variant: ≤0.01 MAF in at least one published database; 6 Novel variant: Not present in any published database; coding sequence (exons) are in bold. SNP: single nucleotide polymorphism; UTR: untranslated region; and SIFT: ‘sorting tolerant from intolerant’ algorithm.
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DNA Change/Protein Change
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MAF 2

	
1000 Genomes (Phase 3) MAF, MAC 3)

	
ESP Report (July 2013) MAF, MAC

	
ExAC (January 2015) MAF, MAC
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5UTR

	
c. − 200C > T
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x
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polymorphic variant 4
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5UTR

	
c. − 140C > T
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x
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rare variant
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3UTR
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rare variant
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novel variant
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polymorphic variant
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3UTR
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x
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polymorphic variant
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3UTR
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polymorphic variant
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3UTR

	
c.*913G > A

	
rs17618637

	
Hetero: 10

	
10

	
0.030

	
0.0553

	
x
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polymorphic variant




	

	

	

	

	

	

	
277/5008

	

	

	




	
3UTR

	
c.*940C > T
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Homo: 54
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0.325
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x

	
x

	
polymorphic variant
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Table 2. Summary of guanidinoacetate methyltransferase (GAMT) gene sequencing results. Variants identified in the ASD population are noted, and minor allele frequency (MAF) calculated. MAF of variants present in 1000 Genomes, ESP and Exome Aggregation Consortium (ExAC) databases are shown for comparison. 1 Total number of samples = 166 (332 alleles); 2 MAF = minor allele frequency; the number of alleles in which variant was found/total number of alleles; 3 MAC = minor allele count; the number of times the minor allele was observed in the sample population of chromosomes; 4 Polymorphic variant: (>0.01 MAF in one database); 5 Rare variant: ≤0.01 MAF in at least one published database; coding sequence (exons) are in bold; and dbSNP: Single Nucleotide Polymorphism database.
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DNA Change/Protein Change
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Homozygous/Heterozygous Change 1

	
Number of Observed Alleles

	
MAF 2

	
1000 Genomes (Phase 3) MAF, MAC 3

	
ESP Report (July 2013) MAF, MAC

	
ExAC (January 2015) MAF, MAC

	
Comments






	
intron 1

	
c.182 − 173G > A

	
rs112975707

	
Hetero: 6

	
6

	
0.018

	
0.0491

	
x

	
x

	
polymorphic variant 4




	

	

	

	

	

	

	
246/5008

	

	

	




	
exon 2

	
c.227C > T

	
rs150338273

	
Hetero: 2

	
2

	
0.006

	
NA

	
0.000616

	
0.000411

	
rare variant 5




	

	
p.S76L

	

	

	

	

	

	
8/12984

	
29/70554

	
SIFT: deleterious (score: 0.03); PolyPhen-2: possibly damaging (score: 0.66); MutationTaster: disease-causing (p-value: 0.986)




	
intron 2

	
c.327 + 69T > G

	
rs266808

	
Hetero: 4

	
4

	
0.012

	
0.0451

	
x

	
x

	
polymorphic variant




	

	

	

	

	

	

	
226/5008

	

	

	




	
exon 3

	
c.348G > A

	
rs117884619

	
Hetero: 1

	
1

	
0.003

	
0.0104

	
x

	
0.003969

	
rare variant, benign allele in dbSNP




	

	
p.=

	

	

	

	

	
52/5008

	

	
431/108600




	
intron 3

	
c.391 + 47A > G

	
rs73515058

	
Hetero: 12

	
12

	
0.036

	
0.0865

	
0.0852

	
0.06853

	
polymorphic variant




	

	

	

	

	

	

	
433/5008

	
1106/12988

	
5944/86734

	




	
intron 4

	
c.460 − 31G > A

	
rs55776826

	
Homo: 2

	
45

	
0.136

	
0.1132

	
0.153

	
0.1294

	
polymorphic variant




	

	

	

	
Hetero: 41

	

	

	
567/5008

	
1989/13006

	
15585/120422

	




	
intron 5

	
c.571 − 60C > T

	
rs266809

	
Homo: 1

	
8

	
0.024

	
0.0731

	

	

	
polymorphic variant




	

	

	

	
Hetero: 6

	

	

	
366/5008

	

	

	




	
intron 5

	
c.571 − 6G > A

	
rs2074899

	
Hetero: 22

	
22

	
0.066

	
0.1088

	
0.02

	
0.06984

	
polymorphic variant




	

	

	

	

	

	

	
545/5008

	
265/13000

	
8254/118186

	




	
exon 6

	
c.626C > T

	
rs17851582

	
Hetero: 23

	
23

	
0.069

	
0.0365

	
0.071

	
0.07554

	
polymorphic variant




	

	
p.T209M

	

	

	

	

	
183/5008

	
926/13004

	
8958/118584

	




	
3UTR

	
c.*146A > G

	
rs659455

	
Homo: 1

	
7

	
0.021

	
0.0765

	
x

	
x

	
polymorphic variant




	

	

	

	
Hetero: 5

	

	

	
383/5008

	

	

	




	
3UTR

	
c.*151T > C

	
rs659460

	
Homo: 1

	
7

	
0.021

	
0.0761

	
x

	
x

	
polymorphic variant




	

	

	

	
Hetero: 5

	

	

	
381/5008

	

	

	




	
3UTR

	
c.*276C > T

	
rs266810

	
Homo: 1

	
7

	
0.021

	
0.0761

	
x

	
x

	
polymorphic variant




	

	

	

	
Hetero: 5

	

	

	
381/5008

	

	

	




	
3UTR

	
c.*311C > G

	
rs266811

	
Homo: 1

	
7

	
0.021

	
0.0761

	
x

	
x

	
polymorphic variant




	

	

	

	
Hetero: 5

	

	

	
381/5008

	

	

	




	
3UTR

	
c.*369C > A

	
rs75762821

	
Hetero: 3

	
3

	
0.009

	
0.006

	
x

	
x

	
rare variant




	

	

	

	

	

	

	
28/5008

	

	

	




	
3UTR

	
c.*388C > T

	
rs266812

	
Homo: 1

	
7

	
0.021

	
0.0757

	
x

	
x

	
polymorphic variant




	

	

	

	
Hetero: 5

	

	

	
379/5008

	

	

	




	
3UTR

	
c.*406A > G

	
rs266813

	
Homo: 2

	
19

	
0.057

	
0.274

	
x

	
x

	
polymorphic variant




	

	

	

	
Hetero: 15

	

	

	
1372/5008
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Table 3. Summary of solute carrier family 6 member 8 (SLC6A8) gene sequencing results. Variants identified in the ASD population are noted, and minor allele frequency (MAF) calculated. MAF of variants present in 1000 Genomes, ESP and Exome Aggregation Consortium ExAC databases are shown for comparison. 1 Total number of samples = 166 (134 males, 32 females, 198 alleles); 2 MAF = minor allele frequency; the number of alleles in which variant was found/total number of alleles; 3 MAC = minor allele count; the number of times the minor allele was observed in the sample population of chromosomes; 4 Polymorphic variant: (>0.01 MAF in one database); 5 Rare variant: ≤0.01 MAF in at least one published database; and 6 Novel variant: Not present in any published database; coding sequence (exons) are in bold.
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Table 4. Summary of glycine amidinotransferase (GATM) gene variants that showed significance when compared to East Asian population, with additional data from 1000 Genomes South Asian population. 1 Total number of autism cohort Asian samples = 17 (n = 34 alleles); 2 Number of minor alleles seen in population; 3 Number of major alleles seen in the population; 4 Minor allele frequency; the number of alleles in which variant was found/total number of alleles.
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