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SLC25A12 and CMYA3 gene variants are not
associated with autism in the IMGSAC multiplex
family sample
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Autism is a severe neurodevelopmental disorder with a complex genetic predisposition. Linkage findings
from several genome scans suggest the presence of an autism susceptibility locus on chromosome
2q24–q33, making this region the focus of candidate gene and association studies. Recently, significant
association with autism has been reported for single-nucleotide polymorphisms (SNPs) in the SLC25A12
and CMYA3 genes on chromosome 2q. We attempted to replicate these findings in the collection of
families from the International Molecular Genetic Study of Autism Consortium (IMGSAC), using the
transmission disequilibrium test and case–control comparison. Our study failed to reveal any significant
association for the SNPs tested at either locus, suggesting that these variants are unlikely to play a major
role in genetic susceptibility to autism in our sample.
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Introduction
Autism is a neurodevelopmental disorder characterized by

a combination of qualitative impairments in communica-

tion and reciprocal social interaction, and by restricted and

repetitive behaviours and interests; onset is in the first 3

years of life. Recent epidemiological studies have indicated

a population prevalence for autism of about 10 in 10000,

although the prevalence of all forms of pervasive develop-

mental disorders is around six times higher. There is

convincing evidence from twin and family studies for a

complex genetic predisposition to autism, and statistical

modelling suggests the involvement of perhaps 3 or 4 loci,

although up to 15 loci may be implicated.1

Several groups have undertaken genome-wide scans for

autism susceptibility loci using affected relative pairs (ARP),

and a number of chromosomal regions with converging

evidence of linkage have been identified, most notably on

chromosomes 2q and 7q. In the genome screen performed

by the International Molecular Genetic Study of Autism

Consortium (IMGSAC), the strongest evidence for linkage

was in the 2q24–q33 region, with a multipoint maximum

lod score (MLS) of 3.74 at marker D2S2188 in a sample of 152

affected sib-pairs (ASP).2 In an expanded sample of 219 ASP,

the peak MLS was 2.54 near D2S2314 in 2q31.3 Additional

support for the presence of an autism susceptibility locus on

chromosome 2q is given by overlapping linkage findings in

another three independent genome scans.4–6
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The multiple linkage findings on chromosome 2 have

made this region the focus of candidate gene and

association studies. Recently, very promising results have

been obtained for two genes: SLC25A12 and CMYA3.

Ramoz et al7 reported a strong association of autism with

two intronic single-nucleotide polymorphisms (SNPs)

within SLC25A12, a gene encoding the mitochondrial

aspartate/glutamate carrier. The two SNPs (rs2056202 and

rs2292813) were identified through mutation screening of

eight candidate genes mapping across the 2q31 region in

affected individuals chosen from 38 families showing

linkage to this interval. Association analysis in 411 autistic

families using the transmission disequilibrium test (TDT)

revealed significant excess transmission for the common

allele of both SNPs and the corresponding haplotype

(G–G) (P¼3�10�6).

Evidence for the involvement in autism of CMYA3, a

widely expressed gene of unknown function, has been

obtained using an innovative high-throughput technology

for large-scale variation scanning called variation scanning

on tag arrays (VSTA).8 The authors screened the exons of all

known genes mapping in a 20Mb region in 2q24.3–q32.1

for sequence variants, in a collection of 372 patients with

autism and 404 controls. A nonsynonymous substitution

in CMYA3 (rs3749004) was identified as their most

interesting result (P¼3.13�10�6).8

The evidence for significant association between autism

and SNPs within genes mapping in a region of linkage

supports the hypothesis that SLC25A12 and CMYA3

influence genetic risk in autism. As with all complex

disorders, independent replication is essential to confirm

these results. Thus, we decided to follow-up these associa-

tion results in the collection of families from the IMGSAC.

Materials and methods
Subjects

The identification of families and assessment methods

used by the IMGSAC has been previously described in

detail.2 A total of 261 Caucasian multiplex families have

been genotyped for this study, comprising 225 ASP families

and 36 other ARP families. The total number of affected

individuals screened is 531.

The control sample consisted of 174 DNAs of a collection

available from the European Collection of Cell Cultures

(ECACC), derived from randomly selected Caucasian blood

donors whose parents and grandparents were born in the

UK or Ireland.

SNPs typing

Sample genotypes were determined using the multiplexed

ligation detection reaction technique (LDR) as described

previously.9 PCR products containing the SNPs were

generated using the primers shown in Table 1. For LDR

genotyping, three oligonucleotide probes were designed

for each SNP: these comprise two labelled allele-specific

probes and a phosphorylated unlabelled common probe

(Table 1). If required, the length of probes was adjusted by

adding polyA’s or polyT’s not complementary to the

sequence (lower-case letters in Table 1). Before LDR

amplification, 1 ml of PCR products for each of the three

SNPs were pooled in a final volume of 9 ml, and treated with

1 ml of 1mg/ml proteinase K in 10mM EDTA at 371C for

15min, 551C for 10min and 901C for 10min. LDR was

performed in a final volume of 7 ml, containing 2.5 ml of

PCR pool, 0.05 mM phosphorylated probes, 0.017 mM allelle-

specific probes and 0.2U Ampligase DNA ligase (CAMBIO)

for each SNP. Reactions were incubated for 1min at 951C

followed by 15 cycles of 15 s at 951C and 4min at 611C.

Finally, 1 ml of each LDR amplification product was run

on an ABI prism 3730 sequencer (Applied Biosystems)

and genotypes analysed using GENEMAPPERt software

(Applied Biosystems).

Statistical analysis

After checking genotypes for Mendelian consistency and

Hardy–Weinberg equilibrium, multipoint lod scores were

computed using ASPEX sib_phase under an additive model

(no dominance variance). TDT analysis was performed

using the sib_tdt program from ASPEX v2.3.10 This

Table 1 PCR and LDR oligonucleotides

SNP ID PCR primers LDR probes LDR size (bp)

rs3749004 F: GATTTCCTCTTGAGCGTCCA A1: (FAM)-GGGTTGCTGCTGGACATGGGAC 46
R: CCGACGAACAGAAAACCCTA A2: (NED)-GGGTTGCTGCTGGACATGGGAT

C: GGCCCCTTTGGATAACTTTGCAGT

rs2292813 F: GAGTTGCAACAATGCTTTTGTAGA A1: (FAM)-ACTTGAAACCAGGACAAATGTGGTAAAGAC 54
R: GGGCTGGAGCCATACAGAAT A2: (NED)-ACTTGAAACCAGGACAAATGTGGTAAAGAT

C: AGCCACTGAGTCACAGGGGAGGAC

rs2056202 F: GAAGACTGGACCAGCATCATT A1: (FAM)-ATAGGAGATCAACCTGGAATAAAATATAAAACGT 59
R: TCACCAGTACTGAGGTTGAGAAA A2: (NED)-tatGGAGATCAACCTGGAATAAAATATAAAACGC

C: CATTGGCTGGTGAAGAAAGGGAAAG
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program calculates probabilities for w2 statistics by permut-

ing parental alleles while fixing the IBD status of siblings

within a family, thereby allowing the use of multiple

siblings within a nuclear family. TDT analysis included all

affected siblings from ASP families and a single randomly

selected affected individual from each of the 36 ARP

families. The extent of linkage disequilibrium (LD) be-

tween the intragenic markers in SLC25A12 was studied

using Lewontin’s standardised measure of disequilibrium

D0, calculated using the haploxt program.11 Haplotype

analysis was carried out using the TDTPHASE v2.40

program,12 using expectation–maximization (EM) algo-

rithm estimation of uncertain haplotype frequencies and

the ‘robust permutation’ option.

Case–control association analysis was carried out using

one proband selected at random from each multiplex

family. Allele frequency differences between unrelated

affected cases from the multiplex sample and controls

were analysed using Fisher’s exact test.

Results and discussion
Three SNPs previously shown to be associated with autism

have been genotyped in 261 multiplex families from the

IMGSAC collection: rs2056202 and rs2292813 in the

SLC25A12 gene, and rs3749004 in CMYA3.

Multipoint nonparametric linkage analysis was carried

out using the SNPs and flanking microsatellite markers.

Although the SLC25A12 and CMYA3 genes are several

megabases proximal to the maximum linkage peak

obtained in the IMGSAC data set,3 there was some

evidence of linkage to these SNPs, with a multipoint MLS

of 1.12 at marker rs3749004 and an MLS of 0.94 at markers

rs2056202 and rs2292813. The TDT results are presented in

Table 2. There is no evidence of association between autism

and either the two SNPs within SLC25A12 or rs3749004 in

CMYA3. Ramoz et al7 reported preferential transmission of

the most frequent allele (G) of both SNPs in SLC25A12. The

same alleles are only very weakly overtransmitted in our

data set. Similarly, only a modest overtransmission of the

rs3749004 allele A was observed, mostly accounted for by

maternal transmissions.

Haplotypes were constructed for the two SNPs within

SLC25A12. The two SNPs were in strong LD (D0 ¼ 1,

r2¼0.62), as reported in the previous study.7 All three

observed haplotypes were evenly transmitted to affected

offspring with no difference between maternal and pater-

nal transmissions (Table 3).

The TDT design is dependent on transmissions from

heterozygote parents to affected offspring, resulting in only

a subgroup of families being informative for each marker.

For this reason, we also tested the role of these SNPs using a

more powerful case–control design. Genotype and allele

frequencies were compared between unrelated cases from

the multiplex families (one proband selected at random

from each multiplex family) versus a group of 174

Caucasian controls (Table 4). Given the possibility of a

sex-limited effect in autism,3 analysis was also carried out

for male and female individuals separately (data not

shown). No significant differences were detected, support-

ing the results obtained using the TDT design.

In summary, our study failed to replicate the associations

reported by Ramoz et al7 and Faham et al,8 suggesting that

the tested variants in SLC25A12 and CMYA3 are not likely

to contribute strongly to autism susceptibility. The lack of

association in our study possibly could be explained by the

Table 2 TDT analysis

Paternal Maternal Combined

Allele %a TR NT w2 (P)b TR NT w2 (P)b TR NT w2 (P)b

rs3749004.A 88.5 42 34 0.84 (0.32) 41 26 3.36 (0.11) 91 68 3.36 (0.11)
rs2292813.G 91.8 35 24 2.05 (0.13) 25 22 0.19 (0.60) 64 50 1.72 (0.17)
rs2056202.G 87.3 39 25 3.06 (0.12) 42 46 0.18 (0.70) 90 80 0.59 (0.45)

aAllele frequency in the parents.
bEmpirical P-value calculated by ASPEX sib_tdt.

Table 3 TDT analysis of haplotypes rs2292813–rs2056202

Paternal Maternal Combined

Haplotypes TR NT w2 TR NT w2 TR NT w2

AA 29 38 1.33 21 25 0.37 55 69 1.72
GA 7 12 1.37 31 20 2.55 42 35 0.67
GG 344 330 2.58 356 363 0.57 709 702 0.28
Global significance: P¼0.39a

aSignificance level calculated by TDTPHASE using 1000 permutations.
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presence of heterogeneity between the original and our

data set. However, the populations used in the studies by

Ramoz et al7 and Faham et al,8 as well as the IMGSAC

family collection, are of Caucasian origin. Therefore, it is

unlikely that major differences in allele frequency or LD

structure are present between the data sets.13

Ramoz et al7 estimated a genotype relative risk of 2.4–4.8

for individuals homozygous at the risk haplotype in

SLC25A12, and the power of our sample size should be

sufficient to detect such an effect.14 However, this may be

an overestimation of the true effect size; therefore, failure

to replicate the previous findings could also be due to

insufficient power of our sample size to detect a minor

gene effect. It is possible that these conflicting results may

be resolved with further investigation using increased

sample size and typing extra SNPs.

Although we could not confirm the evidence for an

involvement of SLC25A12 and CMYA3 in autism suscept-

ibility, the chromosome 2q24–q33 region remains an area

of strong interest given the number of overlapping linkage

findings. Analysis of additional positional candidate genes

and high-resolution LD mapping studies are in progress

and will hopefully lead to the identification of one or more

functional gene variants involved in autism aetiology.
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