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Objective: Autism/autistic disorder (MIM
number 209850) is a complex, largely ge-
netic psychiatric disorder. The authors re-
cently mapped a susceptibility locus for
autism to chromosome region 2q24-q33
(MIM number 606053). In the present
study, genes across the 2q24-9g33 interval
were analyzed to identify an autism sus-
ceptibility gene in this region.

Method: Mutation screening of posi-
tional candidate genes was performed in
two stages. The first stage involved identi-
fying, in unrelated subjects showing link-
age to 2q24-q33, genetic variants in exons
and flanking sequence within candidate
genes and comparing the frequency of
the variants between autistic and un-
related nonautistic subjects. Two single
nucleotide polymorphisms (SNPs) that
showed evidence for divergent distri-
bution between autistic and nonautistic
subjects were identified, both within
SLC25A12, a gene encoding the mitochon-
drial aspartate/glutamate carrier (AGC1).
In the second stage, the two SNPs in
SLC25A12 were further genotyped in 411
autistic families, and linkage and associa-

tion tests were carried out in the 197 in-
formative families.

Results: Linkage and association were
observed between autistic disorder and
the two SNPs, rs2056202 and rs2292813,
found in SLC25A12. Using either a single
affected subject per family or all affected
subjects, evidence for excess transmission
was found by the Transmission Disequi-
librium Test for rs2056202, rs2292813,
and a two-locus G*G haplotype. Similar re-
sults were observed using TRANSMIT for
the analyses. Evidence for linkage was
supported by linkage analysis with the
two SNPs, with a maximal multipoint
nonparametric linkage score of 1.57 and
a maximal multipoint heterogeneity lod
score of 2.11. Genotype relative risk could
be estimated to be between 2.4 and 4.8
for persons homozygous at these loci.

Conclusions: A strong association of au-
tism with SNPs within the SLC25A12 gene
was demonstrated. Further studies are
needed to confirm this association and to
decipher any potential etiological role of
AGC1 in autism.

(Am ] Psychiatry 2004; 161:662-669)

Autism or autistic disorder (MIM number 209850) is a
neurodevelopmental disorder characterized by a deficit
in verbal and nonverbal communication, impairments in
reciprocal social interactions, and patterns of repetitive
or stereotyped behaviors and interests (1-3). The sex ratio
is 4:1 male to female, and the prevalence of the disease is
currently thought to possibly be above 1 per 1,000 per-
sons (4). Autism appears to be the most highly genetic of
the psychiatric disorders, as evidenced by the high risk of
autism in additional children in families with an autistic
child (estimated to be 50 to 100 times greater than that ex-
pected by chance) and the concordance rate for mono-
zygotic twins being much higher than that of dizygotic
twins (5). Heritability estimates of idiopathic autism are
above 90% (6), so much of the disorder can be attributed
to a genetic etiology. However, autism does not follow a
simple Mendelian mode of transmission (i.e., dominant
or recessive transmission) but is clearly a polygenic dis-
ease (4). A commonly accepted genetic model involves
several genes (between five and 10) that interact to pro-
duce the disorder.
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A genetic mutation or variant segregating with autism
has yet to be unequivocally identified. Candidate genes for
studies of autism range from genes that are thought to
play a role in neurodevelopmental pathways, comport-
ment, or behavior, such as genes in the serotonergic path-
way or reelin (4, 7, 8). A few polymorphisms in several
genes have been associated with the disorder in certain
studies but not in others (4, 9-11).

Several independent studies involving genome-wide
scans have now been published and point to significant
linkage between autism and the chromosome 2q and 7q
regions (4, 12). Our studies defined chromosome 2q24-
g33 as a susceptibility region for autism with a peak at
D2S335, which was particularly evident in families with
more severe autism, as defined by delayed onset (>36
months) of phrase speech (MIM number 606053). We ob-
served a nonparametric linkage score of 3.32, and a heter-
ogeneity lod score (logarithm of the odds ratio for linkage)
0f2.99 (13). Using a cohort of 152 autism sibling-pair fam-
ilies mostly from European countries, the International
Molecular Genetic Study of Autism Consortium reported
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FIGURE 1. Genomic Organization of the Autism Susceptibility Locus in Chromosome Region 2¢q24-q33?
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a For the organization of positional candidate genes, arrows indicate orientation of transcription. Variants within the SLC25A12 gene identified
in the present study are indicated (see text), with the two SNPs, rs2056202 (13-21A/G) and rs2292813 (116+70A/G), underlined.

their highest multipoint lod score (3.74) at D2S2188 in
families with autism with language delay (defined in that
study as no single word before 24 months or no phrase
speech before 33 months) (14). When stricter diagnostic
criteria were used, the maximum lod score increased to a
value of 4.8. Finally, a study from the Collaborative Autism
Team using the phrase speech delay criterion to weight its
data also showed a linkage between autism and chromo-
some region 2q33, with a maximum lod score of 2.86 and a
heterogeneity lod score of 2.12 at D25116 (15).
D2S335,D2S2188, and D2S116 are localized on chromo-
some 2 at 172.7 megabases (Mb), 175.8 Mb, and 201.8 Mb,
respectively (Figure 1). This indicates that a critical region
of susceptibility for autism occurs near D2S335 and
D2S2188in 2g31. In this interval, several known genes and
expressed sequence tags have been mapped (Figure 1).
Recently, the International Molecular Genetic Study of Au-
tism Consortium has reported the analysis of nine candi-
date genes (TBR1, GADI1, DLX1, DLX2, cAMP-GEFI]I,
CHNI1, CREB2, HOXD1, and NEUROD1) localized across a
30-Mb region of 2q that are expressed in the CNS and en-
code proteins that play a role in neuronal cells or in neuro-
biological pathways (16). Variants were observed in TBR1,
cAMP-GEFII, CHN1, HOXD1, and NEUROD1. However,
no evidence was found that any of the candidate genes
contributes to autism. In this region, our laboratory, to-
gether with the laboratory of Dr. Miriam Meisler, has pre-
viously investigated the neuronal voltage-gated sodium
channels type [, II, and III (SCN1A, SCN2A, and SCN3A) in
117 multiplex autism families (17). Rare mutations were
identified, each in single families, that were not observed
in comparison subjects. These mutations, while of great
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interest, are not likely to account for the evidence of link-
age observed in this region.

The aim of the present study was to identify an autism
susceptibility gene in the 2q31 region. A systematic screen
for genetic variants in affected individuals identified link-
age and association between autism and single nucleotide
polymorphisms (SNPs) in the SLC25A12 gene.

Method

Subjects

A total of 411 families were either recruited by The Seaver Au-
tism Research Center at Mount Sinai (N=40), co-recruited by The
Seaver Autism Research Center and the Autism Genetic Resource
Exchange (18) (N=127), or recruited by the Autism Genetic Re-
source Exchange (N=244). All parents provided written informed
consent, and potentially affected individuals were assessed with
the Autism Diagnostic Interview-Revised (19). Individuals meet-
ing Autism Diagnostic Interview—Revised criteria for autism (19)
or borderline autism (13) were defined as affected. The cohort
(18) and research diagnosis definitions used in the current study
(13) have been previously described. The entire cohort of 411
families included blood samples from more than 2,000 individu-
als, including 720 affected individuals (671 with autism, 49 with
borderline autism) and available parents and siblings. The 411
families consisted of 274 multiplex families (typically affected sib-
ling pairs) and 137 trio families. DNA from blood samples or
transformed cells were either isolated as detailed in Buxbaum et
al. (13) or provided by the Autism Genetic Resource Exchange
repository.

Mutation Screening

To investigate the involvement of positional candidate genes in
autism, we performed a two-stage screen.

In the first stage, exonic and flanking DNA from 35 to 47 pa-
tients from 38 autistic families linked to the chromosome 2q24-
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TABLE 1. Transmission of Single Nucleotide Polymorphisms (SNPs) and Haplotypes to a Single Affected Child in 197 Autistic
Families With at Least One Parent Heterozygous for a SNP (rs2056202 or rs2292813) Within the SLC25A12 Gene?

At Least One Parent Heterozygous

Mother Heterozygous

Number of Children Analysis Number of Children Analysis
SNP or With Without With Without
Haplotype Transmission  Transmission X2 p Transmission  Transmission X2 p
SNPs
rs2056202 116 71 10.83 0.001 53 30 6.37 0.01
rs2292813 72 45 6.23 0.01 40 19 7.47 0.006
Haplotypes
G*G 102 45 22.10 3x107° 54 19 66.52 3x10716
G*A 8 9 0.06 0.81 3 8 2.9 0.09
A*G 21 47 9.94 0.002 11 23 7.1 0.008
A*A 26 56 10.98 0.001 12 30 13.76 0.0002

a Selected SNPs were those with evidence of divergent distribution between affected and nonaffected subjects. For the individual SNPs, data

are for the G allele.

q33 region were screened for genetic variants by single-strand
conformation polymorphism and denaturing high-performance
liquid chromatography. The rationale for this approach was to
find variants in linked, affected individuals rather then rely on
variants in public databases identified in unaffected individuals.
Furthermore, the focus was on exonic sequence and intronic se-
quence adjacent to exons as being most likely to harbor function-
ally important variants.

Primers to amplify exons and flanking regions of positional
candidate genes were designed using Primer3 software (http://
www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi)
and are available on request. The forward and reverse primers
were chosen to produce amplicons of less than 500 base pairs.
Larger exons, in particular the last exons of the genes, were di-
vided over several amplicons, each with a size of less than 500
base pairs. Primers within flanking introns were situated 26 to 186
base pairs from the exons. A total of 82 exons of nine genes were
analyzed, using 93 amplicons with an average size of approxi-
mately 310 nucleotides.

For single-strand conformation polymorphism, forward
primers were labeled using 100 uCi [yP3?]-ATP and 10 units of T4
polynucleotide kinase, according to the protocol provided by
Invitrogen. Amplification was carried out using Ampli-Taq Gold
Polymerase (Applied Biosystems, Foster City, Calif.) in a final vol-
ume of 10 pl, consisting of 10 ng of genomic DNA, 10 mM Tris-
HCI, 50 mM KCI, 2.5 mM MgCl, 100 pM dNTPs, 10 pM radioac-
tively labeled forward and unlabeled reverse primers, and 0.5
units of Taq Polymerase. Two pl of radioactively labeled poly-
merase chain reaction (PCR) product were then mixed with 2 pl of
formamide blue loading buffer, denatured, and separated on a
nondenaturing MDE 0.5X gel (according to the protocol of Bio-
Whittaker). Single-strand conformation polymorphisms were de-
tected by autoradiography.

For denaturing high-performance liquid chromatography, 8 pl
of PCR product were screened on the WAVE Nucleic Acid Frag-
ment Analysis System (according to the manufacturer’s proto-
cols). Chromatographic parameters, appropriate analysis tem-
peratures, and melting domains visualization were determined
by WAVEMAKER software. Samples were analyzed using at least
two mobile-phase temperatures to maximize the chances to
identify polymorphisms.

Any amplicons in which variants were detected by either sin-
gle-strand conformation polymorphism or denaturing high-per-
formance liquid chromatography were then sequenced by direct
fluorescent sequencing of purified PCR products using the BIG
DYE dideoxy-terminator kit v3.1 (Applied Biosystems) and an
ABI3100 DNA sequencer with Performance Optimized Polymer 6
(Applied Biosystems). Variants were then genotyped in 38 unre-
lated affected and in 100 nonaffected subjects. Allele frequencies
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were compared to identify variants with potentially altered fre-
quencies (defined as p<0.10) between ethnically matched af-
fected and nonaffected subjects (to reduce the chances for false
positives due to stratification).

In the second stage, variants with frequencies that were poten-
tially altered between affected and nonaffected subjects were
then analyzed in the entire cohort of more than 2,000 individuals
from 411 autistic families. Genotyping was carried out by using
the biplex DNA Invader method (Third Wave Technologies, Mad-
ison, Wisc.). The Invader assay is based on the hybridization of an
oligonucleotide probe that completely matches a DNA target and
the subsequent cleavage of the overlapping structure by Cleavase
VIII, resulting in a target-specific product that is recognized by a
fluorescence resonance energy transfer cassette (20). Specific oli-
gonucleotide probes corresponding to wild type and mutated sin-
gle nucleotide polymorphisms (SNPs) are associated with specific
fluorophores, enabling simultaneous detection of both DNA se-
quences in a single well. For our studies, diluted aliquots of the
PCR products were combined with Invader mix solution (Third
Wave Technologies) and incubated for the cleavage reaction in a
thermal cycler (PTC-100, MJ Research, Waltham, Mass.). The re-
action product was then analyzed on a fluorescence plate reader
(CytoFluor Series 4000, PerSeptive Biosystems, Framingham,
Mass.) using the appropriate parameters of excitation and emis-
sion for each fluorophore.

Statistical Analysis

Two-tailed chi-square tests were used for comparisons of al-
lelic frequencies and distributions of genotypes between autistic
and nonautistic groups. Fischer’s exact test was performed when
the number in a group was less than five. Hardy-Weinberg distri-
bution was examined for each identified polymorphism in autis-
tic and nonautistic groups.

Statistical analyses for Transmission Disequilibrium Tests were
computed with TDT-GENEHUNTER (GENEHUNTER version 2.1,
compiled to run on the Unix environment of Mac OS X) and the S-
TDT (21) program. Two-locus Transmission Disequilibrium Test
was carried out with TDT-GENEHUNTER using the TDT2 option,
and the haplotypes were constructed by GENEHUNTER and ver-
ified manually to ensure structure. Haplotypes were determined
on the basis of transmission patterns in families in which both
parents were genotyped. Association analyses were also carried
out using TRANSMIT v2.5.2 (22), which tests for association be-
tween genetic marker or haplotype and disease even when paren-
tal genotypes are unknown or haplotype phase is unknown. Asso-
ciation tests were carried out with TRANSMIT for all affected
subjects and for one randomly selected affected subject, the latter
studies being carried out with 500 replications.
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Father Heterozygous

Number of Children Analysis
With Without

Transmission Transmission X2 p
53 31 5.76 0.02
27 21 0.75 0.39
48 26 11.92 0.0006

5 1 3.00 0.08

10 24 9.84 0.002
14 26 6.05 0.02

For linkage analysis, we used GENEHUNTER PLUS (compiled
to run on the Unix environment of Mac OS X). Heterogeneity lod
scores and nonparametric linkage scores were calculated for both
single and multipoint analyses. For heterogeneity lod scores, data
were analyzed under both a dominant and recessive model, using
50% penetrance and a value of 0.001 for the disease allele fre-
quency. Such an approach detects linkage under many different
conditions irrespective of the “true” underlying inheritance pat-
tern (23, 24).

Genotype relative risk was calculated for heterozygote and
homozygote subjects as described (25).

Linkage disequilibrium was estimated using a D' value calcu-
lated with the 2LD program (26).

Results

Genes across the 2g31 region were screened for associa-
tion in two stages as detailed in the Method section. The
genes analyzed included glutamate decarboxylase 1
(GAD1) (in collaboration with Drs. Shigeo Kure, Kiyoshi
Kanno, and Yoichi Matsubara), four hypothetical proteins
(FLJ13096, FLJ13984, PRO2037, and FLJ23462, recently
identified as duodenal cytochrome b) (in collaboration
with Drs. Paolo Gasparini and Massimo Carella), histone
acetylase-1 (HAT-1) (in collaboration with Dr. Salah Uddin
Qureshi), the cytoplasmic dynein subunit DNCI2, the as-
partate/glutamate carrier SLC25A12, and the homeobox
protein DLX2 (Figure 1). These candidate genes were cho-
sen on the basis of their position relative to the positive link-
age results from three studies (13-15), their expression in
brain tissue, and, in some cases, their known function, their
novelty, or the existence of related genes within the region
of chromosome 7 showing linkage to autism. For this latter
criterion, we note that the linked region of chromosome 7
contains genes paralogous to DNCI2, SLC25A12, DI1.X1, and
DLX2 (i.e., DNCI1, SLC25A13, DLX5, and DLX6).

In the first stage, all known exons (with flanking intronic
sequence) of these genes were screened by single-strand
conformation polymorphism and denaturing high-per-
formance liquid chromatography for variants in 35 to 47
unrelated individuals chosen from families showing link-
age to D2S335 as described in the Method section. In the
nine genes, 82 exons were screened and 29 SNPs were
identified. Frequencies of each variant were then evalu-
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TABLE 2. Transmission of Single Nucleotide Polymorphisms
(SNPs) and Haplotypes to All Affected Children in 197
Autistic Families With at Least One Parent Heterozygous for
a SNP (rs2056202 or rs2292813) Within the SLC25A12 Gene?

Any Family Member Heterozygous

Number of Children Analysis
SNP or With Without
Haplotype Transmission Transmission X2 p
SNPs
rs2056202 191 137 8.89 0.003
rs2292813 124 85 7.28 0.007
Haplotypes
G*G 163 91 20.41 0.000006
G*A 1 16 0.93 0.34
A*G 44 71 6.34 0.02
A*A 55 95 10.67 0.001

aSelected SNPs were those with evidence of divergent distribution
between affected and nonaffected subjects. For the individual
SNPs, data are for the G allele.

ated in autistic patients (using only one affected individ-
ual per family, N=38) and in 50 ethnically matched non-
autistic subjects, after confirming that the distribution of
allele frequencies were in Hardy-Weinberg equilibrium.
Only two SNPs, both within the SLC25A12 gene, showed
significant differences in allele frequencies between autistic
and nonautistic subjects using both allele-based (p<0.004)
and genotype-based (p<0.03) tests.

Within the SLC25A12 gene, we identified a total of five
variants in the first stage screen (including the two meet-
ing criteria for further study). Figure 1 presents the five
variants of the SLC25A12 gene identified in 47 affected
subjects linked to the chromosome 2q24-q33 region. The
two polymorphisms meeting criteria in the first stage,
152056202 (I3-21A/G) and rs2292813 (I116+70A/G), are G/A
variants in flanking intronic sequence located 21 base
pairs upstream of exon 4 and 70 base pairs downstream of
exon 16, respectively. Two variants, a C-T variant at nucle-
otide 99 (rs1878583) and a G-A variant at nucleotide 1418,
were within coding regions. G1418A changes arginine 473
to glutamine, while the C99T variant is silent. G1418A is a
new SNP (i.e., not reported in the National Center for Bio-
technology Information dbSNPs database) located in a re-
gion conserved across mammalian species, but the amino
acid glutamine is observed in mice. The final variant ap-
pears in the 3' untranslated region. We did not find in our
sample SNP rs1059299, reported in the public database,
which changes amino acid 600.

Given the evidence for association of rs2056202 and
152292813 in a small number of affected and nonaffected
subjects, the entire sample was genotyped at these SNPs
for analysis by the Transmission Disequilibrium Test,
which makes use of family-based comparison subjects. Of
the 411 families studied, 197 had at least one parent
heterozygous for at least one SNP. This group consisted of
140 multiplex and 57 singleton families. To test for associ-
ation by the Transmission Disequilibrium Test, transmis-
sion from heterozygous parents to one affected child was
analyzed (Table 1). Transmission Disequilibrium Test
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TABLE 3. Linkage Analysis of SLC25A12 Single Nucleotide Polymorphisms?

SLC25A12 Single Nucleotide Polymorphism

Linkage Analysis Type rs2056202

rs2292813

Two-point linkage analysis
Nonparametric linkage
Parametric linkage

Recessive model
Dominant model

Multipoint linkage analysis
Nonparametric linkage
Parametric linkage

Recessive model
Dominant model

z score=1.26, p=0.07

Maximal z score=1.57, p=0.03

Heterogeneity lod score=1.52, p=0.06; a=0.21
Heterogeneity lod score=0.75, p=0.19; a=0.29

z score=1.11, p=0.09

Heterogeneity lod score=1.79, p=0.04; 0=0.28
Heterogeneity lod score=0.8, p=0.18; a=0.39

Maximal heterogeneity lod score=2.11, p=0.03; a=0.23
Maximal heterogeneity lod score=1.15, p=0.1; a=0.34

a Selected SNPs were those with evidence of divergent distribution between affected and nonaffected subjects. The p values for heterogeneity
lod scores were computed as described in Nyholt (27); a is an estimate of the fraction of families showing linkage at the locus under study.

analysis demonstrated association for rs2056202 (p=
0.001) and for rs2292813 (p=0.01). Similar excess trans-
mission was assessed by TRANSMIT for rs2056202 (x2=
10.71, df=1, p=0.001) and rs2292813 (x?=7.24, df=1, p=
0.007). In both cases, the G allele appeared to be the risk
allele (or the A allele the protective allele). For simplicity,
Table 1 and Table 2 show transmission data for just the G
allele for both SNPs.

Association studies were also carried out using multiple
affected individuals per family (Table 2). Such analysis is
more properly a measure of linkage rather than associa-
tion, while providing increased power. Transmission dise-
quilibrium was observed for both rs2056202 (p=0.003) and
rs2292813 (p=0.007). Similar results were found with
TRANSMIT for rs2056202 (x?=10.3, df=1, p=0.001) and
1s2292813 (x2=8.17, df=1, p=0.004).

Looking at haplotypes, there was an increased transmis-
sion of the G*G haplotype in autism when analyzing either
one affected individual per family (p=0.000003) (Table 1)
or all affected individuals (p=0.000006) (Table 2). Using a
global analysis, two-locus Transmission Disequilibrium
Test showed disequilibrium of transmission of the four ob-
served haplotypes for both one affected individual per
family (x?=32.31, df=3, p=0.0000005) or all affected indi-
viduals (x?=28.76, df=3, p=0.000003). Similar observations
were made with TRANSMIT for transmission of the G*G
haplotype to either one affected subject (x*=8.1, df=1, p=
0.004) or all affected subjects (x?=12.37, df=1, p=0.0004).

Genotype relative risk was estimated for individuals
carrying one or two copies of the risk alleles (the G alleles
for both SNPs). Using one affected subject per family,
genotype relative risk could be estimated as 1.56 and 3 in
heterozygotes and 2.51 and 4.81 in homozygotes for
rs2056202 and rs2292813, respectively. Using all affected
subjects, the values were 1.92 and 2 in heterozygotes and
2.36 and 2.88 in homozygotes. Note that estimates of gen-
otype relative risk tend to be underestimated in family
studies such as these (25).

Two-point linkage analysis using nonparametric lod
score analysis indicated some evidence for linkage be-
tween autism and rs2056202 or rs2292813 (Table 3). Two-
point heterogeneity lod score supported this linkage, with
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maximal heterogeneity lod scores of 1.52 (p=0.06) and 1.79
(p=0.04) for rs2056202 and rs2292813, respectively. How-
ever, information was low at these SNPs (estimated as 0.21
and 0.28 for rs2056202 and rs2292813, respectively). To in-
crease information we used multipoint linkage analyses
with these two SNPs. Under these conditions, maximal
multipoint nonparametric linkage scores of 1.57 and max-
imal multipoint heterogeneity lod scores of 2.11 were ob-
served. The two markers showed linkage disequilibrium
with each other as determined by analyzing linkage dise-
quilibrium in unrelated patients (D'=0.79, SD=0.06).

To examine the relationship between the linkage and
the association, we first identified a subset (selected from
the 197 informative families) of 76 families that showed
linkage, defined as a positive multipoint NPL value. In this
subset, we found an increased transmission for rs2056202
with one affected per family (Transmission Disequilib-
rium Test: X?=6.06, df=1, p=0.01; TRANSMIT: x?=7.23, df=
1, p=0.01) or all affected subjects (Transmission Disequi-
librium Test: x?=12.31, df=1, p=0.0005; TRANSMIT: x%=
14.64, df=1, p=0.0001) and for r2229813 with all affected
subjects (Transmission Disequilibrium Test: x?>=8.91, df=1,
p=0.003; TRANSMIT: x?=9.24, df=1, p=0.002), but not with
one affected subject (Transmission Disequilibrium Test:
x2=2.27, df=1, p=0.13; TRANSMIT: x2=3.33, df=1, p=0.12).
The G*G haplotype showed association with either one af-
fected subject per family (Transmission Disequilibrium
Test: x?=7.14, df=1, p=0.008; TRANSMIT: x°=8.97, df=1, p=
0.004) or all affected subjects (Transmission Disequilib-
rium Test: x?=21.25, df=1, p=0.000004; TRANSMIT: x?=
17.26, df=1, p=0.0006). In contrast, in the 121 informative
families that did not show linkage, neither rs2056202 (for
all affected subjects, Transmission Disequilibrium Test:
x?=1.28, df=1, p=0.26; TRANSMIT: x?=2.03, df=1, p=0.15)
nor rs2292813 (for all affected subjects, Transmission Dis-
equilibrium Test: x?=1.00, df=1, p=0.32; TRANSMIT: x?=
2.00, df=1, p=0.16) showed such evidence for association.

Discussion

The objective of the present work was to identify a sus-
ceptibility gene for autism in chromosome region 2q24-
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g33. We identified two SNPs, 1s2056202 and rs2292813, in
SLC25A12 that demonstrated association with autism us-
ing the Transmission Disequilibrium Test and TRANSMIT.
Preferential transmission of the G allele for both SNPs was
found in 197 informative families. Linkage was found be-
tween autism and the SNPs by Transmission Disequilib-
rium Test and by nonparametric and parametric analyses.
The evidence for both linkage and association supports a
role for SLC25A12 as an autism susceptibility gene (rather
than a modifying gene). Furthermore, as the association
was primarily evident in linked families, the data are con-
sistent with there being a relationship between the ob-
served linkage and the observed association.

The SLC25A12 gene contains 18 exons spread over
about 110 kilobases (kb) and is expressed primarily as 2.9-
and 3.2-kb mRNA species, predominantly in skeletal mus-
cle, heart, and brain (28). SLC25A12 cDNA has an open
reading frame of 2037 base pairs encoding a 678-amino
acid protein that is a calcium-dependent mitochondrial
aspartate/glutamate carrier (AGC1). The subcellular local-
ization of protein is exclusively mitochondrial. The
amino-terminal half of AGC1 contains five putative EF
hands that are able to bind Ca2+, while the carboxy-termi-
nal half harbors the aspartate/glutamate exchanger func-
tion. AGCl is critically involved in the activity of the malate/
aspartate NADH shuttle, catalyzing the electrogenic ex-
change of aspartate for glutamate and a proton, and is also
involved in the urea cycle (29). Recently, it has been shown
that AGC1 is the form of the mitochondrial aspartate/
glutamate carrier expressed in neurons and neural stem
cells (28). Protein levels increased during neuronal differ-
entiation and are correlated with an increase in the malate/
aspartate NADH shuttle activity.

SLC25A12 mRNA and the AGC1 protein are widely ex-
pressed in adult mouse CNS, particularly in neural nuclei
in the brainstem (30). It has been suggested that the en-
richments of AGC1 in specific neurons could reflect a
tonic activity of these neurons. Dysfunction of this pro-
tein, or altered expression of this protein, may lead to an
alteration in mitochondrial function and ATP synthesis.
Since neurons are major energy users, even modest
changes in mitochondrial function and ATP synthesis may
lead to selective changes in neurons. Support for a role for
mitochondrial dysfunction in autism comes from a recent
study demonstrating mitochondrial hyperproliferation
and partial respiratory chain block in two patients with
autism and a 15q inverted duplication (31).

As noted earlier, a region of chromosome 7 has also been
shown to be linked to autism in multiple studies (32). It is
interesting that a paralog of SLC25A12, namely, SLC25A13
(CITRIN1 or AGC2), localizes to this region of chromosome
7. These two genes share about 79% identity, both encod-
ing forms of aspartate/glutamate carriers, with 71% iden-
tity in the EF-hand domains and 84% within the exchanger
domain. Mutations in the SLC25A13 gene confer adult-
onset type II citrullinemia (CTLN2, MIM number 603471),
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an autosomal recessive disease caused by a deficiency of
argino-succinate synthetase with clinical features that in-
clude enuresis diarrhea, tremors, lethargy, mental retarda-
tion, and psychiatric disorders. Although confirmation of
the association between autism and SLC25A12 is required,
it is tempting to speculate that SLC25A13 could be a candi-
date autism susceptibility gene on chromosome 7.

For both SNPs, the allele associated with autism corre-
sponds to a common allele. One must consider that in
complex disorders with multiple interacting genes, the
prevalence of the susceptibility alleles may be quite high.
Recent examples of this include the e4 allele of apolipro-
tein E in Alzheimer’s disease, NOD-2 gene changes in
Crohn’s disease, and calpain-10 gene changes and type 2
diabetes mellitus (33-35). In the case of autism, with the
strongest evidence for numerous interacting genes, the
expectation would be that the susceptibility variants for at
least some loci will be quite common and might even con-
tribute to behavioral variability in healthy individuals.
However, in any such study the true susceptibility locus or
functional polymorphisms may not have been identified
but rather are in linkage disequilibrium with the variants
studied. The true susceptibility locus may even be in
neighboring genes. In our studies, we have examined both
flanking genes. For HAT1, we did not find any useful poly-
morphisms. For DNCI2, we found eight polymorphisms
that were negative for association in first-stage analyses.

In our study, we identified intronic polymorphisms as-
sociated with disease. The functional relevance of such
variants remains obscure in most studies. However, it is
increasingly being realized that the expression of a signifi-
cant number of genes is regulated by cis-acting elements
and that inherited variation in gene expression may con-
tribute to disease (36, 37). Regulation of gene expression
would affect cellular function, without requiring a modifi-
cation in the coding sequence, iflevels of the gene product
were limiting. It has recently been demonstrated that over-
expression of AGC1 can lead to increased mitochondrial
ATP production (38), so genetic variations that change the
expression of AGC1 would be predicted to impact ATP
production. Whether the polymorphisms we identified (or
additional polymorphisms in linkage disequilibrium with
the polymorphisms we identified) affect gene expression
needs to be determined.

With all association studies, especially in complex disor-
ders thought to be due to multiple interacting genes of
weak effect, we must await replication in independent
samples before the results can be accepted. However,
given the evidence from our study, it may be unrealistic to
expect that the finding will be easily replicated by Trans-
mission Disequilibrium Test in a typical sample of under
200 trios. The Transmission Disequilibrium Test allows for
robust statistical analysis without bias of population ad-
mixture. However, it lacks power, especially at loci such as
ours, where many of the parents were homozygous at the
two loci. A carefully designed case-control study, with
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control subjects matched for ethnicity, gender, and age,
may have more power to detect association at these two
loci. Alternatively, genotyping several hundred trios for
Transmission Disequilibrium Test would be in order for a
replication study.

Assuming that our results reflect true association of
SLC25A12 with autism, the data indicate a genotype rela-
tive risk for a two-locus (G*G) haplotype of between 3 and
5. This, while significant, must be taken in context of the
observation that the susceptibility variants (or the variants
in linkage disequilibrium with the true susceptibility vari-
ants) are common alleles. This is consistent with the idea
that this locus plays a significant role in the epidemiology
of the disorder but would not be immediately useful for
genetic counseling until it can be considered together
with additional loci.

To further investigate SLC25A12 locus as a susceptibility
gene for autism we are currently searching for additional
genetic markers across the 110-kb region containing this
gene, using both extant databases and sequencing in the
patients we are studying, particularly of conserved non-
coding regions. To date, more than 90 SNPs encompassing
the SLC25A12 gene have been identified in the public da-
tabases, with at least 20 SNPs harboring a heterozygosity
rate over 0.1. None of these appear in conserved noncod-
ing regions. We are also carrying out expression studies of
AGCL.

In summary, the current study presents evidence for as-
sociation of SLC25A12 with autism. Further characteriza-
tion of this gene and related genes, including SLC25A13, is
in order.
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