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Abstract
Biological and positional evidence supports the involvement of the GAD1 and distal-less
homeobox genes (DLXs) in the etiology of autism. We investigated 42 SNPs in these genes as risk
factors for autism spectrum disorders (ASD) in a large family-based association study of 715
nuclear families. No single marker showed significant association after correction for multiple
testing. A rare haplotype in the DLX1 promoter was associated with ASD (p-value = 0.001). Given
the importance of rare variants to the etiology of autism revealed in recent studies, the observed
rare haplotype may be relevant to future investigations. Our observations, when taken together
with previous findings, suggest that common genetic variation in the GAD1 and DLX genes is
unlikely to play a critical role in ASD susceptibility.
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Autism spectrum disorders (ASD) are heterogeneous and complex developmental disorders
characterized by pervasive impairments in social interactions, reciprocal communication,
and repetitive and stereotyped patterns of behaviors and interests. Genetic factors are
thought to play a significant role in the manifestation of ASD (Folstein and Rutter 1977;
Steffenburg et al. 1989; Bailey et al. 1995) with complex inheritance (Risch et al. 1999;
Folstein and Rosen-Sheidley 2001; Santangelo and Tsatsanis 2005), but linkage and
candidate gene association studies have had limited success in identifying or replicating
common genetic variants.

One intriguing model of autism etiology posits an imbalance between excitation and
inhibition in the neural circuits that mediate language development and social behaviors
(Rubenstein and Merzenich 2003). A hyperexcitable state of the brain could result from
multiple molecular and genetic mechanisms underlying abnormal neurotransmitter and
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receptor systems, neural development, and regulators of gene expression in the developing
cortex (Rubenstein and Merzenich 2003). Among these, the glutamic acid decarboxylase 1
(GAD1) gene and the distal-less homeobox (DLX) genes are attractive candidates based on
their biological functions.

The GAD1 gene encodes 67kDa glutamic acid decarboxylase isoform (GAD67), the rate-
limiting enzyme responsible for γ-aminobutyric acid (GABA) biosynthesis from glutamatic
acid and the major GAD isoform in the human brain for early brain development (Feldblum
et al. 1993). A good deal of evidence has accumulated indicating that disturbance in the
GABAergic (inhibitory) or glutamatergic (excitatory) signaling system or the imbalance
between both, including altered neurotransmitter levels, receptor levels and receptor
polymorphisms may be involved in the etiology of autism (Blatt et al. 2001; Hussman 2001;
Menold et al. 2001; Purcell et al. 2001; Buxbaum et al. 2002; Dhossche et al. 2002; Jamain
et al. 2002; Rubenstein and Merzenich 2003; Shuang et al. 2004; Ma et al. 2005; Collins et
al. 2006; Kim et al. 2006; Shinohe et al. 2006; Strutz-Seebohm et al. 2006; DeVito et al.
2007), as the GABAergic system plays an important role in regulating the migration of
neuronal percursors, acceleration of neural maturation, and learning, while the glutamatergic
system is crucial in brain formation and information processing. The mechanism by which
GAD1 may contribute to autism risk is not well understood, but a significant decrease
(40-61%) of the key synthesizing enzyme GAD67 mRNA and protein levels in parietal and
cerebellar cortices, specifically in Purkinje cells (Fatemi et al. 2002; Yip et al. 2007), has
been demonstrated in postmortem studies of autistic brains.

DLX genes encode homeodomain transcription factors which are key regulators in forebrain
and basal ganglia development. In the mammalian genome, six DLX genes are arranged in
three coherently transcribed bigene pairs (i.e., DLX1/2, DLX3/4, and DLX5/6). They are
primarily expressed in the basal ganglia, reticular nucleus of the thalamus, and cortical local
circuit neurons, the regions that regulate forebrain memory and the motor system, as well as
the amygdala and hypothalamus, the regions that participate in modulating emotional and
social behaviors (Rubenstein and Merzenich 2003). Sequence comparisons of mouse and
zebrafish reveal that the Dlx3/4 cluster has a more distant phylogenetic relationship and
diverse expression pattern relative to the other two Dlx clusters, which are extensively
expressed during development of the majority of forebrain GABAergic neurons (Panganiban
and Rubenstein 2002). The first evidence for expression of either Dlx3 or Dlx4 in the CNS
of a vertebrate was only recently demonstrated (Zhu and Bendall 2006).

The GAD1 and DLX1/2 genes are located on chromosome 2q31, and the DLX3/4 and
DLX5/6 clusters reside on chromosomes 17q21 and 7q22, respectively. Intriguingly, all of
these regions coincide with linkage peaks in several genome-wide linkage scans for autism
(2001a;2001b;Cantor et al. 2005), providing positional support for their potential
involvement. Nevertheless, association studies of these genes are few, with mixed results,
and almost all of them examined only one or a few single nucleotide polymorphisms (SNPs)
in one gene or were restricted to rare variations in the coding regions. Genetic variation of
DLX3/4 has not yet been examined for ASD association.

Knockout mouse models showed no apparent phenotypic abnormalities in mice homozygous
for one Dlx mutant allele when other Dlx genes were still normally co-expressed in the same
regions, but detectable phenotypic changes were observed when mice lacked at least two
functional Dlx genes, suggesting biological epistasis between various combinations of
mutations in different Dlx genes may be important (Panganiban and Rubenstein 2002;
Depew et al. 2005). Moreover, the expression of GAD67 and GAD65 (another GAD
isoform encoded by the GAD2 gene) have been observed to be controlled by the Dlx genes.
For example, in Dlx1/2 double mutant mice, GAD67 expression is abolished, and
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differentiation and migration defects in the development of telencephalic GABAergic
neurons have been detected (Anderson et al. 1997a; Anderson et al. 1997b; Pleasure et al.
2000). Further, ectopic Dlx2 and Dlx5 expression in the developing cerebral cortex was
shown to induce expressions of both GAD genes (Stuhmer et al. 2002). Both loss- and gain-
of-function experiments illustrate the role of Dlx genes in regulating GAD expression and
their involvement in controlling the specification, differentiation, and migration of forebrain
GABAergic neurons. In aggregate, these data indicate that combinations of functional
mutations in GAD1 and DLX genes may alter the inhibition/excitation ratio in some parts of
the brain. Therefore, we chose to investigate the individual and joint effects of GAD1,
DLX1/2, DLX3/4, and DLX5/6 genes on ASD susceptibility.

The sample was comprised of 2,837 individuals from the Autism Genetic Resource
Exchange (AGRE) who were included in a genomewide association scan (GWAS) (Weiss et
al. 2009). Most of the sample has a nuclear family structure with ≥ 2 affected offspring. The
male to female ratio among 1,372 ASD cases is nearly 4:1. Families with fragile X
syndrome and known chromosomal abnormalities were excluded.

The primary phenotype in the study was autism spectrum disorders (ASD) (coded as a
binary variable), assessed using the Autism Diagnostic Interview-Revised (ADI-R) (Lord et
al. 1994). Six ASD cases in the sample lacked ADI-R questionnaire data so their phenotypic
status was defined by their score on the Autism Diagnostic Observation Schedule (ADOS)
(Lord et al. 2000). Because some previous studies have found stronger linkage signals to
language delay phenotypes than for diagnostic status (Bradford et al. 2001; Buxbaum et al.
2001; Alarcon et al. 2002; Alarcon et al. 2005), we also investigated two qualitative
language phenotypes, “delayed acquisition of first words” and “delayed acquisition of
phrase speech”, derived from items in the ADI-R. Children were coded as being delayed in
single word use if they began using single words later than 24 months; the age cutoff for
delayed phrase speech was 33 months.

Because this candidate gene study builds on a GWAS investigation (Weiss et al. 2009), two
sets of SNPs were analyzed. Quality control was conducted separately on each set of SNPs
before combining the data. The first panel included all SNPs (N=17) from the genomic
regions of GAD1 and DLX1/2, DLX3/4, DLX5/6 genes in the GWAS. But because the
GWAS was designed to capture genetic variation across the entire genome, there was not
sufficient coverage of any of our candidate genes. Hence a second panel of pairwise tag
SNPs was selected to provide adequate coverage (r2 > 0.8) using the haplotype structure of
the 30 HapMap CEPH trio samples, as the majority of the ASD families are of European
descent. Thirty SNPs that were in Hardy-Weinberg equilibrium (HWE) among the founders
and had minor allele frequency (MAF) ≥ 5% were selected for genotyping on the Sequenom
iPLEX platform (Sequenom Inc., San Diego, CA).

Quality filtering and dataset merging processes were conducted using the PLINK toolset
(Purcell et al. 2007). Twenty-seven individuals and 5 SNPs were ultimately discarded from
the analyses because they failed at least one of the final quality control criteria, including
MAF > 3%, SNP genotyping call rate > 90%, individual genotyping success rate > 80%,
family and SNP Mendelian error rate < 5% and < 1%, respectively, and HWE p-value >
0.001. The overall genotyping accuracy was 99.0%. The final analyzed dataset includes 42
SNP markers (first panel: 15, second panel: 27) and 2,810 subjects from 715 nuclear
families.

Tests for single-marker allelic associations were carried out using the Family-Based
Association Test (FBAT) program (Laird et al. 2000) under the null hypothesis (H0) of “no
linkage and no association.” We also used empirical variance estimation (fbat -e option) to
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account for potential linkage in a secondary analysis. Haplotypic associations with 2-, 3-,
and 4-marker sliding windows were examined using the “hbat -e” function in FBAT. Global
and individual haplotype tests of association were performed under the “multiallelic” and
“biallelic” modes, respectively. All association tests were performed under an additive
model.

Given the evidence of biological epistasis between DLX and GAD1 genes in studies of
knockout mice, we also screened for potential multi-locus (2- and 3-locus) interactions using
the Multifactor Dimensionality Reduction Pedigree Disequilibrium Test (MDR-PDT)
program (Martin et al. 2006), a within-family measure of association between genotype and
disease. Statistical significance of the maximum n-locus MDR-PDT statistic is determined
by permutation testing.

To correct for multiple testing of single-markers, the effective number of independent tests
was determined using the method proposed by Nyholt (2004) and modified by Li and Ji
(2005), as implemented in the SNP Spectral Decomposition (SNPSpD) software. Following
this procedure, the 42 SNPs examined here are equivalent to 32 independent tests, yielding a
corrected significance level of 0.00156 to reject H0.

Results of single-marker association tests were shown in Table 1. Eight markers had
nominal evidence of association with ASD in either GAD1 or DLX5/6, with the smallest p-
value observed at marker rs2241164 (p = 0.0089) in intron 4 of GAD1. This marker is one of
four SNPs examined in GAD1 that span 20 kb from introns 4 to 12 and have a moderate to
high pairwise correlation with each other (r2=0.68-0.95), suggesting that these SNPs may
tag the same disease susceptibility allele. Results were similar for the delayed language
development subphenotypes (Table 1). Although the observed number of SNPs with
nominal p-values < 0.05 (8 SNPs) is greater than expected (3 SNPs), none of the single-
marker tests remain statistically significant after correction. Results are similar when taking
potential linkage into account and when restricting the analyses to individuals of European
descent (data not shown).

The best haplotype results, using sliding windows of 2 to 4 neighboring markers in each
gene, are shown in Table 2. A 2-marker haplotype (rs788160-rs1047889) in the promoter
region of DLX1 revealed the strongest association with ASD, with a global p-value of
0.0059. However, none of the 3 common haplotypes (>5%) had an individual p-value <
0.05, suggesting that the effect was due to the remaining rare haplotype, rs788160-
rs1047889 (T-C), which yielded an individual haplotype p-value = 0.00098. The minimal-p
test that evaluates the maximally significant statistic of the four single haplotype tests also
yielded a significant p-value of 0.000012. However, this result should be interpreted with
caution due to the rare frequency of this haplotype, estimated at 0.5%. Although several
other haplotypes also had nominal p-values < 0.05, none of them yield associations stronger
than the single-marker effects. No significant MDR-PDT multi-locus interactions were
identified after correction for multiple testing by permutation.

To the best of our knowledge, this is the largest and most comprehensive investigation of
common genetic variation in the entire DLX gene family and the GAD1 gene, and the first
study to examine DLX3/4 effects in relation to ASD. Several earlier investigations examined
one single SNP, rare nonsynonymous SNPs, and/or SNPs identified by mutation screening
or in non-coding ultraconserved elements in one or some DLX genes (Bacchelli et al. 2003;
Nabi et al. 2003; Rabionet et al. 2004; Hamilton et al. 2005; Richler et al. 2006), and two
previous studies tested GAD1 as a candidate gene by one or a few single markers (Rabionet
et al. 2004; Buttenschon et al. 2009), but most found no significant associations with ASD.
Unlike these studies, we applied a comprehensive tagging approach to adequately cover all
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the common genetic variation in the genes, utilized haplotype analysis, which enables the
testing of omitted variants indirectly, and examined potential cross-locus and cross-gene
interactions. Nevertheless, consistent with these earlier studies, our findings do not support
the involvement of common variation in the DLX and GAD1 genes in ASD susceptibility.

During preparation of this manuscript, a study examining the effect of DLX1/2 genes on
ASD risk using 6 tag SNPs in multiplex families from both the United States (AGRE) and
Canada (ASD-CARC) was published, and showed significant allelic and haplotypic
associations of 4 common alleles (Liu et al. 2009). Although one of these markers,
rs813720, was directly genotyped in our study, we observed no association with ASD at this
locus (uncorrected p = 0.66). We did not directly genotype the other three SNPs, but the LD
structure in the region showed that two markers genotyped in our study, rs813720 and
rs10186317, were highly correlated with these three markers (r2=0.81-0.92) (Figure 1);
however, neither were significantly associated with ASD in our sample (uncorrected p >
0.2). A closer look at the single SNP results reported by Liu et al. (2009) showed the
significant allelic associations they found at rs788172, rs788173, and rs813720 were only
observed in the ASD-CARC sample whereas significant association at rs4519482 was only
seen in the AGRE sample (Table 1 in (Liu et al. 2009)). The authors speculated that these
differences in association could be due to the different types of families included in the two
samples since, in their study, AGRE families were chosen if they had few or no unaffected
males, while that criterion was not applied to the selection of ASD-CARC families (personal
communication). In contrast, our study included virtually all idiopathic ASD families that
were in the AGRE repository at the time our study began. We did not identify any
significant effects when restricting our analysis to either male-affected trios or male-
affected-only families. Based on the available information, we were unable to replicate the
positive findings by Liu and colleagues in our large sample of unselected AGRE families.

Some limitations of our study should be considered. First, we used the tagging approach to
select SNPs from the HapMap database, which is not optimal for identification of rare
variants; we did not study nonsynonymous SNPs annotated in the dbSNP database.
Hamilton and colleagues (Hamilton et al. 2005) carried out resequencing of the exons, exon/
intron boundaries, and known enhancers of the DLX-1, -2, -5, and -6 genes. Although they
identified several rare nonsynonymous variants, they were unable to provide statistically
meaningful inferences, due to the small number of samples they examined.

Another potential limitation involves the phenotypes. The ASD qualitative outcomes are all
derived from the ADI-R data which are available for virtually all affected individuals in the
AGRE dataset. Only 77% of them also had ADOS data available, and discrepancies in
diagnosis are often observed between the two assessments (for example, 6% of ASD defined
by ADI-R did not meet either autism or spectrum using ADOS data). To mitigate this issue,
two experienced reviewers (SLS and RS) carefully reviewed all relevant measures on a case
by case basis to make the best consensus diagnosis for all probands with discrepant
diagnoses. Individuals were excluded if their ADI-R and ADOS affection status
classifications were widely discrepant and could not be further reconciled. The results were
similar for the reviewed and original phenotype classifications.

The study has approximately 80% power to detect a difference corresponding to an odds
ratio (OR) of 1.2 for α = 0.05, if the allele frequency in founders is between 0.2 and 0.65,
assuming ASD prevalence of 0.6%, an additive genetic model, and complete LD between a
genotyped and casual genetic variant (Lange et al. 2004). More specifically, the study has
reasonable power to detect the effect of 8 SNPs that revealed nominal significance (power =
0.8 to detect the strongest association reported for rs2241164, for which OR = 1.2).
However, the study is likely underpowered to detect smaller effects (OR < 1.2), despite the
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fact that it is by far the largest to examine the effects of GAD1 and DLX genetic variation on
ASD susceptibility.

To summarize, this study does not support a major contribution of the DLX1/2, DLX3/4,
DLX5/6 bigene clusters, or the GAD1 gene to autism susceptibility in a large family-based
sample from the AGRE repository. However, we observed a rare two-marker haplotype in
the promoter region of the DLX1 gene which was associated with ASD. Given the
importance of rare variants in the etiology of autism in recent studies, the observed rare
haplotype may be relevant to future investigations.
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Figure 1.
Linkage disequilibrium (LD) map of the DLX1/2 genes. Pairwise LD between SNPs was
estimated using r2 (to measure correlation) with Haploview. SNP rs743605 is no longer in
HapMap database.
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