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Common genetic variants on 5p14.1
associate with autism spectrum disorders
Kai Wang1*, Haitao Zhang1*, Deqiong Ma2*, Maja Bucan3, Joseph T. Glessner1, Brett S. Abrahams4,
Daria Salyakina2, Marcin Imielinski1, Jonathan P. Bradfield1, Patrick M. A. Sleiman1, Cecilia E. Kim1, Cuiping Hou1,
Edward Frackelton1, Rosetta Chiavacci1, Nagahide Takahashi5, Takeshi Sakurai5, Eric Rappaport6,
Clara M. Lajonchere7, Jeffrey Munson8, Annette Estes8, Olena Korvatska8, Joseph Piven9, Lisa I. Sonnenblick4,
Ana I. Alvarez Retuerto4, Edward I. Herman4, Hongmei Dong4, Ted Hutman4, Marian Sigman4, Sally Ozonoff10,
Ami Klin11, Thomas Owley12, John A. Sweeney12, Camille W. Brune12, Rita M. Cantor13, Raphael Bernier8,
John R. Gilbert2, Michael L. Cuccaro2, William M. McMahon14, Judith Miller14, Matthew W. State11,
Thomas H. Wassink15, Hilary Coon14, Susan E. Levy6, Robert T. Schultz6, John I. Nurnberger Jr16,
Jonathan L. Haines17, James S. Sutcliffe18, Edwin H. Cook12, Nancy J. Minshew19, Joseph D. Buxbaum5,20,
Geraldine Dawson8, Struan F. A. Grant1,6, Daniel H. Geschwind4, Margaret A. Pericak-Vance2,
Gerard D. Schellenberg21 & Hakon Hakonarson1,6

Autism spectrum disorders (ASDs) represent a group of childhood neurodevelopmental and neuropsychiatric disorders
characterized by deficits in verbal communication, impairment of social interaction, and restricted and repetitive patterns of
interests and behaviour. To identify common genetic risk factors underlying ASDs, here we present the results of
genome-wide association studies on a cohort of 780 families (3,101 subjects) with affected children, and a second cohort of
1,204 affected subjects and 6,491 control subjects, all of whom were of European ancestry. Six single nucleotide
polymorphisms between cadherin 10 (CDH10) and cadherin 9 (CDH9)—two genes encoding neuronal cell-adhesion
molecules—revealed strong association signals, with the most significant SNP being rs4307059 (P 5 3.4 3 1028, odds
ratio 5 1.19). These signals were replicated in two independent cohorts, with combined P values ranging from 7.4 3 1028 to
2.1 3 10210. Our results implicate neuronal cell-adhesion molecules in the pathogenesis of ASDs, and represent, to our
knowledge, the first demonstration of genome-wide significant association of common variants with susceptibility to ASDs.

ASDs encompass a range of clinically defined conditions, including
autism and pervasive developmental disorder not otherwise specified,
which are more common and severe, as well as Asperger’s syndrome,
which appears less frequently and is milder1. ASDs are about four
times more common in boys than girls, and at present around 1 in
150 children in the United States have a diagnosis of an ASD2. Several
sources of evidence suggest that strong genetic components are
involved in susceptibility to ASDs: there are much higher concordance
rates of ASDs in monozygotic twins (92%) than dizygotic twins
(10%)3, and recent estimate of the sibling recurrence risk ratio (ls)
is 22 for autism4. Despite being highly heritable, ASDs show hetero-
geneous clinical symptoms and genetic architecture, which have
hindered the identification of common genetic susceptibility factors5.
Although previous linkage studies, candidate gene association studies

and cytogenetic studies have implicated several chromosomal regions
for the presence of autism susceptibility loci6–9, they have failed to
consistently identify and replicate common genetic variants that
increase the risk of ASDs.

Besides well-known genetic conditions reported in ASDs, recent
studies have identified a growing number of distinct and individually
rare genetic causes, suggesting that the genetic architecture of ASDs
may have a significant contribution from heterogeneous rare variants.
For example, rare de novo copy number variants have been implicated
in 7% of families with ASDs, but only in 1% of control families10. In
addition, 16p11.2 microdeletions and microduplications have been
found in approximately 1% of autism cases11,12. Several hundred rare
structural variations have also been catalogued in families with ASDs13.
Although these reported variants indicate a role for rare genomic
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variation in a proportion of families, no common variants have been
previously associated with ASDs in genome-wide studies. The latter is
consistent with reports from previous genome-wide associ-
ation studies of other neuropsychiatric disorders, including bipolar
disorder14,15, schizophrenia16 and attention deficit/hyperactivity dis-
order16, all of which have failed to identify common susceptibility loci
with genome-wide significance, when individual data sets with small
sample sizes were analysed. However, recent meta-analysis reported
evidence for common variants in both schizophrenia17 and bipolar
disorder18, suggesting that the search for common genetic variation
that confer susceptibility to ASDs may benefit from the combined
analysis of several studies.

Genome-wide association studies on ASDs

To identify common genetic risk factors for ASDs, we carried out a
genome-wide association study on 943 ASDs families (4,444 subjects)
from the Autism Genetic Resource Exchange (AGRE cohort, Table 1)19.
The subjects with ASDs in the AGRE cohort were diagnosed using both
the Autism Diagnostic Interview-Revised (ADI-R)20 and Autism
Diagnostic Observation Schedule (ADOS)21 diagnostic tools, which
are the gold standard diagnostic tools for individuals with ASDs. All
subjects were genotyped using the Illumina HumanHap550 BeadChip
with over 550,000 single nucleotide polymorphism (SNP) markers. We
applied stringent quality control criteria (Supplementary Methods),
including call rates, Mendelian inconsistencies and genetically inferred
ancestry, to identify a set of 3,101 subjects of European ancestry in 780
AGRE families for association tests. We performed analysis with the
Pedigree Disequilibrium Test (PDT)22 for autosomes, and with
X-APL23 for the X chromosome, using genotypes from 486,864
markers. The complete sets of SNP genotype data and signal intensity
data were released to the academic research community in April 2008
(http://www.agre.org).

We did not observe genome-wide significant association
(P , 5 3 1028) to ASDs in the AGRE cohort, but we proposed that
meaningful associations were contained within the lowest P values. To
boost power for identifying these associations, we examined an
Autism Case-Control cohort (ACC cohort, Table 1), comprising
1,453 subjects with ASDs from several US sites, and 7,070 control
subjects without ASDs from the Children’s Hospital of Philadelphia,
who were also genotyped on the same platform. The subjects with
ASDs in this cohort were diagnosed using the ADI and ADOS tools.
After conducting thorough quality control measures on the geno-
types, association analyses were conducted on 1,204 subjects with
ASDs and 6,491 control subjects of inferred European ancestry. We
did not detect genome-wide significant association (P , 5 3 1028) to
ASDs in the ACC cohort either. Therefore, we subsequently
performed a combined analysis of these two independent data sets
using recommended meta-analysis approaches24. From examining
autosomes and the X chromosome, one SNP located on 5p14.1
reached genome-wide significance (rs4307059, P 5 3.4 3 1028), and
five further SNPs at the same locus had P values below 1 3 1024

(Table 2 and Fig. 1a). Several other loci contain SNPs with suggestive
association signals (Table 3), such as 13q33.3 (near MYO16 (myosin
XVI)), 14q21.1 (between FBXO33 (F-box protein 33) and LRFN5
(leucine rich repeat and fibronectin type III domain containing 5))
and Xp22.32 (between PRKX (protein kinase, X-linked) and NLGN4X
(neuroligin 4, X-linked)). We also analysed ten markers on the Y

chromosome in the ACC cohort, with the most significant SNP being
rs2032597 (P 5 1.1 3 1024) located within USP9Y (ubiquitin specific
protease 9, Y-linked) (Supplementary Table 1). Furthermore, we have
analysed 15 markers in pseudoautosomal regions of sex chromosomes
in the two discovery cohorts, but no markers showed evidence of
association (Supplementary Table 2).

To identify other variants that associate with ASDs but were not
captured by the SNP genotyping array, we analysed the discovery cohorts
using whole-genome imputed genotypes on autosomes generated by
the MACH software (Supplementary Methods). The most significant
association signals were still those in the 5p14.1 region. However, several
other genomic loci, such as 10q21.3 (within CTNNA3 (catenin, alpha 3))
and 16p13.2 (between A2BP1 (ataxin 2-binding protein 1) and C16orf68
(chromosome 16 open reading frame 68)), contain imputed SNPs with
suggestive association signals (Table 3). Follow-up studies with larger
sample sizes are required to determine whether these represent genuine
ASD susceptibility loci.

Replication of the association signals

To replicate our genome-wide significant association signals at the
5p14.1 locus, we examined the association statistics for these markers
in a third independently generated and analysed cohort, including
1,390 subjects from 447 autism families genotyped with ,1 million
markers on the Illumina HumanHap1M BeadChip (CAP cohort,
Table 1). The association signals for all the aforementioned SNPs were
replicated in this cohort with the same direction of association, with
P values ranging from 0.01 to 2.8 3 1025 (Table 2). To seek further
evidence of replication, we examined association statistics from a
fourth independent cohort of 108 ASD cases and 540 genetically
matched control subjects, genotyped on the Illumina
HumanCNV370 BeadChip, an array with over 300,000 SNP markers
(CART cohort, Table 1). Because rs7704909 and rs10038113 were not
present in this array platform, we analysed association on imputed
genotypes. Most of the SNPs were replicated (P , 0.05) in the CART
cohort with the same direction of association (Table 2). Combined
analysis on all four data sets indicates that all six SNPs are associated
with ASDs, with P values ranging from 7.4 3 1028 to 2.1 3 10210

(Table 2 and Supplementary Table 3). Taken together, several sources
of converging evidence firmly established that common genetic
variants on 5p14.1 confer susceptibility to ASDs.

Genomic features of the 5p14.1 region

Closer examination of the 5p14.1 region indicated that all genotyped
and imputed SNPs with P values below 1 3 1027 reside within the
same ,100 kilobase (kb) linkage disequilibrium block, suggesting that
these SNPs are tagging the same variants (Supplementary Figs 1 and
2). The linkage disequilibrium block is located within a 2.2-megabase
(Mb) intergenic region between CDH10 (cadherin 10) and CDH9
(cadherin 9) (Fig. 1b, c). Both CDH10 and CDH9 encode type II
classical cadherins from the cadherin superfamily, which represent
transmembrane proteins that mediate calcium-dependent cell–cell
adhesion. To search for other types of variants, including copy
number variations (CNVs), in the intergenic region, we used the
PennCNV software25 on the signal intensity data and identified five
CNV loci (Supplementary Fig. 3). All of these CNVs are present in
control subjects in our study, and three of the five CNVs are also
reported in the Database for Genomic Variants that annotates healthy

Table 1 | Description of the four data sets used in the study

Data set Purpose Study design Measurements Subjects Analysis

Cases Controls Families Total Genotyped markers Imputed markers

AGRE Discovery Family-based 550K Illumina 1,299 780 3,101 PDT, X-APL
ACC Discovery Case-control 550K Illumina 1,204 6,491 7,695 PLINK SNPTEST
CAP* Replication Family-based 1M Illumina 504 447 1,390 PDT
CART Replication Case-control 300K Illumina 108 540 648 PLINK SNPTEST

*The CAP data set has been fully described in ref. 51.

ARTICLES NATURE

2
 Macmillan Publishers Limited. All rights reserved©2009

http://www.agre.org


individuals (Supplementary Fig. 4), suggesting that CNVs in the
region are unlikely to be causal variants for ASDs.

We next focused on the ,100 kb linkage disequilibrium block con-
taining the most significant SNPs, and determined whether other trans-
cripts or functional elements are located in the block. By examining the
UCSC Genome Browser annotations26, we did not identify predicted
genes, predicted transcription start sites, spliced human expressed
sequence tag (EST) sequences, known microRNA genes or predicted

microRNA targets that overlap with the linkage disequilibrium block
(Supplementary Fig. 5). However, we note that the linkage disequilib-
rium block contains several highly conserved genomic elements,
including a 849-base pair (bp) element that ranks as the top 0.026%
most-conserved elements in the entire human genome (log odds
(LOD) score 5 3,480 by PhastCons27, Fig. 1b). Consistent with
previous reports that large stable gene deserts typically contain regula-
tory elements for genes involved in development or transcription28, we

Table 2 | The most significantly associated SNPs (P , 1 3 1024 in the discovery phase) between CDH10 and CDH9 on 5p14.1

SNP Position* Minor/
major
allele*

Discovery cohorts Replication cohorts P value
(combined)

MAF{
(AGRE)

P value
(AGRE)

Z score{
(AGRE)

Case MAF
(ACC)

Control MAF
(ACC)

P value
(ACC)

Odds ratio1

(ACC)
P value
(discovery
cohorts)

P value (CAP) P value (CART)

rs4307059 26003460 C/T 0.38 1.1 3 10
25

4.40 0.35 0.39 2.2 3 10
24

1.19 3.4 3 10
28

1.2 3 10
22

1.6 3 10
22

2.1 3 10
210

rs7704909 25934678 C/T 0.39 1.6 3 10
25

4.31 0.36 0.40 6.2 3 10
24

1.17 1.4 3 10
27

9.1 3 10
23

4.0 3 10
22

9.9 3 10
210

rs12518194 25987318 G/A 0.39 1.3 3 10
25

4.36 0.36 0.39 1.0 3 10
23

1.16 2.0 3 10
27

9.3 3 10
23

1.8 3 10
22

1.1 3 10
29

rs4327572 26008578 T/C 0.39 2.2 3 10
25

4.24 0.36 0.39 2.0 3 10
23

1.15 6.2 3 10
27

7.3 3 10
23

1.5 3 10
22

2.7 3 10
29

rs1896731 25934777 C/T 0.34 1.7 3 10
23 23.14 0.38 0.34 1.7 3 10

23

0.87 1.7 3 10
25

7.7 3 10
25

9.9 3 10
21

4.8 3 10
28

rs10038113 25938099 C/T 0.40 1.4 3 10
23 23.19 0.43 0.39 2.4 3 10

23

0.87 2.1 3 10
25

2.8 3 10
25

4.5 3 10
21

7.4 3 10
28

*The chromosome coordinates and allele designation are on the basis of the forward strand of the NCBI 36 genome assembly.
{The minor allele frequencies (MAF) are calculated on the basis of AGRE parents of European ancestry.
{ Positive Z score indicates overtransmission of the major allele.
1 The odds ratio is calculated with respect to the major allele.
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Figure 1 | Genome-wide association results for the 5p14.1 region. a, A
Manhattan plot showing the 2log10(P values) of SNPs from the combined
association analysis of the AGRE and ACC cohorts. b, The 5p14.1 genomic
region is displayed in UCSC Genome Browser, with conserved genomic
elements in the PhastCons track. c, Both genotyped (diamonds) and

imputed (grey circles) SNPs are plotted with their combined P values in all
four cohorts. Genotyped SNPs were coloured on the basis of their
correlation with rs4307059 (red: r2 $ 0.5; yellow: 0.2 # r2 , 0.5; white:
r2 , 0.2). Estimated recombination rates from HapMap data are plotted to
reflect the local linkage disequilibrium structure.
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hypothesized that these tagging SNPs were capturing the association of
functional variants that regulate the expression and action of either
CDH10 or CDH9.

Expression of CDH10 and CDH9 in brain

Because CDH10 and CDH9 are expressed at low levels in non-neural
tissues (Supplementary Figs 6 and 7), we evaluated their messenger
RNA distribution in human fetal brain by in situ hybridization.
Multiple sagittally sectioned human fetal brains, each between 19
and 20 weeks gestation, were hybridized with riboprobes against
CDH10 or CDH9. Results for CDH9, showing uniformly low levels
of expression at the time points evaluated, were largely uninforma-
tive. In contrast, a marked pattern of enrichment for CDH10 was
observed in the frontal cortex (Fig. 2a)—a region known to be
important in ASDs. The expression pattern was similar to that for
CNTNAP2 (contactin-associated protein-like 2)29, a molecule now
well-established to be involved in the ASDs1. These results are con-
sistent with previous work showing high levels of CDH10 in the
human fetal brain30 and a prominent enrichment of Cdh10 mRNA
in the anterior cortical plate of the developing mouse brain31.

To examine whether the SNP genotypes associate with gene
expression for CDH10 and CDH9, we next examined the
SNPExpress database32 that profiles gene expression in 93 human
cortical brain tissues from genotyped subjects. However, none of
the SNPs in Table 2 was associated with expression levels for either
CDH9 (P 5 0.92 for rs4307059) or CDH10 (P 5 0.86 for rs4307059)
(Fig. 2b). Although the small sample size may not have sufficient
power to detect subtle effect sizes, it is also possible that the causal
variants regulate gene expression only in the developing brain, or that
the causal variants target an unidentified functional element, similar
to the variants reported in the intergenic region on 8q24, which have
been implicated in various cancers33,34.

Pathway analysis of cell-adhesion genes

Recent genetic studies have identified several neuronal cell-adhesion
genes, including NRXN1 (neurexin 1)35,36, CNTNAP2 (refs 37–39)

and PCDH10 (protocadherin 10)40, as potentially disrupted in rare
ASD cases. Cadherins represent a large group of transmembrane
proteins that are involved in cell adhesion and the generation of
synaptic complexity in the developing brain41. In light of the informa-
tion described earlier, we note that several other cadherin genes were
also tagged by the top 1,000 most significant SNPs of the combined
discovery cohorts (Supplementary Table 4). In addition, SNPs
surrounding several prominent ASD candidate loci1, including

Table 3 | Genotyped and imputed markers (other than those on 5p14.1) with suggestive association signals (P , 1 3 1025) in the two discovery cohorts

Chr SNP Position Locus Gene Type MACH
Rsq*

Minor /
major
allele

MAF
(AGRE)

Z score{
(AGRE)

Case
MAF
(ACC)

Control
MAF
(ACC)

Odds
ratio{
(ACC)

P value
(combined)

3 rs3755827 62335411 3p14.2 Near FEZF2 Genotyped C/T 0.13 3.37 0.14 0.11 1.27 3.5 3 10
26

6 rs9395885 53853436 6p12.1 LRRC1 Imputed 0.99 T/C 0.08 2.27 0.10 0.07 1.43 5.8 3 10
26

6 rs9349688 53870051 6p12.1 LRRC1 Genotyped G/A 0.09 2.10 0.10 0.07 1.43 8.1 3 10
26

6 rs9384952 116066757 6q22.1 Between HS3ST5

and FRK
Genotyped C/T 0.41 2.33 0.42 0.37 1.20 9.4 3 10

26

10 rs9651325 68649859 10q21.3 CTNNA3 Imputed 0.97 A/G 0.11 23.24 0.09 0.12 0.80 9.2 3 10
26

10 rs807023 102760072 10q24.31 Near LZTS2 Genotyped A/C 0.14 1.12 0.15 0.10 1.48 7.8 3 10
26

12 rs10774538 118888180 12q24.23 Near CCDC64 Genotyped T/C 0.13 22.51 0.12 0.15 0.77 6.2 3 10
26

13 rs9521337 108823637 13q33.3 Near MYO16 Imputed 0.98 T/G 0.13 2.41 0.14 0.11 1.34 6.8 3 10
26

13 rs4771632 108846743 13q33.3 Near MYO16 Imputed 0.99 A/G 0.13 2.32 0.14 0.11 1.32 9.5 3 10
26

13 rs7996916 108855628 13q33.3 Near MYO16 Imputed 0.99 A/C 0.12 3.07 0.15 0.12 1.27 5.5 3 10
26

13 rs1328250 108856632 13q33.3 Near MYO16 Imputed 1.00 T/C 0.12 3.07 0.14 0.12 1.27 5.9 3 10
26

13 rs4771633 108858788 13q33.3 Near MYO16 Imputed 1.00 G/A 0.12 2.98 0.14 0.12 1.26 9.2 3 10
26

13 rs9521354 108865125 13q33.3 Near MYO16 Genotyped C/A 0.13 3.38 0.14 0.12 1.25 5.8x10
26

13 rs9521355 108865183 13q33.3 Near MYO16 Genotyped T/C 0.13 3.20 0.14 0.12 1.25 7.1 3 10
26

13 rs1328244 108881899 13q33.3 Near MYO16 Genotyped C/T 0.08 3.92 0.10 0.08 1.31 8.2 3 10
27

14 rs12897470 39895590 14q21.1 Between FBXO33

and LRFN5

Imputed 0.99 A/G 0.50 3.39 0.51 0.47 1.17 2.6 3 10
26

14 rs7147817 39901754 14q21.1 Between FBXO33

and LRFN5

Genotyped G/A 0.54 3.38 0.54 0.50 1.20 2.7 3 10
27

14 rs17783432 76141161 14q24.3 Between ESRRB
and VASH1

Genotyped T/G 0.15 1.97 0.15 0.11 1.36 9.4 3 10
26

16 rs7206043 8412954 16p13.2 Between A2BP1

and C16orf68

Imputed 0.98 G/A 0.41 23.03 0.39 0.43 0.84 4.8 3 10
26

16 rs9932538 19116070 16p12.3 SYT17 Genotyped G/A 0.16 1.97 0.17 0.12 1.47 1.9 3 10
27

20 rs6131030 44241393 20q13.12 CDH22 Genotyped A/G 0.42 3.24 0.41 0.37 1.17 6.5 3 10
26

X rs11798405 4940801 Xp22.32 Between PRKX
and NLGN4X

Genotyped G/A 0.09 2.71 0.10 0.06 1.66 9.0 3 10
27

X rs5972577 32390211 Xp21.1 DMD Genotyped A/G 0.33 3.90 0.35 0.30 1.26 2.7 3 10
27

X rs6646569 119125802 Xq24 Near RHOXF1 Genotyped T/C 0.13 2.49 0.14 0.09 1.56 9.7 3 10
27

*MACH Rsq estimates the squared correlation between imputed and true genotypes, and a value less than 0.3 flags poorly imputed SNPs.
{The Z score and odds ratio are calculated with respect to the major allele.
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Figure 2 | Examination of brain expression for CDH10 and CDH9. a, The in
situ hybridization of CDH10 in human fetal brain sectioned in the sagittal
plane. Medial and lateral sections from a representative sample are shown
above corresponding cresyl-violet-stained marker slides. Orbitofrontal
cortex (OFC) and frontal cortex (FC) are highlighted, with marked
expression enrichment. b, The SNP genotypes of rs4307059 are not
associated with CDH9 or CDH10 transcript levels in 93 cortical brain tissues.
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CACNA1C (L type voltage-gated calcium channel), CNTNAP2,
GRIK2 (glutamate receptor, ionotropic, kainate 2), NRXN1 and
NLGN4X, also show suggestive evidence of association (Supple-
mentary Table 5). These sources of evidence indicate a potential role
for cell-adhesion molecules in the pathogenesis of ASDs.

To examine if cell-adhesion molecules, as a gene family, associate
with ASDs, we applied two pathway-based association approaches on
the genotype data (Supplementary Methods). First, we assign each
SNP to the overlapping or the closest gene, summarize the signifi-
cance of each gene using the Simes-adjusted P value42 from its SNPs,
and then test whether the distribution of P values differ between a
group of genes and all other genes using a nonparametric rank sum
test. Using the combined P values from the two discovery cohorts, we
found that a group of 25 related cadherin genes show more signifi-
cant association with ASDs than all other genes (P 5 0.02), whereas a
stronger enrichment signal (P 5 0.004) was obtained when the 25
cadherin genes were combined with eight neurexin family genes
(NRXN1 to NRXN3, CNTNAP1 to CNTNAP5). Second, we analysed
the ACC cohort using a formal pathway-association method for case-
control data sets43. This method examines whether statistics for a
group of genes have modest yet consistent deviation from what is
expected by chance, through shuffling case/control labels many
times, each time recalculating P values for all SNPs. We confirmed
that the set of cadherin genes is associated with ASDs (permutation
P 5 0.02), whereas the combined cadherin/neurexin genes show
more significant association (permutation P 5 0.002). Therefore,
our pathway analysis suggests that neuronal cell-adhesion molecules
may be collectively associated with ASDs.

Discussion

Besides recent genetic findings supporting the role of neuronal cell-
adhesion molecules in the pathogenesis of autism, an increasing
number of functional neuroimaging studies have suggested the
presence of cortical underconnectivity in subjects with ASDs44,45.
Furthermore, neuroanatomy studies have implicated abnormal brain
development of the frontal lobes in autism46,47. The genetic findings,
when coupled with anatomical and functional imaging studies, con-
vergently indicate that ASDs may result from structural and functional
disconnection of brain regions that are involved in higher-order associ-
ations48–50, suggesting that ASDs may represent a neuronal disconnec-
tion syndrome.

In the current study, we have completed a genetic analysis in a large
number of ASD cases and families, with a combined sample set of
more than 10,000 subjects of European ancestry. We have identified
and replicated common genetic variants on 5p14.1 that are associated
with susceptibility to ASDs. Besides the potential roles of the nearby
CDH10 and CDH9 genes, pathway-based association analysis lend
further support to neuronal cell-adhesion molecules in conferring
susceptibility to ASDs, suggesting that specific genetic variants in this
gene class may be involved in shaping the physical structure and
functional connectivity of the brain, that leads to the clinical mani-
festations of ASDs. Apart from highlighting the genetic complexity of
ASDs and the need for large sample sizes in unveiling their genetic
causes, our study represents a successful application of the genome-
wide association approach in identifying common susceptibility
alleles, as part of a larger effort to interrogate the complex genetic
architecture of ASDs. Because the genetic aetiologies of ASDs may be
linked to the neurobiological components that build and modify
connectivity of the brain, by comprehensively identifying the relevant
genes, genomic variants and genetic pathways, more focused analysis
on gene expression, as well as structural and functional imaging, can
be performed on subjects carrying specific genetic defects. Together
with studies addressing epigenetic modifications and comprehensive
analysis of environmental risk factors, these pieces of information
can be better integrated to improve our understanding of the
molecular basis of ASDs, and foster the development of early pre-
ventive and corrective strategies.

METHODS SUMMARY
All genome-wide SNP genotyping for the discovery cohorts was performed using

the Illumina HumanHap550 BeadChip at the Center for Applied Genomics at

the Children’s Hospital of Philadelphia. For family-based cohorts, the asso-

ciation tests for markers in autosomes and pseudoautosomal region of sex chro-

mosomes were performed by PDT, whereas tests for markers in the X

chromosome were performed by X-APL. For case-control cohorts, the asso-

ciation tests were performed by PLINK (http://pngu.mgh.harvard.edu/,
purcell/plink/). Pathway association analysis was performed by GenGen
(http://www.openbioinformatics.org/gengen/), using the genotype data. The

whole-genome genotype imputation was performed by MACH (http://

www.sph.umich.edu/csg/abecasis/MaCH/) on the autosomal markers, on the

basis of phased haplotypes (release 22) for the HapMap CEU population

(http://ftp.hapmap.org/phasing/2007-08_rel22/). We removed all markers with

MACH Rsq measure of less than 0.3, and zeroed out imputed genotypes with a

posterior probability of less than 0.9. The case-control association tests for

imputed genotypes were performed by SNPTEST (http://www.stats.ox.ac.uk/

,marchini/software/gwas/snptest.html), which can handle genotype imputa-

tion uncertainty. CNV calls were generated by PennCNV (http://www.

openbioinformatics.org/penncnv/) on genotyping signal intensity data. For

CNV validation by multiplex ligation-dependent probe amplification

(MLPA), we used the Universal Probe Library system from Roche, and all reac-

tions were performed in triplicate with an ABI Prism 7900HT Sequence

Detection System (Applied Biosystems). For CNV validation by quantitative

PCR (qPCR), TaqMan probes were custom-designed using Primer Express 3.0

(Applied Biosystems). For in situ hybridization, multiple sagittally sectioned

human fetal brains were obtained from the Developmental Brain and Tissue
Bank at the University of Maryland. Riboprobes against CDH9 or CDH10 were

used for hybridization. The SNPExpress database and software (http://people.

genome.duke.edu/,dg48/SNPExpress/) were used to examine the genotype-

expression relationships.
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