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ORIGINAL ARTICLE

The SNP-set based association study identifies ITGAI as a
susceptibility gene of attention-deficit/hyperactivity disorder
in Han Chinese

L Liu*®, L Zhang®*>8 HM Li'?, ZR Wang®, XF Xie?, JP Mei®, JL Jin'?, J Shi% L Sun'?, SC Li*, YL Tan®, L Yang'?, J Wang®’, HM Yang?’,

QJ Qian'? and YF Wang'~

Genome-wide association studies, which detect the association between single-nucleotide polymorphisms (SNPs) and disease
susceptibility, have been extensively applied to study attention-deficit/hyperactivity disorder (ADHD), but genome-wide significant
associations have not been found yet. Genetic heterogeneity and insufficient genomic coverage may account for the missing
heritability. We performed a two-stage association study for ADHD in the Han Chinese population. In the discovery stage, 1033

ADHD patients and 950 healthy controls were genotyped using both the Affymetrix Genome-Wide Human SNP Array 6.0 and the
lllumina Infinium HumanExome BeadChip. The genotyped SNPs were combined to generate a powerful SNP set with better
genomic coverage especially for the nonsynonymous variants. In addition to the association of single SNPs, we collected adjacent
SNPs as SNP sets, which were determined by either genes or successive sliding windows, to evaluate their synergetic effect. The
candidate susceptibility SNPs were further replicated in an independent cohort of 1441 ADHD patients and 1447 healthy controls.
No genome-wide significant SNPs or gene-based SNP sets were found to be associated with ADHD. However, two continuous
sliding windows located in ITGAT (P-value =8.33E -7 and P-value =8.43E — 7) were genome-wide significant. The quantitative trait
analyses also demonstrated their association with ADHD core symptoms and executive functions. The association was further
validated by follow-up replications for four selected SNPs: rs1979398 (P-value = 2.64E - 6), rs16880453 (P-value =3.58E — 4),
rs1531545 (P-value =7.62E —4) and rs4074793 (P-value =2.03E —4). Our results suggest that genetic variants in ITGAT may be
involved in the etiology of ADHD and the SNP-set based analysis is a promising strategy for the detection of underlying genetic risk

factors.
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is one of the
common neurodevelopmental disorders, which is characterized
by inattention, hyperactivity and impulsivity." The high heritability
of ADHD (~0.76) indicates the significant influence of genetic
effects in its pathogenesis.? In the past decades, numerous studies
have attempted to explore and validate susceptibility genetic
variants to explain the heritability of ADHD by either candidate
gene association studies or genome-wide association studies
(GWAS). Most of the candidate gene association studies focused
on genes involved in the monoamine neurotransmitter systems;
Nevertheless, they generally failed to yield consistent results.> To
avoid gene selection bias, GWAS were adopted as a hypothesis-
free approach to identify single-nucleotide polymorphisms (SNPs)
that associated with disease susceptibility.*>

Previous studies have shown that common variants contributed
to ~40% of the heritability of ADHD.> However, genome-wide
significant associations have not been found in common variants,

even with a very large sample size or various types of
microarrays."® As an alternative approach, SNP-set based
association analysis collects the adjacent SNPs and evaluates their
joint association signal. This sophisticated method is complemen-
tary to single SNP association analysis in three aspects: (1) it can
help explore the loci that failed to genotype the disease causal
variant but contained multiple SNPs in linkage disequilibrium (LD)
with it; (2) because the number of SNP sets should be much less
than the number of SNPs, it can also alleviate the multiple testing
burden; and (3) replicating the association signals in different
cohorts can be possibly hindered by allelic heterogeneity, and
SNP-set based association analysis alleviates the poor reproduci-
bility of single SNP association.”™"" SNP-set based association
analysis has demonstrated its effectiveness for ADHD.'? On the
basis of this approach, Mooney et al.'® detected a number of
brain-relevant pathways and the pathways containing potassium
channel genes that were suggestively associated with ADHD.
Traditional SNP microarrays, which were designed to optimize
genome-wide coverage, have proved their advancement in GWAS;
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however, it is possible to lose signals due to their insufficient
coverage of exonic variants. A recent study' investigated the
genomic coverage of 12 commonly used SNP microarrays and,
surprisingly, observed that all of them exhibited poor genomic
coverage of European and African genomes (< 50%). The
Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix 6.0,
Santa Clara, CA, USA) merely captures 31% of the genomic
variants in Asian. The nonsynonymous SNPs, which alter translated
protein products or structures, are more likely to cause diseases.
The situation is more severe for these SNPs, and we found that
most of them are weakly correlated with the common SNPs
included in Affymetrix 6.0 (see Results and Supplementary
Figure S1), which indicates that their association signals could
be lost by previous studies that relied on traditional SNP
microarray.

The high costs of exome sequencing limit its practical applica-
tion on large sample size. The lllumina HumanExome BeadChip
(Exome array) can be an alternative solution; it is designed to
specifically capture the exonic variants that were previously
identified by whole-exome and whole-genome sequencing
projects. Exome arrays improve the exonic coverage for large
cohort GWAS. Several studies have benefited from its ability to
detect rare variants in exonic regions. Wessel et al."” identified a
nonsynonymous SNP rs10305492, that has low minor allele
frequency in the GLP1R gene and is associated with low fasting
glucose, type 2 diabetes risk and early insulin secretion. Zayats
et al® genotyped 9356 individuals with European ancestry by
Exome array and explored four loci harboring rare variants
(NT5DC1/COL10A1, SEC23IP, PSD and ZCCHC4) that were
genome-wide significant. The Exome array serves as a feasible
solution for the genomic coverage bias of SNP microarrays by
incorporating more independent exonic SNPs.

In this study, we collected 1033 ADHD patients and 950 healthy
controls of Han Chinese ancestry and simultaneously genotyped
them using both Affymetrix 6.0 and Exome array. In addition to
SNP-based association analyses, the adjacent SNPs were also
grouped into SNP sets in order to jointly capture their synergetic
association signals. The SNP sets were defined both by genes and
successive sliding windows to guarantee the inclusion of all
coding and regulatory regions. We further replicated the
candidate signals in an independent cohort of 1441 ADHD
patients and 1447 healthy controls.

MATERIALS AND METHODS

Subjects

One thousand and thirty-three ADHD cases satisfying the DSM-IV criteria
(870 males, 84.2%) and 950 normal controls (601 males, 63.3%) were
genotyped by both the Affymetrix Genome-Wide Human SNP Array 6.0
(Affymetrix) and the lllumina Infinium HumanExome BeadChip (lllumina,
San Diego, CA, USA). All samples were of Han Chinese ancestry. Most of
these samples were included in our previous study.” The cohort for
replication consisted of 1441 ADHD patients (1168 males, 81.1%) and 1447
adult controls of Han Chinese ancestry (598 males, 41.3%). These patients
were recruited from the child and adolescent psychiatric clinics of Peking
University Sixth Hospital, and they were all between 6 and 16 years of age
(average 10.9 £ 4.6 years old). The inclusion and exclusion criteria were the
same as that in the discovery stage. The healthy controls had an average
age of 40.7+12.5 years and were recruited as volunteers from Beijing
HuiLongGuan Hospital and neighboring community. The exclusion criteria
were as follows: diagnosis or family history of ADHD, schizophrenia,
affective disorders, pervasive development disorders and epilepsy; current
or a history of substance abuse; and diagnosis of severe physical diseases.
The detailed information for the discovery and replication stages is shown
in Supplementary Table S1.

All subjects were treated in accordance with the Declaration of Helsinki.
This study was approved by the Ethics Committee of Peking University
Sixth Hospital. Written informed consent was obtained from all subjects or
from the parents of the children.
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SNP microarray genotyping

The collected genomic DNA samples from 1033 ADHD patients and 950
healthy controls were placed into 96-well plates, and the DNA was then
genotyped on both the Affymetrix Genome-Wide Human SNP Array 6.0'®
and the lllumina Infinium HumanExome-12v1 BeadChip.'”” The SNP
genotypes were called by BIRDSEEDv2 and GenomeStudio v2011.1. The
SNPs were removed if they failed to satisfy standard quality controls
(Supplementary Notes). The samples that passed the overall call rate of
98% and the identity by descent check were released. Common variants
were the SNPs with a minor allele frequency (MAF) > 1% for both arrays
and rare variants were those with 0.05% < MAF < 1% in the Exome array,
which guaranteed the incorporation of rare deleterious nonsynonymous
variants that were present in at least one sample. Strong concordance
(>95%) was calculated between the Affymetrix 6.0 and the Exome array
by evaluating their overlapped SNPs (9127 SNPs).

Tagged SNPs in the Exome array

If a SNP in the Affymetrix 6.0 array (Sag) has sufficiently strong LD (P>0.8)
with a SNP in the Exome array (Sgcome), the Sagy was considered to be the
tag SNP of Sgxome. FOr €ach Sgxome, We only selected tag SNPs from the top
10 nearest Spgy. LD was calculated by PLINK,'® and the nonsynonymous
SNPs were annotated by ANNOVAR'® on the HG19RefSeq.

Association analysis

The association of autosomal SNPs was evaluated by logistic regression,
including sex and the first two eigenvectors as confounders. For the
association of SNPs in the X chromosome, males and females were
calculated separately and then combined using Fisher's method. Because
males have one copy of the X chromosome, all SNPs in the X chromosome
of males were considered to be homozygous.?® The P-values from the
discovery and replication stages were merged by fixed effect meta-analysis
in METAL2" Conditional logistic regression was performed to capture the
independent signals from the same loci.

For the SNP-set based association analysis, the SNP sets were defined by
genes or by a 10 kb sliding window (5 kb overlap). The genes were defined
by extending +50 bp to the boundaries extracted from the HG19RefSeq.
We chose the SKAT Common_Rare?? function in the SKAT package
(SNP-set Kernel Association Test) to jointly consider both common and rare
variants in autosomal loci. SKAT_Common_Rare separately calculated the
contribution of common and rare variants and weighted their aggregated
P-values. For non-pseudoautosomal regions of the X chromosome, the
SNP-set associations were identified by applying a modified version of
VEGAS®® with the truncated tail strength method®® in XWAS.?°

Quantitative trait analysis

ADHD symptoms were evaluated using the ADHD RS-IV scale, which had
been translated into Chinese and showed good reliability and validity.*
Executive functions (EFs) have been suggested to be potential endophe-
notypes and may promote the functional exploration of susceptibility
genetic variants for ADHD.?®> We used the Behavior Rating Inventory of
Executive Function (BRIEF) to evaluate the ecological EF of children with
ADHD.?® For the analyses of dimensional symptoms, gender and age were
adjusted. For the analysis of EF, gender, age, IQ and ADHD subtypes were
adjusted to control the influence of potential confounding factors. The
SKAT_Common_Rare function was also utilized to evaluate the candidate
SNP-set quantitative trait association. To correct for the multiplicity of
testing, Bonferroni corrections were performed. Considering the evaluation
of the two loci on 15 variables, the adjusted significance threshold was set
at a P-value <0.0017.

Replication

We designed a custom lllumina GoldenGate Genotyping assay to
replicate the selected SNPs on an independent cohort of 1441 ADHD
patients and 1447 healthy controls of Han Chinese ancestry. We carefully
designed 97 SNPs for the custom array (Supplementary Table S2),
including the SNPs in ITGAT (n=4), other signals with marginal association
with ADHD from the Affymetrix 6.0 or the Exome array (n=73), and
ancestral informative markers (n = 20). Raw data were analyzed by lllumina
GenomeStudio V2011.1.
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Table 1. Significant ADHD associated windows in ITGAT from SNP-set (sliding windows) based association analysis
Locus Gene Chr Number of SNPs Start End P-value g-value
L1 ITGA1 5 9 52191000 52201000 8.33E-7 0.03
L2 ITGAT 5 13 52186000 52196000 843E-7 0.03

Abbreviation: ADHD, attention-deficit/hyperactivity disorder; SNP, single-nucleotide polymorphism. Note: L7 and L2 are two adjacent sliding windows in ITGAT,
whose P-values are calculated by SKAT and the multiple testing is corrected by false discovery rate with g-values.

RESULTS

Increased genomic coverage by combining SNPs from the
Affymetrix 6.0 and the Exome array

Increased genomic coverage was expected by merging the SNPs
from the Affymetrix 6.0 and the Exome array together. The SNPs
loci in the Affymetrix 6.0 (Sasy) were carefully designed to cover
the human genome based on the SNPs found in HapMap;*’
however, they poorly covered the exonic SNPs (Sgxome) included
on the Exome array, especially nonsynonymous SNPs
(Supplementary Figure S1). More than half of the Sgome Were
independent with Sag, even when the tag SNPs were defined by
marginal LD (> 0.1; Supplementary Figure S1a). The tag Safry €Can
be found for only 27.49% of Sg.ome (> 0.8), which indicated the
insufficient coverage of the Affymetrix 6.0 in exonic regions. The
coverage problem was more severe for nonsynonymous SNPs
(Supplementary Figure S1b), and more than 90% of the
nonsynonymous Sg,ome Were independent.

ITGAT as a novel susceptibility gene of ADHD

At the discovery stage, we genotyped 1033 patients and 950
controls of Han Chinese ancestry using both the Affymetrix 6.0
and the Exome arrays. After genotype and sample quality control
(see Materials and Methods), we combined the genotyped SNPs in
these two microarrays and performed genome-wide association
analysis on 7 17 417 SNPs from 1983 individuals.

The principal component analysis (Supplementary Figure S2)
showed a good geographical match between the cases and
controls. The inflation factor (Supplementary Figure S3) shown in
the Q-Q plot indicated an insignificant deviation from null
distribution. Unfortunately, no SNPs were genome-wide signifi-
cant (P-value < 5E-8) in either the Affymetrix 6.0 or the Exome
array (Supplementary Figure S4). To investigate the loci with
multiple marginal signals, the adjacent SNPs were grouped as SNP
sets (defined by sliding windows or genes), and their synergetic
associations were evaluated. The SNP set phenotypic association
was evaluated by SKAT?? and adjusted by the Benjamini and
Hochberg false discovery rate.?® Rather than defining the SNP set
by gene, the two successive sliding windows from ITGAT were
genome-wide significant (Supplementary Figure S5), designated
as L1 (chr5: 52191 000-52 201 000; P-value=8.33E-7, g-value=
0.03) and L2 (chr5: 52 186 000-52 196 000; P-value=8.43E-7, g-
value =0.03) (Table 1).

In addition to the analyses for dichotomous phenotype, we also
evaluated the association between these two windows and
quantitative phenotypes, including ADHD core symptoms and
executive functions that have been suggested to be potential
endophenotypes. Our results showed that both L7 and L2 were
significantly associated with ADHD core symptoms (evaluated by
ADHD RS-IV: inattentive, hyperactive/impulsive and total symp-
tom) and ecological executive functions (evaluated by the BRIEF
scale: inhibit, shift, emotional control, initiate, working memory,
plan, organization and monitor; and the consequent Behavioral
Regulation Index, Metacognition Index and total score), after
adjusting for the potential confounders (Table 2). These data also

Table 2. The quantitative trait association of /ITGAT with ADHD core
symptoms and ecological executive functions

Phenotype N L1 L2

P-value P-value

Core symptoms (ADHD RS-1V)

Inattentive 986 6.75E-6 737 E-6
Hyperactive/impulsive 991 1.60E-5 1.34E-5
Total 959 7.57E-6 8.37E-6
Executive function (BRIEF)
Inhibit 676 622 E-4 232E-4
Shift 660 548 E-5 211 E-5
Emotional control 663 9.03E-4 347 E-4
Initiate 665 144 E-4 6.06 E-5
Working memory 664 138 E-4 891E-5
Plan 658 742 E-4 417 E-4
Organization 663 648 E-4 355E-4
Monitor 670 265 E-4 147 E-4
Behavioral Regulation Index 628 240 E-4 788 E-5
Metacognition Index 606 201 E-4 1.79E-4
Total 569 3.07E-4 192 E-4

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; ADHD RS-IV,
ADHD rating scale-IV; BRIEF, Behavior Rating Inventory of Executive
Function. Note: N is the number of samples involved in the analysis. The
threshold of genome-wide significance is P-value=1.7E - 3.

indicated that ITGAT might participate in the pathogenesis
of ADHD.

To validate the association of ITGA1, we carefully selected four
SNPs to replicate the initial findings (Figure 1): rs1979398 (P-
value=1.92E-6) and rs16880453 (P-value=1.81E-5) were the
two most significant SNPs in ITGAT, rs1531545 (P-value = 5.64E — 4)
was genotyped by the Exome array and rs4074793 (P-value=1.12
E-4) showed marginal LD with the other three SNPs
(Supplementary Figure S6). These four SNPs were replicated on
an independent cohort of 1441 patients and 1447 controls of Han
Chinese ancestry using the lllumina GoldenGate Assay. The
rs1979398 and rs16880453 were genotyped by Affymetrix 6.0
and exhibited moderate LD (=0.63, Supplementary Figure S6),
and a consistent trend of association between the discovery and
replication stages (combined P-value=2.64E-6 and 3.58E-4,
respectively; Table 3). The SNP rs1531545 was selected from the
Exome array and showed a consistent trend of association
(combined P-value =7.62E—4; Table 3). All the four SNPs were
with the same risk alleles in the two stages. To investigate whether
independent signals exist in ITGAT, we examined rs4074793,
which had marginal LD with rs1979398 (#=0.05), rs16880453
(P=0.06) and rs1531545 (*=0.05). The results suggested that
rs4074793 was also associated with ADHD (combined P-value =
2.03E-4; Table 3) as an independent contributor by controlling
the most significant SNP rs1979398 (P-value =4.93E - 3; Table 4).

Translational Psychiatry (2017), 1-7
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Figure 1. Fine mapping of +200 kb regions of rs1979398 (a), rs16880453 (b), rs4074793 (c) and rs1531545 (d) in ITGA1. The Locus Zoom plots
showing the association significance (-log10 (P-value)) and local linkage disequalibrium in r* (color-coded).

Table 3. The association results of the four SNPs in ITGAT

SNP Chr Position Minor allele Gene Discovery stage Replication stage Combined
P-value i P-value i P-value B
rs1979398 5 52194327 A ITGA1 1.92E-6 -0.319 0.037 -0.121 2.64E-6 -0.207
rs16880453 5 52195507 G ITGAT 1.81E-5 -0.290 0.305 —0.060 3.58E-4 -0.157
rs1531545 5 52193287 C ITGA1 5.64E—-4 -0.234 0.142 —0.086 7.62E-4 -0.149
rs4074793 5 52193125 G ITGAT 1.12E-4 0.499 0.131 0.177 2.03E-4 0.323

Abbreviation: SNP, single-nucleotide polymorphism. Note: The P-values of discovery and replication stages were calculated by logistic regression, and
combined by METAL. Both of discovery and replication stages have the consistent trend and risk allele for associations of the four SNPs. 8 is calculated for the
minor allele. If the number is positive, the minor allele is a risk allele, otherwise it is a protective allele.

Table 4. The replication result of rs16880453, rs1531545 and rs4074793 conditioning on rs1979398

Condition on rs1979398 Discovery stage Replication stage Combined
SNP Chr Position Minor allele Gene P-value B P-value B P-value B
rs16880453 5 52195507 G ITGAT 0.377 —0.098 0.185 0.144 0.692 0.029
rs1531545 5 52193287 C ITGA1 0.705 0.040 0.569 0.056 0.5 0.049
rs4074793 5 52193125 G ITGA1 4.14E-3 0.380 0.235 0.144 493E-3 0.251

Abbreviation: SNP, single-nucleotide polymorphism. Note: The P-values of discovery and replication stages were calculated by logistic regression, and
combined by METAL. The SNP rs4074793 is an independent contributor with other three SNPs. § is calculated for the minor allele. If the number is positive, the
minor allele is a risk allele, otherwise it is a protective allele.

Translational Psychiatry (2017), 1-7



In addition to these four SNPs, we also replicated 73 other SNPs
(Supplementary Table S2) that were marginally associated with
ADHD in the discovery stage. Unfortunately, these SNPs were not
genome-wide significant even with a larger sample size.

DISCUSSION

ADHD is a neurodevelopmental disorder that is mainly influenced
by genetic factors and exhibits high heritability. In the recent
decades, there has been much effort in exploring and defining the
susceptibility genetic variants for ADHD. Many studies have
attempted to identify the susceptiblity genetic variants from large
amounts of samples; unfortunately, genetic risk variants have not
yet been observed to be significantly associated with ADHD.
ADHD is a complex polygenic disorder, and numerous genetic
variants with minor effects may contribute to its etiology.
However, these minor effects are hard to explore by examining
single SNP association in a limited sample size. Therefore, a
combination of numerous adjacent SNPs may promote the
investigation.

In this study, we genotyped the ADHD patients and controls of
Han Chinese ancestry on both the Affymetrix 6.0 and the Exome
array to explore the susceptibility SNPs. In addition to single SNP
association analyses, SNP sets were defined by genes and
successive sliding windows to integrate the association across
multiple adjacent SNPs. Although the gene-based SNP-set analysis
failed to detect any associations, two adjacent sliding windows
located in ITGAT were found to be significantly associated with
ADHD. They were replicated by choosing four SNPs (rs1979398,
rs16880453, rs1531545 and rs4074793) in an independent
replication cohort. Haplotype-based association analysis, which is
performed by defining haplotypes according to LDs and the
physical locations of SNPs, is another efficient approach to boost
the association power of SNPs in the same LD block. However, it
does not consider independent signals, such as rs4074793 here,
which was identified in the study.

The association of these four SNPs with ADHD or other
psychiatric disorders has not been previously reported. Only
rs4074793 has been previously identified to be associated with
liver enzyme concentration.”® However, existing evidence could
support the involvement of ITGAT in the genetic etiology of ADHD.
One previous study has explored the association of genes at
chromosome 5p13-q11 with ADHD, including ITGAT. Although
significant associations were not found with dichotomous
phenotype, analyses on dimensional symptoms yielded a marginal
association of rs10513003 with both inattentive and hyperactive/
impulsive symptoms.3® Unfortunately, this SNP was not geno-
typed in the Affymetrix 6.0 or the Exome Array. This SNP is not
located in the locus identified in our study and is ~30 kb away.
The SNP rs10513003 showed marginal LD with the four SNPs
identified in the present study (*=0.009-0.213) based on CHB in
HapMap, indicating that the signal found in our study is
independent from the one found by Laurin et al. As indicated in
our previous report, the interval-based enrichment analysis tool
(INRICH)®' showed that the neuron projection morphogenesis
pathway (GO:0048812; including ITGAT and GJAT from our data)
was suggestively associated with ADHD.” In addition, ITGAT and its
paralogs (ITGAT1 and ITGAE) were the top candidates of a previous
ADHD GWAS.53? We have examined the SNP associations of /TGA1
from the GWAS performed by Psychiatric Genetics Consortium
(PGC).® This study was also unable to find any genome-wide
significant association in ITGAT (Supplementary Figure S7). In the
PGC study, the most significant SNPs in the loci that were
identified in our study were rs7735139 (P-value = 0.059, located in
L7) and rs1110350 (P-value =0.045, located in L2; not genotyped in
the Affymetrix 6.0 or the Exome Array, but was in strong LD with
rs7735139 with #=0.961 and =1 based on the HapMap CEU
and CHB, respectively). The analysis of the SNP rs7735139 in our
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GWAS data showed a P-value of 0.655 and different associated
allele from PGC (allele A vs allele G, Supplementary Table S3). All
the four candidate SNPs (Table 3) were insignificant in PGC study
(Supplementary Table S3). And the associated orientation was
contradictory for rs1179398 and rs4074793 between the two
studies, whereas the other two SNPs were the same. In addition,
the most significant locus found in PGC was far away (~137 kb
from L2) and should be the independent signal with ours (> < 0.5
in HapMap CHB, Supplementary Figure S7). These implied the
genetic heterogeneity of ADHD in different populations.

Integrins are ubiquitously expressed adhesion molecules and
may mediate cell-cell interactions. Aberrant cell adhesion has
been shown and proven to participate in the etiology of
psychiatric disorders, including ADHD. One important cell
adhesion-related candidate gene for ADHD was CDH13.3% CDH13
was significantly associated with ADHD in the study by Lasky-Su
et al,>* whereas it only showed a trend toward association in a
later research study.® ITGAT encodes the a subunits of integrin.
The a and 3 subunits of integrin form a heterodimer, which forms
a cell-surface receptor for collagen and laminin and play an
important role in the development and maturation of nervous
system by mediating neural cell migration, histogenesis, neurite
out-growth®> and synaptic plasticity.®® In addition, Murase and
Hayashi*® examined the distribution of neurons expressing
integrin al in adult mouse. They found that most of the INTal-
positive neurons also expressed tyrosine hydroxylase (TH), which
was the classification marker for catecholaminergic neurons.
Dysfunction of the catecholaminergic system has been suggested
to be involved in the pathogenesis of ADHD. In summary, the
abovementioned evidence suggests that, integrins may partici-
pate in the etiology of ADHD by affecting cell adhesion, migration
of neurons and/or nerve fiber outgrowth or by influencing the
functions of the catecholaminergic system. However, the explicit
function of these two loci of ITGAT that were found in the present
study is still unknown. We analyzed the expression quantitative
trait loci (eQTL) of these four reported SNPs based on the data
generated from the UK Brain Expression Cohort (UKBEC, http://
www.braineac.org/) and found that these markers may affect the
expression of [TGAT in the hippocampus (rs4074793, P-value=
0.0016), thalamus (rs4074793, P-value =0.0048), substantia nigra
(rs1531545, P-value =0.0071) and occipital cortex (rs16880453, P-
value =0.0071; Supplementary Figure S8). Aberrant gene expres-
sion may change the structure of brain regions, but additional
neurobiological experiments and genetic imaging studies are
required to confirm this hypothesis.

Previous GWAS have been unable to detect common variants
that contribute to ADHD, and although supplementary
approaches, such as gene-based and pathway-based analyses,
have been utilized, validated biomarkers have not yet been
explored. One possible reason is insufficient or biased genomic
coverage, especially for nonsynonymous variants that are under-
estimated by the SNP microarrays that were previously used.
Although signals in the intergenic regions are difficult to interpret,
more attention should be directed toward those regulatory
regions. Our study integrated the Exome array with Affymetrix
6.0 to achieve more power for exonic regions and adopted SNP-
set analysis to include both genic and intergenic SNPs into the
analysis. In addition to the two described SNP sets (L7 and L2),
there is another window (P-value=1.07E-6, g-value=0.035) in
chromosome 18 that was genome-wide significant (Supple-
mentary Figure S5a). This window is located at the intergenic
region between RP17-638L3.1 and TMX3. However, the replications
of the most significant SNP, rs17232800, showed a contradictory
trend (Supplementary Table S2).

In addition to common SNPs, rare variants, such as low
frequency single-nucleotide variants, small insertions/deletions
(indels) may also be involved in the etiology of ADHD. Whole-
exome or whole-genome sequencing is an attractive solution in
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which all nucleotides can be sequenced without any variant
selection bias. Their contribution to the advancement of under-
standing neurodevelopmental disorders has been shown by
several family-based studies.?”~*° However, the cost for sequen-
cing a large number of samples is still unaffordable. We adopted
an alternative approach and genotyped ~2000 samples by the
Exome array, which was designed based on the findings from
previous large sample exome sequencing. However, we found
that most of the variants in the Exome array (77.11%) were
appeared infrequently (MAF < 0.05%) in the Han Chinese popula-
tion. The phenomenon was consistent with a recent publication
regarding the Korean population.*® The Exome array may be more
appropriate for the European population than the Asian popula-
tion. Nevertheless, it can be used to validate the association
signals from GWAS microarrays (see Results).

Some limitations must be noted here. First, the sample size for
the present study was still small and insufficient for the
identification of single SNPs with a marginal effect size. The
genetic power calculated by CaTS*' was only 44%, assuming a
disease prevalence of 0.05, minor allele frequency of 0.3,
significance level of 5E-8 and genotypic relative risk of 1.5.
Second, the genotypes are permanent and unrelated to human
age. However, the adult controls used in the replication study may
exhibit some recall bias for their psychiatric status. Age-matched
controls would be better, but the collection of children as controls
is very difficult. Finally, although the results of the replication
study provided further evidence of the association between [TGAT
and ADHD, we should note that the significance was only
marginal and could not survive stringent Bonferroni corrections.
Further replication in different populations is thus required.

In conclusion, the results of our study using SNP-set analyses of
both dichotomous and quantitative phenotypes and subsequent
SNP based replications suggested the involvement of ITGAT in the
genetic etiology of ADHD. In the future, additional work on gene
function is required to illustrate how gene functions change due
to the genetic variants and to determine the biological alteration
caused by the associated genetic variants. In addition, our results
support the effectiveness of SNP-set analyses for the study of
complex polygenic disease, such as ADHD.
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