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Genome-Wide Association Study of
Intelligence: Additive Effects of Novel Brain
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Objective: The purpose of the present study was to identify common genetic variants that are
associated with human intelligence or general cognitive ability. Method: We performed a
genome-wide association analysis with a dense set of 1 million single-nucleotide polymor-
phisms (SNPs) and quantitative intelligence scores within an ancestrally homogeneous family
sample of 656 individuals with at least one child affected by attention-deficit/hyperactivity
disorder (ADHD). Results: Haplotype trend regression analysis with sliding four-SNP
windows identified haplotypes of genome-wide significance in genes involved in synaptic
signaling (KIF16B; p = 1.27E-08) and neurodevelopment (PAX5; p = 3.58E-08), and highlight
findings from a recent genetic study of cognitive ability (RXRA; p = 7.7E-08; GYPC; p =
2.5E-07). Further interrogation of SNPs within top haplotypes reveals that the minor alleles are
associated with higher intelligence, whereas others are associated with relatively lower (but
still average range) intelligence. Effects of the eight genes are additive, as a greater number of
the associated genotypes in a given individual predict higher intelligence (p = 5.36E-08) and
account for 8% of variance in intelligence. Conclusions: Analyses that examine additive
genetic effects may be useful in identifying regions where the additive effects of SNPs have a
significant effect on phenotype. These results describe novel variants and additive effects of
genes involved in brain development on variability in intelligence within an ADHD sample.
The precise mechanisms of these loci in relation to determining individual differences in
general cognitive ability require further investigation. ]. Am. Acad. Child Adolesc. Psychiatry,
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ndividual differences in human intelligence

(IQ) or general cognitive ability have been

widely studied, as they are thought to repre-
sent an inborn potential that correlates with
future academic success, occupational status, and
health." Intelligence is a quantitative trait with
substantial heritability estimates that increase
with age. Heritability increases from about 30%
in very young children to approximately 80% in
adulthood.”” Despite evidence of substantial ge-
netic effects on intelligence, previous genome-
wide studies have been largely unsuccessful in
identifying regions and single nucleotide poly-

A
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morphisms (SNPs) that reach genome-wide sig-
nificance. For example, in the first large-scale
genome-wide association scan for general intelli-
gence using 500K SNPs with 3,000 children, only
six SNPs were significant and one (rs249613)
survived after a using a false discovery rate of
0.05.* Genes identified thus far generally account
for less than 1% of the phenotype variance,* and
there is not a single gene or genetic association
for intelligence that has received unequivocal
support. This suggests that genetic influences on
intelligence are likely to involve many genes of
small effect’ and that single SNPs may not carry
enough information to describe the underlying
genetic variation without very large sample sizes.

Recently, there has been increased interest and
support for genes involved in brain develop-
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GWAS OF INTELLIGENCE

ment, integrity, and efficiency as playing a role in
intelligence® and psychiatric disorders that in-
volve reduced intellectual functioning such as
autism,” attention-deficit hyperactivity disorder
(ADHD)® and schizophrenia.” For example,
Ruano et al.® recently reported a functional gene
group analysis of synaptic heterotrimeric gua-
nine nucleotide binding proteins (G proteins)
that revealed a significant association with cog-
nitive ability (p = 1.9E-04). Although most of the
25 genes that make up this functional group were
not individually associated with intelligence, the
combination of small genetic effects was signifi-
cant in a sample of children ascertained for
ADHD and was replicated in a larger population
sample. These data suggest that the ability to
account for the additive effects of SNPs may lead
to increased power to identify genetic variants
influencing intelligence.

Cognitive phenotypes (or endophenotypes)
have been proposed for ADHD genetic studies, '’
and because ADHD is associated with lower 1Q,
intelligence has often been studied in ADHD.
Recent studies have found a modest and signifi-
cant phenotypic correlation,''"® but low genetic
correlation between IQ and ADHD symp-
toms.'"'® With this in mind, we look for genes
contributing to IQ, knowing that we may detect
genes that are largely independent of ADHD, but
that of these there may be a subset that contrib-
utes in small part to the genetic variability un-
derlying ADHD. The Ruano et al. findings sup-
port the idea that the genetic association of
G-proteins is not specific to cognitive ability
within ADHD, but with cognitive ability in gen-
eral. Similar results for general and patient pop-
ulations have been found in linkage and candi-
date gene studies. For example, the 6p25-p22
region has been linked to intelligence in several
family studies, one of which was collected on the
basis of alcoholism,'*'® and the cholinergic mus-
carinic 2 receptor gene (CHRM2) has been asso-
ciated with intelligence in several population
studies and one ADHD sample.'”* Similarly,
brain-derived neurotrophic factor (BDNF) has
been significantly associated to cognitive abili-
ties in samples containing individuals who are
typically developing and those with schizo-
phrenia and ADHD.?*** Within several ADHD
samples, Rizzi et al.”” replicated genetic associa-
tions resulting from population studies; how-
ever, the two strongest candidate gene associa-
tions with intelligence, ATXN1 and TRIM31 were

only in ADHD groups and not found in general
population samples. This raises the question of
whether different genes play a role in intelligence
for the general population and those ascertained
on the basis of a psychiatric disorder. This ques-
tion is complicated by the lack of consistent
results among general population studies; how-
ever, the data suggest that similar genes are
associated with intelligence across non-patient
and psychiatric disorder samples. Further re-
search on genetic associations with intelligence
across different samples can help to elucidate the
specificity of such genes to samples with psychi-
atric disorder or not.

Because the ability to account for additive SNP
effects may lead to increased power to identify
genetic variants influencing intelligence, we
sought to do that in the current study. It is
premature, however, to focus on specific genes or
gene networks, given the lack of consensus.
Thus, examining additive genetic influences in a
genome-wide fashion is a logical next step. With
this in mind, we conducted a genome-wide asso-
ciation (GWA) study with a dense, 1-million (1M)
SNP platform that accounted for additive genetic
influences by analyzing haplotypes with sliding
windows across the genome. In addition, we
wanted to capitalize on parental IQ data that
were collected on a significant subset of the
sample (N = 526 adults). Omitting a large por-
tion of data would result in reduced power to
detect association. Therefore, we used haplotype
trend regression (HTR) analysis, which analyzes
parent and child phenotype (for the largest pos-
sible sample) in sliding haplotype windows
across the genome (to account for additive ge-
netic effects). This analysis was used with per-
mutation testing to account for family substruc-
ture (i.e., related individuals are included in the
same analysis). Finally, to avoid the strong con-
founding effects of race on IQ* and potential
false associations based on population stratifica-
tion, we performed the GWA analysis on an
ancestrally homogeneous subgroup of the total
sample.

METHOD

The original sample consists of 498 trios (N = 1494
individuals) with children diagnosed with attention-
deficit/hyperactivity disorder (ADHD) who were as-
certained from the University of California, Los Ange-
les (UCLA) and Massachusetts General Hospital
(MGH). The trios consisted of two biological parents
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and their offspring who were 6 to 17 years of age and
met diagnostic criteria for ADHD?* at initial assess-
ment. IQ phenotype data were available on a subset of
the sample (N = 440 children and N = 526 adults). All
study procedures were reviewed and approved by the
subcommittee for human subjects of each respective
institution. All subjects” parents or guardians signed
written informed consent forms, and children signed
written assent forms.

Assessment Procedures

DSM-IV-TR criteria for ADHD require at least six of
nine symptoms of inattention and/or hyperactivity
impulsivity to be endorsed. Symptoms must be pres-
ent by age 7 years and associated with clinically
significant impairment in social, academic, or occupa-
tional functioning. Subjects meeting full diagnostic
criteria for any DSM-IV-TR ADHD subtype were en-
rolled in the study. Subjects were evaluated using a
semi-structured diagnostic interview, the Schedule for
Affective Disorders and Schizophrenia for School-Age
Children (K-SADS).* Subjects were excluded from
participation if they were positive for any of the
following: neurological disorder, genetic anomaly, or
lifetime diagnoses of schizophrenia or autism. (A com-
plete description of diagnostic methods is provided by
Mick et al.?®).

Intelligence (IQ) was estimated using the Vocab-
ulary and Block Design subtests from the age appro-
priate form of the Wechsler Intelligence Scales:
Wechsler Intelligence Scale for Children (WISC)*”
and Wechsler Adult Intelligence Scale (WAIS)*® for
parents. The two-subtest estimate of IQ is has a 0.9
correlation with the full-scale IQ generated from the
whole battery of tests. The mean IQ score for the
WISC/WAIS is 100 and standard deviation is 15.
All participants with ADHD were assessed off of
psycho-stimulant medications.

Genotyping Procedures

All samples were genotyped using the Illumina 1M
(MGH) or 1M Duo Bead (UCLA) Array at Genizon
BioSciences Inc. with funding from Pfizer Inc. Geno-
typing calls were generated after clustering all avail-
able data within platform at Genizon and then merged
into a single file of 1,172,613 SNPs. To generate a data
set of markers common to both sites, we removed
SNPs that were either not included on both arrays
(N = 128,718 SNPs) or failed preliminary quality-
control (QC) procedures conducted at Genizon (99%
call rate for all samples and for all SNPs, gender check,
Mendelian errors) on both the 1M and 1M-Duo arrays
(N = 9,500 SNPs), the 1M array only (N = 39,753
SNPs) or the 1IM-Duo array only (N = 11,201 SNPs).
Once the data from the two sites and different Illumina
arrays were merged, there were 983,441 SNPs geno-
typed across the complete sample of 1,494 individuals.

Before HTR analysis, we performed additional QC
procedures. SNPs were excluded under the following
conditions: missing in more than 5% of markers or
samples; minor allele frequency is less than 1%; out of
Hardy-Weinberg equilibrium (parents only; p < 1.0E-
06); gender discrepancies; Mendelian errors. This re-
sulted in a final dataset of 795,637 SNPs for association
analyses.

Definition of Homogeneous Ancestral Group
Population structure has a strong confounding effect
on genetic association studies. Previous studies iden-
tified ancestry informative marker polymorphisms
that exhibit large differences in allele frequencies
across populations of European (EU), Asian, and Af-
rican descent, and therefore confer increased power for
detecting levels of population stratification. We stud-
ied the genomic ancestry characterizing the cohort by
analyzing 3,000 ancestry informative markers identi-
fied by Tian et al.*’ as being informative for detecting
allele divergence frequency among European, African,
and Asian ancestries. We also incorporated European,
African, and Asian samples from the Study of asthma
genes and environment (SAGE) cohort, to increase the
power in STRUCTURE 2.1 for divergence frequency
within the cohort ancestries. Based on a three-cluster
model (K = 3), the most homogeneous group of
individuals (n = 656) within the cohort were selected,
for, which an average of 98% EU ancestry, was iden-
tified. These individuals were further used for the
subsequent IQ genome-wide analysis.

Statistical Analyses

Haplotype Analysis. Genome-wide association analy-
sis of the IQ phenotype was conducted using haplo-
type trend regression (HTR) with a four-SNP sliding
window in HelixTree version 7 (Golden Helix Inc.,
Bozeman, MT). This analysis was used to identify
regions that harbor sets of SNPs whose additive con-
tributions have a significant effect on phenotype, thus
increasing power to detect signals where single marker
effects may not carry enough information to describe
the underlying genetic variation. The HTR analysis fits
a unified model of additive effects of haplotypes and
tests association of haplotype frequencies with either a
discrete or continuous phenotype. Haplotype proba-
bilities for each observation were computed using the
expectation-maximization (EM) algorithm, formalized
by Dempster et al.,*” and a linear regression of pheno-
type was formed by using haplotype probabilities as
the regression matrix. The EM algorithm is a com-
monly used iterative method®" for obtaining maxi-
mum likelihood estimates of sample haplotype fre-
quencies. The F statistic was used for testing haplotype
association with a continuous phenotype, such as IQ.
Permutation Testing. Permutation tests were per-
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formed within Golden Helix using the Helix module to
determine the likelihood of the obtained p values
while controlling for multiple comparisons and non-
independent data (i.e., related individuals). After iden-
tifying the haplotype (e.g., H1) of interest, the permu-
tation analysis was performed as follows. First, IQ is
shuffled across the whole sample. This can be done
because the IQ has the same standard score across
adults and children (mean = 100, SD = 15). Then the
HTR analysis is re-run across the whole genome. A
new p value is derived for the H1 haplotype (with the
shuffled IQ scores). From this we will get a distribution
of where the p value falls each time the HTR analysis
is run (which was 100,000,000 times). From this we can
determine where the obtained p value of H1 is in the
distribution of possible p values for Hls. The per-
muted p value is the fraction of permutations for
which the most significant result over all haplotypes
was as significant as or more significant than the ob-
tained p value for H1. This global p value controls for
non-independence of people and non-independence of
the haplotypes. For all analyses, we adopted the con-
servative threshold value of p < 5.0E-08 to be consid-
ered genome-wide significant®*** and p < .05 for
replication of previously identified significant loci.
Single SNP Analysis. We then examined single mark-
ers within the significant haplotype blocks to characterize
the contribution of single SNPs to the overall haplotype
association. The Golden Helix regression module for
SNP association tests was used to determine the most
informative markers; permutation testing was used to
control for family structure. Analysis of additive SNP
effects was run in SPSS version 19 (SPSS Inc., Chicago, IL)
using a mixed-model analysis of variance for all subjects,
including parents and children. We tested for association
between the number of homozygous minor SNP geno-
types and IQ using socioeconomic status (SES) as a
covariate.

RESULTS

Phenotype

IQ scores were available for 966 individuals (n =
440 children, n = 526 adults), of which 656
individuals of European ancestry (n = 283 chil-
dren, n = 373 adults) were identified. The mean
IQs for the child (mean = 109, SD = 16, range
54-154) and adult (mean = 111, SD = 13, range
75-143) samples were similar across the UCLA
and MGH sites (p > .05). 1IQ differed by age
group, with children having a slightly lower 1Q
overall compared with adults (F; 4, = 3.9,p =
.05); however a difference of 2 IQ points is
clinically insignificant. Skewness and kurtosis for
child (skewness = 0.07, kurtosis = 0.36) and
adult (skewness = —0.08, kurtosis = —0.23)

samples indicate a normal distribution of scores.
All children had a diagnosis of ADHD: 64% had
combined type, 30% had predominantly inattentive
type, and 6% had predominantly hyperactive-
impulsive type. Of parents affected with ADHD,
32% had combined type, 55% had predominantly
inattentive type, and 13% had predominantly
hyperactive-impulsive type. The mean IQ for
affected parents (n = 84, mean = 109, SD = 14)
was slightly lower than for unaffected parents
(n = 286, mean = 112, SD = 12) (F; 3¢5 = 4.27,p =
.04). There were no significant differences in IQ
by ADHD subtype in either the child or parent
groups (F < 1, both analyses). SES significantly
predicted IQ (F 33, = 129, p < .01) and ac-
counted for 8% of phenotypic variance.

Haplotype Trend Regression Analyses

Haplotype trend regression (HTR) analyses re-
vealed several loci that reached genome-wide
significance as seen in Table 1. QQ and Manhat-
tan plots are presented in Figures S1 and S2,
available online. The majority of haplotypes
identified by the HTR analyses are in genes
expressed in the brain, many of which have been
previously implicated in neurodevelopment and
neural functioning, or previously associated with
cognitive ability. For example, haplotypes within
genes involved in synaptic signaling (KIF16B)
and neurodevelopment (PAX5) reached genome-
wide significance, and those previously associated
with general cognitive ability (RXRA) and verbal
memory (LUZP2) were of marginal genome-
wide significance. Haplotypes within three genes
(KIF16B, PAX5, ELSBP1) remained significant
and all haplotypes remained strongly associated
(p = 5.00E-07) after permutation testing. Detailed
information on the specific haplotypes is pre-
sented in Table 2.

Within the haplotypes that were significant at
5E-07, regression analyses were run for each SNP
with the intelligence phenotype and the results
for SNPs that demonstrate a strong individual
effect (p = 107°) on intelligence are summarized
in Table 3. None of the single markers reached
genome-wide significance. Although a minor al-
lele frequency of less than 1% was an exclusion
criterion, examination of the genotype frequen-
cies (D = minor allele, d = major allele) revealed
that the minor allele frequency of the alleles most
strongly associated with high intelligence was
14% and ranged from 7% to 18%. The relatively
lower frequency of the alleles is likely the reason
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TABLE 2 Haplotypes Associated With Intelligence

Gene

KIF16B

PAX5

ELSPBP1

AOX1

PISD

RXRA
CSMD2

LUZP2
COL1A2
UCN3
CYCSP14

CNTN4

Haplotype

B,AB,B
A,AB,B
B,AA,B
B,AAA
B,B,B,A
B,AAA
AAAA
B,AB,B
B,B,A,B
ABAB
AAB,A

{RareHaps}
{RareHaps}

AB,BA

el

{RareHaps}

AABA

{RareHaps}

ABAB

{RareHaps}

B,A,AA
AABB

Frequency

0.03
0.05
0.12
0.10
0.07
0.06
0.32
0.05
0.09
0.06
0.18

0.003

0.01
0.05

0.004

0.69
0.01
0.13

0.002

0.23
0.48

B

-18.08
15.09
8.31
16.64
12.81
-11.40
—4.66
19.30
11.98
-17.02
6.25
-76.70
-36.36
-15.39
-76.29
-11.70
30.77
9.47
-95.63
-5.86
-9.56

SE

4.71
4.02
2.47
2.85
3.31
3.63
1.80
4.11
2.97
3.68
2.10
14.11
8.45
4.30
14.04
2.07
7.80
2.50
19.69
1.86
1.74

t Value p Value
-3.84 9.79E-05
3.76 0.0005
3.37 0.0005

5.85 6.70E-07
3.87 4.51E-06
-3.14 0.0028
-2.59 0.0016
4.70 3.39E-05
4.04 0.0007
—-4.63 8.58E-07
2.98 0.0005
—5.44 7.70E-08
-4.30 7.16E-06
-3.58 0.0001
-5.43 7.86E-08
-5.65 3.57E07
3.94 1.98E-05
3.79 3.65E-05
—4.86 2.06E-06
-3.15 0.0024
-5.50 3.29E-06

Note: B = B coefficient, RareHaps = rare haplotypes that occur at a frequency of <0.01 in the sample; SE =standard error.

It is widely accepted that hundreds, and pos-
sibly thousands, of genes are associated with
intelligence. In this context, it is not surprising
that our most significant findings did not repli-

TABLE 3  Single Nucleotide Polymorphisms (SNPs) Strongly Associated With Intelligence

cate many of the loci previously associated with
intelligence, such as CHRM2,'® ALDH5A1,**
ATXN1 or TRIM31,*° or heterotrimeric G—proteins.6
In addition, several large population GWA stud-

Genotype 1Q Average for
Count Genotype
Marker CHR Gene DD Dd dd DD Dd dd B SE p Perm p
High intelligence
rs10995170 10 ZNF365 61 260 335 118 112 108 4.42 0.84 2.50E-07 3.00E-07
rs7792596 7 COLTA2 73 264 319 116 112 108 4.13 0.82 6.45E-07 8.00E-07
rs11713158 3  CNTN4 23 190 443 115 115 109 504 1.01 8.72E07 2.00E-06
rs1550404 2 GYPC 5 93 558 125 116 109 7.05 1.44 1.39E06 2.00E-06
rs3936340 19  ELSPBPI 8 88 559 126 116 109 6.80 1.40 1.56E06 2.00E-06
rs1865721 18 Cl8orf62 63 279 314 115 112 108 3.90 0.84 5.46E06 3.00E-06
rs12125971 1 PRMTé 3 89 561 128 116 110 6.93 1.50 7.20E06 4.00E-06
rs9423406 10  UCN3 10 145 501 117 115 109 517 1.18 1.47E05 1.90E-05
Average intelligence
rs5994434 22 DEPDC5 9 126 521 102 105 112 -6.29 1.23 4.78E-07 6.00E-07
rs240657 8 TUSC3 19 145 492 99 108 112 -522 1.08 1.84E-06 3.00E-06
rs3758171 9 PAXS 37 230 388 105 108 112 -3.89 0.92 2.78E-05 2.70E-05
Note: SNPs for high intelligence are included here if average IQ for the homozygous minor allele genotype is 1 or more standard deviations (SD = 15)
above the mean IQ (100). SNPs for average intelligence are included here if average IQ for the minor allele is within 1 SD from the mean IQ. CHR =
chromosome; D = minor allele; d = major allele; Perm p = permuted p value.
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FIGURE 1

Additive effects of genes on intelligence. Note: The number of minor genotypes (i.e., homozygous for

minor allele) that a person had and their intelligence were significantly associated (F5 45, = 15.4, p = 1.24E-09),
indicating that having an increased number of minor genotypes is positively associated with higher IQ. This suggests
an additive effect of less common variants on intelligence. M = mean; SD=standard deviation.
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ies of cognitive abilities*”>”® were unable to

identify SNP associations that reached genome-
wide significance. It is therefore more notable
that our findings highlight the same SNPs from a
large, three-stage genome-wide association study
of cognitive ability.”” We obtained near-genome-
wide significance for the top finding in the Davis
et al. study,” the retinoid x receptor, alpha
(RXRA); however, the SNP implicated in the
Davis et al. study was intergenic between RXRA
and WDR5, whereas the haplotype we identified
is in an intronic region of RXRA. Nonetheless,
RXRA has been associated with schizophrenia in
numerous reports,”*’ potentially through an
interaction with Nurrl.*! In addition, we also
found a strong association of a SNP in glycopro-
tein, GYPC, which was also in the final SNP set
implicated from the first two waves of GWAS in
the Davis et al. study. In addition, SNPs in the
BDNF (rs6265) and COMT (rs4680) genes were
significantly associated with intelligence (p =
.0004 and p = .002, data not shown) in the current
sample. Although these results replicate previous
findings, they do not meet the corrected thresh-
old for genomewide significance. The current
data suggest that replication (or non-replication)
occurred regardless of whether the samples were
ascertained on the basis of ADHD or other psy-
chiatric disorder (as in Rizzi et al.,*") or were part
of a larger general population sample, as in
(Davis et al.”’). As well-replicated genetic vari-
ants associated with intelligence (or ADHD, for

that matter) emerge, further research on whether
different genes are related to cognitive abilities
within samples based on psychiatric disorder can
move forward.

We identified novel variants that are nearly all
brain expressed and the majority (75%) have
been previously associated with neural function-
ing (KIF16B) and neurodevelopment (PAX5,
CNTN4). KIF16B belongs to Kinesin superfamily
proteins, which have been reported to be molec-
ular motors that transport components of synap-
tic vesicles along the axon making these mole-
cules critical for synaptic transmission.”” PAX5,
or paired homeobox genes are transcription fac-
tors involved in neurogenesis and cell differenti-
ation. This gene is expressed in the hippocampus
and is involved in the regulatory network impli-
cated in the development of GABAergic cells as
well as the ventral midbrain, where it is involved
in development of adult dopaminergic neu-
rons.”> Cell-adhesion genes are thought to be
involved in synapse formation and maintenance.
CNTN¢4 is a member of the neurexin family and
may play a role in neurodevelopment of axons
into distinct functional subdomains. This gene
has been previously associated with mental re-
tardation,** suggesting that it may play a role in
both high and low IQ. Finally, CSMD2 was
recently reported to be the most strongly associ-
ated gene with brain structure in a voxel-wise
GWAS.* 1t is highly expressed in the brain and
has been previously associated with ADHD,*
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suggesting potentially pleiotropic effects for
ADHD and intelligence. Although greater char-
acterization of the functional gene effects is
needed, this gene appears to play a substantial
role in cortical development and organization
related to intelligence. Taken together, our data
suggest the possibility that several key pathways
exert important effects on neural development
and functioning and are also associated with
intelligence.

Given the low rate of gene discovery and
replication for previous findings of genetic link-
age and association with intelligence, the current
findings should be considered preliminary until
independent replication of results occurs. The
sample that was used here is small relative to
other GWAS, and that may have led to spurious
results. Because the heritability estimates for hu-
man intelligence change over development, the
possibility exists that the parents and children
contribute differentially to the genetic results
presented here. In a recent study by Haworth et
al.,*’ heritability was estimated to be 55% by age
12 years and 66% in a young adult sample. This
suggests relatively similar heritability estimates
in the parent and child samples; nonetheless, we
are more likely to identify genes that are associ-
ated with IQ across the lifetime. The mean IQ in
this sample is significantly higher than what was
expected for a general population sample (mean
FSIQ = 100), and may reflect the relatively higher
SES of the sample or the Flynn*® effect, where
scores rise steadily over time (~5 IQ points per
decade). Although the mean is shifted slightly to
the right, there is a normal distribution and the
full range of IQ scores are included in the sample.
This further highlights the need for replication in
samples with IQ across the spectrum (e.g., low,
normal, and high IQ). In addition, we used an
unconventional analytic strategy to account for
additive effects of SNPs, and increased power by
using the largest sample possible to detect SNPs
of smaller effect. Although it allowed us to dou-
ble the sample size, the use of related individuals
could have resulted in inflation of significant
findings. However, to deal with the family struc-
ture present in the data, we used permutation
testing to account for the effect of data non-
independence. This HTR method is likely to
highlight only haplotypes in which all SNPs are
associated with IQ in the same direction (either
high or low, but not both within the same hap-

lotype). That significant haplotypes were identi-
fied despite non-significant single SNP results
suggests that this could be a potential strategy for
other GWAS that wish to account for additive
SNP effects.

In conclusion, these GWAS results suggest that
there is a strong and additive effect of genes that
influence brain development, integrity, and effi-
ciency on intelligence. This study provides partial
support for previously identified genetic influ-
ences, and presents several potentially new biolog-
ical mechanisms that are associated with intelli-
gence and may be targets in future studies of both
single genes and functional gene groups. &
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FIGURE S1 Quantile-Quantile (QQ) plot for haplotype trend regression (HTR) analysis. Note: The observed
negative log base 10 p values (-log10 p) from the HTR analysis are plotted against expected —log10 p from the null
distribution. The plot shows the deviation from the null distribution suggesting that single nucleotide polymorphisms
(SNPs) are enriched for associations most likely because of relatedness of family members in the sample (A = 1.3).
Permutation analysis was used to control for family structure.
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FIGURE $2 Manhattan plot of haplotype trend regression analysis. Note: Negative log base10 p (-log10p) values

for each haplotype across the genome are plotted by chromosome.
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