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Attention deficit is one of the core symptoms of the attention-
deficit/hyperactivity disorder (ADHD). However, the specific
genetic variants that may be associated with attention function
in adult ADHD remain largely unknown. The present study
aimed to identifying SNPs associated with attention function in
adult ADHD and tested whether these associations were

enriched for specific biological pathways. Commissions, hit-
reaction time (HRT), the standard error of HRT (HRTSE),
and intraindividual coefficient variability (ICV) of the Conners
Continuous Performance Test (CPT-II) were assessed in 479
unmedicated adult ADHD individuals. A Genome-Wide Asso-
ciation Study (GWAS) was conducted for each outcome and,
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subsequently, gene set enrichment analyses were performed.
Although no SNPs reached genome-wide significance (P <5
E—08), 27 loci showed suggestive evidence of association with
the CPT outcomes (P < E—05). The most relevant associated
SNP was located in the SORCS2 gene (P = 3.65E—07), previously
associated with bipolar disorder (BP), Alzheimer disease (AD),
and brain structure in elderly individuals. We detected other
genes suggested to be involved in synaptic plasticity, cognitive
function, neurological and neuropsychiatric disorders, and
smoking behavior such as NUAKI, FGF20, NETO1, BTBD9Y,
DLG2, TOP3B, and CHRNB4. Also, several of the pathways
nominally associated with the CPT outcomes are relevant for
ADHD such as the ubiquitin proteasome, neurodegenerative
disorders, axon guidance, and AD amyloid secretase pathways.
To our knowledge, this is the first GWAS and pathway analysis of
attention function in patients with persistent ADHD. Overall,
our findings reinforce the conceptualization of attention func-
tion as a potential endophenotype for studying the molecular
basis of adult ADHD.

Key words: Attention-deficit/hyperactivity disorder; Conners
Continuous Performance Test; adults; GWAS; SORCS2

Attention-deficit/hyperactivity disorder (ADHD) is a neurodeve-
lopmental disorder characterized by inappropriate symptoms of
inattention, impulsivity, and motor restlessness (hyperactivity).
Epidemiological studies estimate the prevalence of adult ADHD
between 2.5% and 4.9% [Simon et al., 2009]. The core symptoms
of ADHD (inattention, impulsivity, and hyperactivity) are associ-
ated with problems in remaining focused on a task especially
for prolonged periods, as well as difficulties in organizing
activities, prioritizing tasks, and time management [Haavik
et al., 2010].

Although heritability estimates do not directly inform about the
genetic etiological mechanisms or the number or size of genes
affecting a given phenotype, they constitute an indicator of how
relevant the genetic component can be for the disease of interest. In
this regard, despite the high heritability estimated for childhood
ADHD, ranging from 70% to 80% [Faraone et al., 2005; Burt,
2009], no genome-wide significant associations have been docu-
mented so far [Neale et al., 2008, 2010a,b; Mick et al., 2010; Hinney
et al., 2011; Stergiakouli et al., 2012; Yang et al., 2013]. The search
for specific genetic variants accounting for ADHD seems even
more challenging in the case of adult ADHD since heritability
estimates for this disorder during adulthood are substantially lower
(30-38%) [Boomsma et al., 2010; Chang et al., 2013; Larsson et al.,
2013a] with one exception reporting an heritability of 72% for
adult ADHD [Larsson et al., 2013b]. Yet, it is still uncertain whether
the modest heritability estimates can be explained by rater effects
and what they may actually mean for molecular genetic studies of
adult ADHD [Franke et al., 2012; Chang et al., 2013; Larsson et al.,
2013a]. Also, similarly to child ADHD, the few genome-wide
association studies (GWAS) conducted in adult ADHD to date
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revealed promising results but did not reach genome-wide signifi-
cance [Lesch et al., 2008; Sanchez-Mora et al., 2014]. It can be
argued that the lack of genome-wide significant associations in
both child and adult ADHD may be due to the fact that GWAS in
ADHD are still underpowered, with no study exceeding 3,000
patients so far; however, strategies other than increasing sample
size can be used to advance in the identification of common genetic
variants associated with the disorder, such as focusing on candidate
endophenotypes [Hawi et al., 2015].

The concept of endophenotype refers to heritable quantitative
traits, either cognitive or physiological, expected to be more
directly related to dysfunction in neural systems than diagnosis
facilitating the identification of genetic variants associated with the
disease [Castellanos and Tannock, 2002; Hawi et al., 2015]. In this
context, some neurocognitive traits may be used as endopheno-
types because inattention and hyperactivity, core symptoms of
ADHD, are closely related to cognitive domains such as executive
function, attention, memory, and intelligence [Franke et al., 2012].
Indeed, these neurocognitive measures present evidences to be
considered endophenotypes for ADHD including the fact that they
are heritable, associated with ADHD and unaffected relatives often
exhibit intermediate performance between probands and healthy
controls [Hawi etal., 2015]. Focusing on attention, clinical research
indicates that adult ADHD patients present less symptoms of
hyperactivity or impulsivity and more inattentive symptoms com-
pared to children with ADHD [Haavik et al., 2010]. Also, studies
examining attention function have shown that adults with ADHD
are more variable, less accurate, and slower than expected in
attention performance tasks [Oberlin et al., 2005].

Interestingly, self and informant rated attention problems has
been reported as a highly heritable trait in young adults [Chang
et al., 2013], albeit the outcome analyzed in this study as attention
problems also included symptoms of hyperactivity and, impulsivi-
ty. Furthermore, there is evidence suggesting that attention per-
formance and ADHD share familial influences, which include
common genetic and environmental factors [Kuntsi et al,
2010]. However, which specific genetic variants underlie attention
deficits in adult ADHD subjects remains unclear.

In the current study, we conducted a GWAS aimed to identify
SNPs associated with attention function in adult ADHD. In
addition, we test whether specific biological pathways were
enriched for these associations using gene set enrichment analyses
(GSEA).
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The sample comprised 479 adult ADHD patients (65.8% males;
mean age 32.8 years, SD =10.8; 59.5% combined, 36.5% inatten-
tive, 2.9% hyperactive-impulsive, 0.6% not otherwise specified,
0.2% residual, and 0.2% in partial remission) recruited and evalu-
ated at the Psychiatry Department of the Hospital Universitari Vall
d’Hebron (Barcelona, Spain) according to DSM-IV TR criteria.
ADHD diagnosis was based on the Spanish version of the Conners
Adult ADHD Diagnostic Interview for DSM-IV (CAADID) and
the Structured Clinical Interview for DSM-IV Axis I and II
Disorders (SCID-I and SCID-II) [Ramos-Quiroga et al., 2012].
All patients were of Caucasian origin. Exclusion criteria for the
ADHD patients cohorts were 1Q < 80; pervasive developmental
disorders; schizophrenia or other psychotic disorders; the presence
of mood, anxiety, or personality disorders that might explain
ADHD symptoms; birth weight <1.5kg; and other neurological
or systemic disorders that might explain ADHD symptoms. All the
subjects included in this study were drug-naive (stimulants or
atomoxetine). None of the subjects was under pharmacological
treatment when completing the neuropsychological test. The study
was approved by the Ethics Committee of the relevant institution
and informed consent was obtained from all subjects or parents in
accordance with the Helsinki Declaration.

The Conners Continuous Performance Test-II (CPT-II; [Conners
and Staff, 2000]) was used to evaluate attention. In this computer-
ized test, subjects are required to press the spacebar when any letter,
except the target letter (i.e., X), appears on screen. This test provides
several measures. Initially, the current study focused on two error
measures, omissions and commissions; and three variability meas-
ures, hit-reaction time (HRT), the standard error of the HRT
(HRTSE), and intraindividual coefficient variability (ICV). Omis-
sions result from the failure to respond to target letters. Commission
errors are made when responses are given to non-targets. HRT is the
average speed of correct responses for the entire test. HRTSE is a
measure of response speed consistency. ICV (variability outcome in
CPT-II) is a measure of response speed consistency within respon-
dent and corresponds to the amount of variability the individual
shows in 18 separate segments of the test in relation to his or her own
overall standard error. This outcome was log-transformed to meet
the assumptions of a Gaussian distribution. For all measures, higher
scores indicate worse performance.

Notice that although we originally considered the five measures
previously described, given the distribution of the omissions
outcome, it was not possible to fit a non-skewed parametric
distribution for this variable. For this reason, the omissions out-
come was not finally assessed in the current study.

Thus, the final attention outcomes included commissions, HRT,
HRTSE, and ICV.

Genomic DNA was isolated either from saliva using the Oragene
DNA Self-Collection Kit (DNA Genotek, Inc., Ottawa, Ontario,
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Canada) or from peripheral blood lymphocytes by the salting-out
procedure [Miller et al., 1988]. Genome-wide genotyping was
performed with the Illumina HumanOmnil-Quad BeadChip plat-
form. Quality control was implemented at the individual and SNP
level using PLINK [Purcell et al., 2007] and included filtering
subjects with low call rate (<98%) or gender discrepancy followed
by filtering SNPs with minor allele frequency (MAF) <0.01, Hardy-
Weinberg equilibrium test P-values PHWE < 1E—06 or call rate
<0.99. The final number of genotyped SNPs included in the
present study was 799.713 autosomal SNPs.

Genome-wide association analyses were conducted using multiple
linear regressions in SNP test [Marchini et al., 2007] for each of the
four attention outcomes analyzed assuming additive genetic effects
in autosomal chromosomes and including age and sex as cova-
riates. Quantile-quantile (Q—Q) and Manhattan plots were com-
puted with the gqgman package of R to evaluate overall significance
of autosomal SNP P-values. Genome-wide level of significance was
set at P<5E—08, and suggestive evidence of association was
defined by P < 1E—05.

We used the adjusted coefficient of determination (R%) to
estimate effect sizes of susceptibility SNPs identified for each
attention outcome.

Meta-Analysis Gene-set Enrichment of variaNT Associations
(MAGENTA) software [Segre et al., 2010] was used to compute
gene set enrichment analysis (GSEA) for each attention outcome
based on Panther, KEGG, and Ingenuity data sources. MAGENTA
calculated Gene set P-value in accordance with the single SNP
lowest P-value within a 110 kb window upstream and 40 kb win-
dow downstream of the SNP. Gene P-values were adjusted for
confounding factors, such as physical gene size, number of SNPs for
each gene, and linkage disequilibrium between proximal markers.
Adjusted P-values were ranked, and the gene set enrichment
P-value for each biological pathway was calculated given signifi-
cance threshold (95th percentile). This value was compared with
that generated with randomly permuted pathways of identical size
to test whether genes in the pathway were enriched more than
would be expected by chance.

Table I shows age, sex ratio, ADHD subtypes, comorbidities, and
scores for the four attention outcomes tested. Average scores for
commissions, HRT, HRTSE, and ICV were 15.5 (SD =7.5), 396.5
(SD=65.8), 6.6 (SD=2.6), and 10.0 (SD=7.2), respectively
(Table I). Additionally, in supplemental material (SM), the corre-
lations between the attention outcomes analyzed (Supplemental
Table SI) and scores for each outcome for the different ADHD
diagnosis subtypes (Supplemental Table SII) can be found.

Q-Q plots of the observed versus expected P-values and Manhattan
plots showing the distribution of negative log-transformed
P-values for each attention outcome are shown in Figure 1. The



462

Sex, males (%)

Age

ADHD subtypes, N (%)
Combined type
Inattentive type
Hyperactive/impulsive type
Not otherwise specified
Inattentive type residual)
Partial remission

Comorbid disorders
Drug use
Borderline personality disorder
Mood disorder
Anxiety
Personality disorder
Oppositional defiant disorder

Commissions (value; T-score)

HRT (value; T-score)

HRTSE (value; T-score)

IV (value; T-score)
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315 (65.8%)
32.8 (10.8) (17/70)

285 (59.5%)
175 (36.5%)
14 (2.9%)
3 (0.6%)
1 (0.2%)
1 (0.2%)
193 (40.4%)
8 (1.7%)
90 (19.5%)
149 (32.3%)
345 (74.4%)
81 (21.3%)

15.5 (7.5) (0/35); 53.91 (11.05) (33.37/88.79)
396.5 (65.8) (44.8/670.6); 51.05 (10.98) (18.57/93.77)
6.6 (2.6) (2.5 /21.6); 56.00 (12.66) (24.83/97.67)
10.0 (7.2) (0.2/61.7); 55.56(11.78) (30.34/101.20)

Percentage is indicated for categorical variables. Mean, SD, and maximum and minim are indicated for continuous variables.

HRT, hit-reaction time; HRTSE, standard error of HRT; IV, intraindividual variability.

Q-Q plots showed no departure from the expected P-values
distribution. Genomic control inflation factor (\) is included in
each Q-Q plot.

Although no SNPs reached genome-wide significance
(P < 5E—08), 45 SNPs within 27 loci showed suggestive evidence
of association with the different attention outcomes analyzed
(Table II). Several of these SNPs were located within or close to
genes of interest for attention function in the context of ADHD.

Three loci were associated with HRT: the intergenic rs1521365
(B=—41.30, P=3.54E—06), which nearest gene is the fibroblast
growth factor 20 (FGF20) gene, located 133 Kb proximal; the
rs2000810 (B = —87.84, P=9.78E—06), located in the neuropilin
(NRP) and tolloid (TLL)-like 1 (NETOI) gene; and finally the
rs4689642 (B =21.74, P=9.58E—06), within the sortilin-related
VPS10 domain containing receptor 2 (SORCS2) gene.

Sixteen loci were associated with HRTSE. Interestingly, the
previous loci associated with HRT, rs4689642, was also associated
with HRTSE (B =1.01, P=3.65E—07) showing the second stron-
gest association with any attention outcome in the study (Table II).
Other loci of interest associated with HRTSE included rs6539247
(B=—-0.82, P=3.11E—06) and rs2569973 (B =0.78, P=6.90
E—06). They are both located in the novel (nua) kinase family 1
(NUAKTI) gene. Of note, rs6539247 is located at the 3'-UTR of this
gene. Also associated with HRTSE were the SNP6-38440872
(B=3.20, P=4.26E—06), located in the BTB (POZ) domain
containing 9 (BTBD9) gene; rs17147674 (fp=—-2.20, P=5.21
E—06), located in the discs large homolog 2 (DLG2) gene and
rs16982689 (B =2.67, P=6.35E—06), located in topoisomerase
(DNA) III beta (TOP3B) gene (Table II).

Seven loci were associated with ICV, two of them were also
associated with HRTSE; the rs2341917 located in acyl-CoA oxi-

dase-like (ACOXL) gene that showed the strongest association with
any attention outcome in the study (B =0.29, P=2.50E—07), and
the rs6539247 (B = —0.20, P=5.71E—07) located in NUAK1 gene.
Another loci which may be of interest is the rs12914008 (3 = 0.60,
P=6.08E—06) located in the cholinergic receptor nicotinic beta 4
(CHRNB4).

Four intergenic loci were associated with commissions. None of
these loci were within or near to genes of interest for ADHD.

Regarding the effect size, 4 loci accounted for 14.4% of the
genetic variance of commissions, 3 loci accounted for 11.5% of the
genetic variance of HRT, 16 loci accounted for 37.1% of the genetic
variance of HRTSE, and 7 loci accounted for 14.8% of the genetic
variance of ICV (Supplemental Table SIII). The effect size for each
SNP ranged from 0.04 to 0.05 for commissions, around 0.04 for
HRT, from 0.04 to 0.05 for HRTSE, and from 0.001 to 0.05 for ICV
(Supplemental Table SIIT).

Gene set enrichment analysis identified 39 functional pathways
significantly associated with the attention outcomes considering a
95th percentile cut-off (Table III). However, none of the pathways
remained significant after correcting for multiple testing at 5%
FDR level.

Several pathways were nominally associated with more than
one attention outcome. The gap junction pathway (KEGG) was
associated with commissions (P=0.012) and HRT (P=10.029).
Axon guidance (KEGG) and a similar pathway, axon guidance
mediated by semaphorins (Panther), were associated with com-
missions (P=0.050) and ICV (P=0.040), respectively. The
ubiquitin proteasome pathway (Panther) was associated with
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FIG. 1. Quantile—quantile plots (upper part) Manhattan plots (bottom part) of Genome-Wide Association analyses for (a) commissions, (b)
HRT, (c) HRTSE, and (d) IIV. Genomic inflation factor (A) is included in each Q-0 plot. The horizontal gray line in the Manhattan plots

indicates the suggestive level of statistical significance (P < E—05).

both commissions (P=0.015) and HRTSE (P=0.045). Also, the
PDGF signaling pathway (Panther) was associated with HRT
(P=0.039) and HRTSE (P=0.042). Other pathways of interest
include neurodegenerative disorders (KEGG) (P=0.027) associ-

ated with commissions; the Alzheimer disease amyloid secretase
pathway (Panther), associated with HRT (P=0.028); and the
Huntington’s disease pathway (KEGG), associated with ICV
(P=0.007).
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Nominal 95th Percentile
Data Size (N° of
Outcome source Gene set genes) Expected Observed P-value FDR
Panther Integrin signaling pathway 118 6 13 0.007 0.909
KEGG Keratan sulfate biosynthesis 15 1 4 0.007 0.200
KEGG Gap junction 89 4 10 0.012 0.353
Panther Ubiquitin proteasome pathway 51 3 I 0.015 0.621
Ingenuity NFKB Signaling 41 2 6 0.015 0.384
KEGG N-Glycan biosynthesis 42 2 6 0.017 0.459
KEGG Protein export 12 1 3 0.017 0.332
Commissions Ingenuity SAPK/JNK signaling 32 2 5 0.019 0.315
Ingenuity Interferon signaling 22 1 4 0.022 0.707
KEGG Focal adhesion 198 10 1? 0.023 0.470
KEGG Neurodegenerative disorders 34 2 0.027 0.313
KEGG Neuroactive ligand—receptor interaction 278 14 21 0.035 0.443
Ingenuity Mitochondrial dysfunction 76 4 0.038 0.520
KEGG TGF-B signaling pathway ’9 4 8 0.046 0.563
KEGG Axon guidance 126 6 11 0.050 0.490
KEGG B-cell receptor signaling pathway 67 3 0.050 0.485
KEGG Allograft rejection 16 1 4 0.007 0.288
KEGG Ether lipid metabolism 29 1 5 0.011 0.478
KEGG Biosynthesis of unsaturated fatty acids 22 1 4 0.022 0.460
KEGG Amino sugar and nucleotide sugar metabolism 44 2 6 0.022 0.582
HRT Panther Alzheimer disease amyloid secretase pathway 24 1 4 0.028 1
KEGG Gap junction 88 4 9 0.029 0.548
KEGG Autoimmune thyroid disease 25 1 4 0.032 0.528
Panther PDGF signaling pathway 50 3 6 0.039 1
KEGG Galactose metabolism 26 1 4 0.042 0.558
KEGG Graft-versus-host disease 16 1 3 0.043 0.488
KEGG Melanogenesis 96 5 9 0.046 0.567
KEGG GnRH signaling pathway 95 5 9 0.049 0.594
KEGG Vibrio cholerae infection 53 3 I 0.017 1
KEGG Riboflavin metabolism 16 1 3 0.041 1
HRTSE Panther PDGF signaling pathway 51 3 6 0.042 1
Panther Oxytocin receptor mediated signaling pathway 16 1 3 0.043 1
Panther Ubiquitin proteasome pathway 51 3 6 0.045 1
Ingenuity VDR/RXR activation 61 3 0.004 0.268
KEGG Huntington’s disease 165 8 16 0.007 1.000
v Panther Angiotensin Il-stimulated signaling through G 5 0 2 0.022 0.364
proteins and [3-arrestin
KEGG Glycosphingolipid biosynthesis—ganglio series 14 1 3 0.029 0.776
Panther Nicotinic acetylcholine receptor signaling pathway 35 2 5 0.029 1.000
Panther Axon guidance mediated by semaphorins 26 1 4 0.040 0.786

Pathways nominally associated with attention outcomes.
HRT, hit-reaction time; HRTSE, standard error of HRT; and IIV, intraindividual variability.

To our knowledge, this is the first GWAS and pathway (i.e., gene set
enrichment) analysis of attention function in adult patients with
ADHD. Despite no genome-wide significant results were detected
(P < 5E—08), 27 loci fell below the suggestive threshold for signifi-
cance (P < E—05). Some of these SNPs were located within or close

to potential interesting genes for ADHD such as SORCS2, NUAKI,
FGF20, NETO1, BTBDY, DLG2, TOP3B, and CHRNB4. Also, at the
pathway level, several biological pathways were significantly asso-
ciated with the different attention outcomes, although none
remained significant after correcting for multiple testing. Never-
theless, some of these pathways are relevant in the context of
ADHD, such as ubiquitin proteasome, axon guidance, neurode-
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generative disorders, Alzheimer disease amyloid secretase, and
Huntington’s disease pathways.

The top hit, the rs2341917, was associated with HRTSE and ICV.
This SNP is located in the ACOXL gene. The function of this gene is
largely unknown. In GWAS, loci within this gene have been
associated with susceptibility to alopecia areata [Betz et al.,
2015] and chronic lymphocytic leukemia [Berndt et al., 2013;
Speedy et al., 2014] among other diseases which, to our knowledge,
are not related with attention or ADHD. Thus, the potential role of
this gene in attention function in ADHD is unclear.

The second hit, the rs4689642, was associated with both HRT
and HRTSE outcomes and it was located in the first intron of
SORCS2. This gene encodes one family member of vacuolar protein
sorting 10 (VPS10) domain-containing receptor proteins. Another
SNP in the SORCS2 gene, located approximately 200 kb apart from
rs4689642, was associated with bipolar disorder in a GWAS [Ollila
et al., 2009]. It is noteworthy that up to 20% of adults with ADHD
also meet criteria for bipolar disorder [Kessler et al., 2006] and it
has been suggested that these two psychiatric disorders may share
etiological pathophysiological pathways [Landaas et al., 2012].

A recent study identified SORCS2 as a proneurotrophin recep-
tor, mediating both trophic and apoptotic signals in conjunction
with p75 (NTR) [Glerup et al., 2014]. Interestingly, a marked
reduction in dopamine levels of frontal cortex was observed in
SorCS2 and p75NTR deficient animals [Glerup et al., 2014]. Also,
recent findings suggest that SORCS2 may be associated with risk for
Alzheimer disease (AD), altered amyloid precursor protein (APP)
processing [Reitz et al., 2013], and brain structure (temporal lobe)
in elder individuals within the spectrum of Alzheimer disease
[Kohannim et al., 2012]. In this context, 16539247, located in
the in the 3’UTR of the NUAKI gene, was associated with HRTSE.
It has been suggested that this gene is associated with cortical
amyloid-B, which plays a pivotal role in Alzheimer disease
[Ramanan et al., 2014].

These findings are in line with the enrichment analyses results
suggesting the implication of neurodegenerative disorders and AD
amyloid secretase pathways in attention function in ADHD. The
neurodegenerative disorders pathway includes biological pathways
linked to neurodegenerative disorders such as AD, Parkinson
Disease, or Huntington disease. The AD amyloid secretase pathway
refers to the role of the amyloid precursor protein (APP) in the
formation of amyloid plaques in AD. However, APP is not only
linked to this pathologic process, as it has been suggested to be
involved in neurite outgrowth and synaptogenesis, neuronal pro-
tein trafficking along the axon, transmembrane signal transduc-
tion, cell adhesion, and calcium metabolism [Zheng and Koo,
2006]. Taking all together, our findings suggest that genetic var-
iants and biological pathways previously involved in AD may be
also involved in attention performance in persistent ADHD. Of
note, the AD amyloid pathway has been significantly associated
with attention function in a GWAS conducted in a population-
based children sample [Alemany et al., unpublished data].

Regarding the ubiquitin proteasome pathway, ubiquitination
machinery has been suggested as a new disease mechanisms for
adult ADHD in a previous GWAS conducted in the same clinical
sample considered in the present study [Sanchez-Mora et al., 2014].
The present findings are in line with these findings supporting the
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role of ubiquitination processes specifically in attention function in
these patients.

Other findings at the SNP-level are also interesting for ADHD
research. First, the rs1521365, located close to FGF20, was associ-
ated with HRT. As a neurotrophin, FGF20 plays critical roles not
only in the growth and survival of neurons in early development
but also in the biology of adult neurons [Lemaitre et al., 2010].
FGF20 appears to be specifically expressed within the brain and
particularly within neurons of the substantia nigra [Ohmachi et al,,
2000] and cerebellum [Jeffers et al., 2001]. Of note, substantia nigra
is a dopaminergic midbrain nuclei that has been shown to present
an echogenic increased size in children ADHD patients compared
with controls [Krauel et al., 2010; Romanos et al., 2010]. Also,
neurochemical alterations and reduced gray matter volume in
cerebellum have been reported in adult ADHD patients [Perlov
et al., 2010; Seidman et al., 2011]. Besides this, FGF20 has been
associated with increased risk for Parkinson disease, specifically,
the rs12720208 SNP [van der Walt et al., 2004], although several
studies failed to replicate this association [de Mena et al., 2010].

Second, the NETOI gene was also associated with HRT. This
gene encodes a predicted transmembrane protein containing two
extracellular CUB domains followed by a low-density lipoprotein
class A (LDLa) domain. NETOI gene regulates N-methyl-p-aspar-
tate (NMDAR) function [Stohr et al., 2002], which is a major
mediator of synaptic plasticity [Stephan et al., 2006]. It has been
shown that corticolimbic NMDAR hypofunction is one of the core
molecular mechanisms relevant for phenotypes observed in animal
models of schizophrenia [Belforte et al., 2010]. Consistently,
deletion of Netol leads to deficits in synaptic plasticity in mice
[Ng et al., 2009].

Third, a SNP within BTBD9 was associated with HRTSE. This
gene encodes a BTB/POZ domain-containing protein that has been
associated with susceptibility to Restless Legs Syndrome (RLS)
[Stefansson et al., 2007; Yang et al., 2011]. In this regard, ADHD is
frequently coincident with sleep disorders such as the RLS [Zak
etal., 2009; Hvolby, 2014] and both disorders, ADHD and RLS, are
associated with a common dopaminergic dysfunction [Tilma et al.,
2014] and iron deficiency [Cortese et al., 2008]. The genetic link
between ADHD and RLS syndrome has been explored concluding
that the role of BTBD9 needs further study since it has been related
to iron storage [Schimmelmann et al., 2009]. Our findings support
the role of this gene in attention function in ADHD.

Fourth, the rs17147674 located in DLG2 gene was also associated
with HRTSE. This gene encodes the postsynaptic density protein
known as chapsyn-110 [Egger et al., 2014]. It has been reported that
individuals with mutations in DLG2 made significantly more errors
in tests of visual discrimination acquisition/cognitive flexibility
compared to controls [Nithianantharajah et al., 2013]. Also, a
recent study suggested the implication of a gain in copy number
variants in DLG2 gene in autism [Egger et al., 2014]. Despite
the SNP detected in the present study is not in the region of
this CNV, our results support the involvement of the DLG2 gene in
ADHD, which has been suggested to share genetic risk factors with
autism [Reiersen et al., 2008; Ronald et al., 2008; Polderman et al.,
2014].

Fifth, the rs16982689 located in TOP3B gene was associated with
HRTSE. This gene encodes a DNA topoisomerase, an enzyme that
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controls and alters the topologic states of DNA during transcrip-
tion. A phenotypic effect of a deletion in the 22q11.22 region,
including the TOP3B gene, has been associated with neurodeve-
lopmental disorders such as the fragile X mental retardation
syndrome [Stoll et al., 2013].

Finally, the rs12914008 located in CHRNB4 gene was associated
with ICV. The 15925 region, which includes the CHRNA5-
CHRNA3-CHRNB4 gene cluster that encodes the nicotinic acetyl-
choline receptor a5, a3, and b4 subunits, respectively, has been
implicated in susceptibility to smoking behavior [Saccone et al.,
2009; Liu et al., 2010]. Interestingly, the prevalence of smoking is
higher in patients with ADHD compared to the general population
[Bukstein, 2012]. Nicotine consumption has been hypothesized to
increase dopaminergic transmission which may enhance cognitive
function in ADHD patients [Bukstein, 2012]. In this regard, a
recent study found an association between tobacco smoking and
the CHRNA3 gene of this cluster in patients with ADHD but not in
controls [Polina et al., 2014]. Whether the CHRNB4 gene plays a
specific role in attention function in adult ADHD related or not to
smoking behavior requires further research.

Of note, the possible functionality of the genetic variants dis-
cussed above is currently unknown. To our knowledge, none of the
loci were in linkage disequilibrium with any potential functional
coding SNP with the exception of the missense SNP rs12914008
(CHRNB4).

Since inattention is a core symptom of ADHD, it might be
expected from a GWAS on attention function in patients with
ADHD to detect associations with SNPs or genes previously
associated with ADHD itself such as those related to dopamine
transmission (e.g., SLC6A3 or DRD4) or the CDH13 gene identified
in several studies [Hawi et al., 2015]. This was not the case for the
present study. While it is likely that common susceptibility variants
may exert pleiotopic effects on both attention function and ADHD,
the current study may not have enough power to detect such
variants. Of note, our findings in relation to the effect sizes suggest
that the genetic variance of the attention outcomes analyzed is
accounted by multiple loci of small effects with individual con-
tributions below 6% for all outcomes (R” ranging from 0.001 to
0.05). These results are similar to the proposed polygenic hypothe-
sis where multiple risk genes of minor/modest effects would
contribute to the etiology of ADHD [Hawi et al., 2015]. However,
the overall effect size accounted by all the loci showing suggestive
evidence of association for each outcome (ranging from 14.4% to
37.1%, Supplemental Table SIII) was much higher than the previ-
ously reported 3.3% of variance accounted for ADHD by all loci
combined [Kuntsi et al., 2006]. Although this may encourage
further genetic research using candidate endophenotypes, it is
difficult to compare these effect sizes since the phenotypes and
the study designs, case—control in most of the GWAS in ADHD
performed so far, are different. Furthermore, it is important to
consider the limitations of our study and interpret the effect sizes
with caution.

In this regard, it is worth mentioning that the most relevant
findings were found in the HRT, HRTSE, and ICV attention
outcomes. Reaction time (RT) variability is one of the most
replicated deficits in ADHD [Castellanos and Tannock,
2002] and there is evidence reporting a strong link between RT
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variability and ADHD at phenotypic and genetic levels [Kuntsi and
Klein, 2012] and previous research highlights RT as a promising
cognitive target for molecular genetics investigation [Kuntsi et al.,
2010]. Our findings are largely in agreement with these evidences.
Also, we would like to point out two results: First, SORCS2 was
associated to both HRT and HRTSE, and ACOXL and NUAK]I were
associated to both HRTSE and ICV, which suggests certain genetic
overlap that can be explained by the fact that these outcomes are
phenotypically significantly correlated (Supplemental Table SII).
Second, HRTSE was the outcome accumulating a higher number of
genetic loci showing suggestive evidence of association, which may
explain the fact that both global effect size and individual genetic
contributions were larger for HRTSE compared to commissions,
HRT and ICV. Furthermore, the overall effect size was larger for
HRTSE (37.1%) than for commissions (14.4%) (Supplemental
Table SIII). This is in keeping with recent results indicating that
reaction time variability was genetically correlated with both
inattention and hyperactivity ADHD symptoms in a twin sample
from the general population whereas commission errors presented
lower and non-significant genetic correlations with these symp-
toms [Kuntsi et al., 2014]. Overall, these findings suggest that
HRTSE may be a particularly suitable outcome for genetic associa-
tion studies in ADHD.

As a potential endophenotype, HRTSE is a quantitative neuro-
cognitive measure that can be objectively assessed. Furthermore,
even in a modest sample size such as the one used in this study, it
was possible to identify several genetic variants potentially inter-
esting for the etiology of ADHD. However, more research is needed
specifically addressing the heritability and performance in unaf-
fected relatives for this outcome in adult ADHD.

Our results should be interpreted in the context of some
limitations. First, the sample size was modest fora GWAS approach
even considering a candidate endophenotype as an outcome of
interest. Also, we examine multiple phenotypes which may inflate
type 1 error. Thus, replication in larger samples is required to
confirm our results. This issue also limited the power of the study to
analyse potential differences among ADHD subtypes. Second,
because we used a sample with a wide age range, we were more
likely to find genetic effects with an enduring influence throughout
life span than identifying or replicating previous findings present in
specific developmental periods [Kohannim et al., 2012].

Despite these limitations, the present study was able to identify a
number of genetic variants susceptible to play a role in the
molecular basis of attention function in adult ADHD. The SNPs
pointed out above are located within or close to genes which are
involved in neuronal processes, neurodegenerative diseases, or
other neuropsychiatric or neurological conditions which may be
comorbid with ADHD (i.e., bipolar disorder, restless legs syn-
drome, autism spectrum disorders, and smoking behavior). These
evidences add neurobiological and clinical plausibility to the
implication of these SNPs in the etiology of ADHD. Furthermore,
our findings reinforce the conceptualization of attention function
as a potential endophenotype for studying the molecular basis of
adult ADHD. Thus, our promising results may suggest that future
GWAS focusing of attention function in larger samples of ADHD
patients are likely to detect major genetic effects at more restrictive
significance thresholds.
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