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Abstract

Poor inhibitory control is a known risk factor for substance use disorders, making it a priority to
identify the determinants of these deficits. The aim of the current study was to identify genetic
associations with inhibitory control using the stop signal task in a large sample (n=934) of healthy
young adults of European ancestry. We genotyped the subjects genome-wide and then used a
hierarchical approach in which we tested: 1) 7 a priori single nucleotide polymorphisms (SNPs)
previously associated with stop signal task performance; 2) ~9,000 SNPs designated as high-value
addiction (HVA) markers by the SmokeScreen®© array; and 3) ~5M genotyped and imputed SNPs,
followed by a gene-based association analysis utilizing the resultant p-values. A priori SNP
analyses revealed nominally significant associations between response inhibition and one locus in
HTRZA (rs6313; p= 0.04, dominance model, uncorrected) in the same direction as prior findings.
A nominally significant association was also found in one locus in ANKKZ (rs1800497; p = 0.03,
uncorrected), although this was in the opposite direction of previous reports. After accounting for
multiple comparisons, the HVA, genome-wide, and gene-based analyses yielded no significant
findings. This study implicates variation in serotonergic and dopaminergic genes, but also
underscores the difficulty of detecting the influence of individual SNPs, even when biological
information is used to prioritize testing. While such small effect sizes suggest limited utility of
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individual SNPs in predicting risk for addiction or other impulse control disorders, they may
nonetheless shed light on complex biological processes underlying poor inhibitory control.
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Introduction

Poor inhibitory control, defined broadly as an impaired ability to inhibit maladaptive or
inappropriate behavior, is a well-established risk factor for substance abuse (de Wit, 2009;
Perry & Carroll, 2008; Weafer, Mitchell, & de Wit, 2015). Longitudinal studies indicate that
children who exhibit high levels of disinhibited behavior are more likely to use drugs as
adolescents (lacono, Carlson, Taylor, Elkins, & McGue, 1999; Sher, Bartholow, & Wood,
2000; Tarter, Kirisci, Reynolds, & Mezzich, 2004), and in laboratory animals, poor
inhibitory control is a predictor of rapid acquisition, escalation and dysregulation of drug
self-administration (Beckwith & Czachowski, 2016; Belin, Mar, Dalley, Robbins, & Everitt,
2008; Dalley et al., 2007; Diergaarde et al., 2008; Perry & Carroll, 2008). Associations
between poor inhibitory control and risk for abuse have been observed across a number of
drug classes, including alcohol, stimulants, and cannabis (Weafer et al., 2015; although
perhaps less so for opiate drugs: Ahn & Vassileva, 2016; Badiani, Belin, Epstein, Calu, &
Shaham, 2011). As such, there is a strong interest in determining the neurobiological factors,
including genetic influences, underlying deficits in inhibition (Bevilacqua & Goldman,
2013; lacono et al., 1999; Mackillop et al., 2016). Twin studies indicate that inhibitory
control is heritable (31% — 50%) (Crosbie et al., 2013; Gagne & Saudino, 2010; Schachar,
Forget-Dubois, Dionne, Boivin, & Robaey, 2011), yet the specific genetic influences on
inhibitory control are not yet known. Identifying genes that contribute to poor inhibition
might help to identify individuals at risk for developing drug and alcohol problems and to
develop strategies to prevent, diagnose, and treat drug and alcohol abuse. Moreover, the
genetic influences on inhibitory control should theoretically be less complex and more easily
detectible than genetic influences on the more diffuse and heterogeneous construct of
substance abuse, thus making inhibition a useful intermediary construct for understanding
genetic influences on risk for substance abuse.

Several laboratory measures have been developed to assess inhibitory control in humans,
including the stop signal task (Logan, Schachar, & Tannock, 1997) and the go/no-go task.
These tasks require the quick execution of a motor response (i.e., finger press) following

‘go’ signals, and rapid inhibition of this response when a ‘stop’ or ‘no-go’ signal is
presented. Poor inhibitory control is indicated by a greater number of inhibitory failures, or a
longer amount of time needed to inhibit the response. For the current study, we focused on
the stop signal task, because drug users exhibit poorer inhibitory control on this task
compared to healthy controls (Crunelle, Veltman, van Emmerik-van Qortmerssen, Booij, &
van den Brink, 2013; Fillmore & Rush, 2002; Joos et al., 2013; Lawrence, Luty, Bogdan,
Sahakian, & Clark 2009; Moreno et al., 2012), and poorer inhibition on this task in
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childhood and adolescence predicts development of drug and alcohol problems later in life
(Fernie et al., 2013; Nigg et al., 2006; Rubio et al., 2008).

Several candidate gene studies have reported associations between polymorphisms in
specific genes and the stop signal task. These studies have identified associations in loci of
monoaminergic genes, including noradrenergic: ADRAZB (Lei et al., 2012); dopaminergic:
SLC6A3 (Cummins et al., 2012), ANKKI (Rodriguez-Jimenez et al., 2006; White, Morris,
Lawford, & Young, 2008), and DRDZ2 (Colzato, van den Wildenberg, & Hommel, 2013;
Colzato, van den Wildenberg, van der Does, & Hommel, 2010); and serotonergic: HTR2A
(Jakubczyk et al., 2012) and 7PHZ (Stoltenberg et al., 2006) genes. However, these studies
are limited by small sample sizes and heterogeneous populations varying in age, ethnicity,
and substance use history. Additionally, it is now widely appreciated that candidate gene
studies are prone to false positive errors due to their small sample sizes, failure to correct for
multiple testing, and the potential for publication bias often noted in such studies (Duncan &
Keller, 2011; Duncan, Pollastri, & Smoller, 2014; Hart, de Wit, & Palmer, 2013). As such,
these initial findings require replication.

The aim of the current study was to examine genetic associations with inhibitory control
using the stop signal task in a large sample of healthy young adults (V= 934). We aimed for
a sample large enough to detect effects accounting for approximately 1.5% of the variance,
as common variants rarely exceed 2% in effect size (Park et al., 2010; Visscher et al., 2017).
We excluded individuals who were heavy substance users to avoid the potential confound of
the deleterious effects of chronic drug use on frontal cognitive function, including inhibition
(Goldstein & Volkow, 2011; Jentsch & Taylor, 1999). We employed a hierarchical analytic
approach, in which groups of SNPs with higher priority were analyzed in three stratified
subsets in order to maximize power to detect associations with response inhibition (Lin &
Lee, 2012). First, we examined response inhibition in relation to a priori SNPs, providing a
test of previously reported associations in the literature. Second, we tested the relationship
between response inhibition and high-value addiction (HVA) markers prioritized in the
SmokeScreen®© array by BioRealm (Baurley, Edlund, Pardamean, Conti, & Bergen, 2016).
The high-value SNP list is a compilation of loci from peer-reviewed publications and
research consortia, such as the NeuroSNP project (Bergen et al., 2013; Saccone et al., 2007).
This allowed for a formal assessment of loci that are biologically relevant to addiction that
was intended to increase our power. Third, we conducted an exploratory genome-wide
association study (GWAS) that included ~5M SNPs, and a gene-based association analysis
that included 18,942 genes. Thus, the study provided a strong test of a priorirelationships, a
principled examination of high-value addiction markers, and an atheoretical genome-wide
scan and gene-based analyses.

Material and Methods

Procedure

Participants were recruited at two sites (Athens, GA and Chicago, IL) through online and
printed advertisements. Inclusion criteria were English fluency, age between 18 and 30
years, and self-reported Caucasian race and non-Hispanic ethnicity (to control for population
stratification; Hutchison, Stallings, McGeary, & Bryan, 2004), and scores of 11 or below on
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the Alcohol Use Disorders Identification Test (AUDIT) or Drug Use Disorders Identification
Test (DUDIT), to minimize confounding effects of substantial substance use. The AUDIT/
DUDIT cut-off score of 11 was chosen to screen out individuals with heavy substance use or
substance use disorders, while still allowing for low to moderate levels of substance use,
given the high normative prevalence of substance use among young adults (Aertgeerts et al.,
2000; SAMHSA, 2014). Participants were excluded if they reported any lifetime substance
dependence, any current psychiatric prescriptions, or treatment in the last 12 months for
depression, bipolar disorder, general anxiety, social anxiety, post-traumatic stress disorder,
obsessive compulsive disorder, panic attacks/disorder, phobia, schizophrenia or related
conditions, anorexia, bulimia, or binge eating. The study was approved by the Institutional
Review Boards of the University of Chicago and the University of Georgia, and all
participants provided informed consent.

Participants attended an experimental session during which they completed, in
counterbalanced order, several self-report and behavioral measures, including the stop signal
task (described below). Participants were instructed to abstain from alcohol and drugs other
than their usual amounts of caffeine and nicotine for 24 hours before the visit, and breath
and urine samples were obtained upon arrival to verify compliance. Participants were given
two five-minute breaks during the 4-hour session. Participants provided a saliva sample in an
Oragene DNA kit (DNA Genotek Inc., Kanata, ON, Canada) to acquire DNA samples. Most
of the participants received compensation for their time ($10/hour) while a minority (/7=281)
were undergraduates who received research credit. Additionally, participants could receive
additional compensation from one of the tasks. Full details of the phenotypic assessment are
reported in MacKillop et al. (2016).

Measures

Demographics—Demographic characteristics were assessed including sex, age, race,
household income, and education.

World Health Organization (WHO) Attention-Deficit/Hyperactivity Disorder
Adult Self-Report Scale (ASRS)—The ASRS is an 18-item self-report screening scale
for ADHD (Kessler et al., 2005). The analyses in this study examined the total ADHD score
(comprised of all 18 items across inattention and hyperactivity-impulsivity domains).

Alcohol and drug abuse—As part of the exclusion criteria described above, problematic
alcohol and drug use were measured using the Alcohol Use Disorders Identification Test
(AUDIT; Saunders, Aasland, Babor, de la Fuente, & Grant, 1993) and Drug Use Disorders
Identification Test (DUDIT; Berman, Bergman, Palmstierna, & Schlyter, 2005), respectively.
These scales assess quantity, frequency, and consequences associated with drinking and drug
use.

Inhibitory Control—Inhibitory control was assessed using a modified stop signal task
(adapted from Logan et al., 1997), which measures the ability to inhibit a motor response.
The task was administered on a desktop computer using E-prime software (E-prime 2.0.8.22,
2007). Participants were instructed to respond to ‘go’ signals (circles or squares) by pressing
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a key on the keyboard as quickly as possible, and to inhibit responses on 25% of trials when
a ‘stop’ signal (auditory tone) was presented shortly after the ‘go’ signal. The task consisted
of three blocks, each with 48 go trials and 16 stop trials. The stop signal delay was set at
250ms for the first stop trial of each block, and was adjusted downward by 50ms following
each failed inhibition. Once a stop signal delay of 50ms was reached, the delay was held
constant at 50ms until the end of the block. The primary outcome measure of response
inhibition was the number of inhibitory failures on stop trials®.

Power Analysis

GWAPower (Feng, Wang, Chen, & Lan, 2011) was used to generate power estimates for 934
individuals. A Bonferroni rather than FDR approach was utilized in the power analyses
because FDR requires the empirical p-values to generate the appropriate correction rate. For
the 10 a prioriloci, we were adequately powered (power > .8) to detect SNPs with effects
accounting for > 1.3% of variance. For the 8,762 HVA loci, we were adequately powered to
detect SNPs with effects accounting for = 2.8% of variance. The GWAS and gene-based
analyses were exploratory and therefore no power analyses were conducted.

SNP Genotyping and Quality Control

Genotyping was performed using the Illumina PsychArray BeadChip platform, which
includes ~600,000 SNPs; this platform has been optimized to capture the maximum amount
of information about common variation. Quality control filtering was implemented in
PLINK v1.9 (Chang et al., 2015). SNPs were filtered for call rates < 98%, Hardy-Weinberg
Equilibrium (HWE) violations of p< 1 x 1075, and MAF < 5%. After filtering we had
437,652 SNPs that were used for imputation. Imputation of missing genotypes and of new
SNPs was performed with IMPUTEZ2 v.2.3.1 (Howie, Donnelly, & Marchini, 2009) using the
1000 Genomes Phase 3 b37 reference panel (1000 Genomes Project Consortium, 2015).
Imputed SNPs were excluded for exhibiting an information score of < .3, MAF < 5%, HWE
violations of p< 1 x 107, missingness > 5%, and multiallelic status. Imputed SNPs with
confidence < .9 were set to missing for individuals. Four a prioriloci were excluded for
excessive missing values (> 5%). Finally, to ensure limited redundancy in the analysis of
HVA SNPs via linkage disequilibrium and accurate implementation of false discovery rate
(FDR) correction, the HVA loci were pruned using the plink command “~indep 50 5 5” (i.e.,
window size of 50 SNPs, shift the window at every 5 SNPs, and a variance inflation factor of
5, which implies R? of .8). Following quality control, 10 a prioriloci previously associated
with stop signal task performance, 8,762 of the 20,652 HVA SNPs, and 4,873,750 genome-
wide SNPs were available for analysis.

1\We used a variant of the stop signal task that did not provide the traditional measure of stop signal reaction time (SSRT; Logan et al.,
1997), but instead provided a measure of accuracy in the ability to inhibit a response. Our task utilized an adaptive stop signal delay
model, but because it only adjusted downward, it did not provide the stop signal delay time at which participants could inhibit at a rate
of 50% (necessary to calculate the stop signal reaction time). To confirm that the measure of inhibitory control used here is
comparable to SSRT obtained from the traditional task, we tested a new sample of healthy young adults (n=20) who completed both
tasks to compare the outcome measures. As expected, inhibitory errors on the stop signal task used in the current study were
significantly correlated with SSRT on the traditional stop signal task (r=0.56; p = 0.010; see Figure S1 for a scatterplot of this

correlation).
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Participant Quality Control

1,000 participants had valid genotyping data (call rates = 98%, inbreeding coefficient
absolute value < .02, concordant self-reported sex and X-chromosome determined sex) and
satisfied the inclusion/exclusion criteria. To correct any self-reported race that was
misclassified as Caucasian, principal components analysis (PCA,; Price et al., 2006) was
conducted. Two population outliers were identified and removed by visual inspection of the
principal components plot (see Figure S2). 10 participants were excluded for missing data
and 52 participants were excluded for invalid performance on the stop signal task, defined as
< 5 correct ‘stop’ trials and < 116 correct ‘go’ trials. Finally, participants were assessed for
cryptic relatedness (see equation 3 in Yang, Lee, Goddard, & Visscher, 2011) and two were
removed for relatedness > .05, leaving a final sample of 934 European-ancestry participants.

Statistical Analysis

Stop signal task inhibitory failures were square root transformed to improve the distribution
(before transformation: skewness = 1.04, kurtosis = 1.11; after transformation: skewness = .
32; kurtosis = .19). Covariates for the study were ascertained via a univariate linear mixed
model of inhibitory failures on the stop signal task with four candidate covariates: sex, age,
income, and site (i.e., Athens or Chicago). Each covariate was tested as a fixed factor while
the other three candidate covariates were entered into the model as covariates. Only
variables which were significantly associated in the combined models were included as
covariates in subsequent analyses. Additionally, ADHD total score was explored as a
covariate separately in a bivariate correlation analysis with stop signal task performance.
PLINK v1.9 software was utilized to conduct univariate linear mixed model associations
between the loci from each strata (10 a prioriloci, 8,762 HVA loci, and 4,873,750 genome-
wide SNPs) and response inhibition, adjusting for the significant candidate covariates and
the top three genetic principal components from the PCA. Of the 10 a prioriloci, 3 offered
largely redundant information (/2 > .99; all other loci exhibited /2 < .8) and were removed
from the primary analyses (the locus with the least missing values was retained). All
analyses employed an additive model; dominance models were also tested for the a priori
loci because some previous studies have reported results based on dominance models. The
Versatile Gene-based Association Study 2 (VEGAS?2) software was utilized to conduct gene-
based association tests utilizing the resultant p-values from the GWAS (Mishra &
Macgregor, 2015). We utilized the top 10% SNP test for optimal sensitivity and specificity
of true positives (Wojcik, Kao, & Duggal, 2015). Given the recent report of an erratum in the
original VEGAS2 method for generating empirical p-values leading to increased type | error
rate, we utilized the updated script (for details see Hecker, Prokopenko, Fier, & Lange,
2017). For the a prioriloci, statistical significance was set at p < .05. For the prioritized HVA
loci and the gene-based analyses, a Benjamini-Hochberg FDR correction was applied to the
resultant p-values from the analyses (Benjamini & Hochberg, 1995). For atheoretical
genome-wide tests, SNPs were examined at p< 5 x 1078 (e.g., Pe’er et al., 2008).

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weafer et al. Page 7

Results

Sample Characteristics and Covariate Analyses

Participant characteristics and performance measures on the stop signal task are provided in
Table 1, according to site (Chicago or Georgia). Mean number of inhibitory failures, go
accuracy, and go reaction on the stop signal task were all correlated (rs > 0.23, ps < 0.001).
In the univariate linear mixed model, age and site were significantly associated with
inhibitory failures [F (4, 927) = 1.57, p= .03, partial npz =.03; F(4,927) =6.00, p= .01,
qu = .01, respectively], and were thus included as covariates. Specifically, younger age and
testing in Georgia were associated with more inhibitory errors. Income and sex were not
significantly related to inhibitory failures [F (4, 927) = 1.13, p= .34, partial npz =.005; F (4,
927) = .25, p= .62, an =.0003, respectively] and therefore were not covaried. Furthermore,
ADHD total score was not associated with inhibitory failures (r=.040, p=.226), likely due
to the small range of ADHD scores in this sample of healthy young adults, and therefore was
not included as a covariate.

Primary Analyses

A priori loci (tier 1)—Of the seven loci tested for additive effects, one locus (rs1800497)
was nominally significantly associated with response inhibition (p = .03, uncorrected),
however the direction of effects was opposite of that observed in previous reports.
Additionally, in the dominance tests, one locus (rs6313) was nominally significant (0= .04,
uncorrected), and here the direction of the association was the same as previous reports
using a dominance model. The associations are presented in Table 2 (the full 10 a prioriloci
are presented in Table S1).

High-value addiction markers (tier 2)—Of the 8,762 HVA loci, none were significant
using an FDR correction (p < 5.7*1076). The strongest association was rs2288557 in the
Methyltransferase Like 2B (METTLZ2B) gene on chromosome 7 (p=.00009; FDR ¢g=
0.782). The next two strongest associations were rs9829009 (p = .0005; FDR ¢ = 0.808) in
the WD Repeat Domain 49 (WDR49) gene on chromosome 14 and rs4426337 (p = .0005;
FDR ¢=0.808) in an intergenic region on chromosome 11. The 50 most significant hits are
included in Table S2.

Genome-wide association (tier 3)—The genome-wide scan did not yield any
significant associations. The most significant association was rs879665 in the Maestro Heat
Like Repeat Family Member 2A (MROHZA) gene on chromosome 2 (p = 4.52E-7). The
next two strongest associations were rs11195620 and rs5787915 in intergenic regions on
chromosome 10 (p = 1.78E-6, p = 1.89E-6, respectively). Figure 1 depicts the results of the
GWAS using both Manhattan and Quantile-Quantile (Q-Q) plots. As can be seen in the Q-Q
plots, the majority of markers fit null expectations and no markers show evidence for a true
association. Furthermore, as can be seen in the Manhattan plot, rs879665 is a lone SNP,
rather than the peak amongst many suggestive loci, indicating an increased likelihood of it
being a false positive. The 50 most significant hits are included in Table S3.
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Gene-based Analyses—None of the gene-based associations were significant after FDR
correction (p < 2.64E-6). The strongest gene-based associations were solute carrier family
16 member 10 (SLC16A10, p=.00008), developmental pluripotency-associated protein 3
(DPPA3, p=.0004), and stimulated by retinoic acid 6 (S7RAG6, p=.0004). The top 10
genes are included in Table S4.

Discussion

This study examined genetic associations with response inhibition, assessed as the ability to
inhibit a motor response using the stop signal task. We used a hierarchical approach in which
3 tiers of SNPs were analyzed: tier 1) a prioriloci that have been previously associated with
response inhibition on the stop signal task; tier 2) HVA markers; and tier 3) a genome-wide
scan, followed by gene-based association analyses utilizing the resultant p-values from the
GWAS. To our knowledge, this is the first study to attempt to identify genome-wide loci
associated with a behavioral measure of response inhibition. Two a prioriloci were
nominally significantly associated with stop signal task performance: one in H7TR2A and
one in ANKKI. However, we discuss implications of these associations with caution given
that: 1) these associations did not survive correction for multiple testing; 2) we did not
statistically correct for additional phenotypes ascertained in the parent study (MacKillop et
al., 2016) in the current analyses; and 3) the ANKK finding was in the opposite direction as
previous findings. The HVA, genome-wide, and gene-based analyses yielded no statistically
significant findings.

Our finding that response inhibition on the stop signal task was associated with rs6313 in
HTRZA (serotonin 2A receptor gene) is in line with previous reports examining this SNP in
relation to response inhibition. Specifically, Jakubczyk et al. (2012) found that the minor
allele of rs6313 was associated with better response inhibition on the stop signal task in a
sample of alcohol-dependent individuals. Similarly, Bjork et al. (2002) found that the minor
allele was associated with better response inhibition on a continuous performance task in a
sample of adults with histories of depression or substance abuse. We replicated those
findings here, showing that in the same dominance model, the minor allele is also associated
with better response inhibition in a large sample of healthy young adults. These findings are
consistent with preclinical studies demonstrating that serotonin 5-HT receptors play an
influential role in motor inhibition. For example, 5-HT, agonists impair and antagonists
enhance inhibition (Anastasio et al., 2011; Fletcher, Tampakeras, Sinyard, & Higgins, 2007;
Koskinen, Haapalinna, & Sirvio, 2003), and greater density of cortical 5-HT,a receptors is
associated with poorer response inhibition (Fink et al., 2015). Importantly, serotonin’s role
in inhibition has been previously implicated in increased risk for drug abuse (Cunningham &
Anastasio, 2014; Kirby, Zeeb, & Winstanley, 2011). In line with this, the minor allele of
rs6313 in HTRZA (identified in this study as predictive of better response inhibition) was
associated with less risk for relapse in alcohol dependent individuals (Jakubczyk et al.,
2013), and a recent meta-analysis reported that the minor allele was protective across studies
of opioid and alcohol abuse and dependence (Cao et al., 2014). Although necessarily
speculative, taken together these findings suggest that the association between HTR2A and
risk for drug abuse could be due in part to genetic influence on inhibitory control.
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We also found an association between response inhibition on the stop signal task and
rs1800497 in ANKK1 (ankyrin repeat and kinase domain containing 1 gene), which is
proximal to the DRDZ2 (dopamine D2 receptor) gene and has been associated with
differences in dopamine D2 receptors (Neville, Johnstone, & Walton, 2004). Two previous
studies reported an association between the minor allele and poorer response inhibition on
the stop signal task (Rodriguez-Jimenez et al., 2006; White, Morris, Lawford, & Young,
2008). By contrast, we found the opposite association, in that the minor allele was associated
with better response inhibition, and as such this cannot be viewed as a replication of
previous findings. Although it is not clear why the direction of effects differs between the
current study and previous reports, it is important to note that both of the previous studies
had small sample sizes (/5 < 75). Moreover, the association between ANKKI and response
inhibition observed here is consistent with a body of literature linking both ANKKZ and D2
receptor signaling to inhibitory control and, more broadly, to drug and alcohol addiction.
There is a well-established link between D2 receptor signaling and response inhibition on
the stop signal task in both animals and humans (Eagle et al., 2011; Ghahremani et al., 2012;
Nandam et al., 2013; Robertson et al., 2015). Additionally, as with serotonin, the link
between D2 receptors and inhibitory control is thought to play a role in risk for drug abuse
(Jentsch et al., 2014; London, 2016). As ANKK1 has long been associated with risk for drug
abuse (for reviews, see Ma, Yuan, Jiang, Cui, & Li, 2015; Wang, Simen, Arias, Lu, &
Zhang, 2013), this association could also be mediated in part by genetic influence on
inhibitory control.

The current study failed to replicate associations with any of the 5 additional SNPs (tier 1)
that have been associated with response inhibition on the stop signal task in previous studies,
further suggesting that candidate gene finding should be interpreted with caution.
Differences in sample populations could explain some of the discrepancies in findings.
Specifically, we tested only healthy young adults of European ancestry with no history of
drug or alcohol dependence, whereas previous samples have been comprised of participants
with a wide range of ages, ethnicities, and substance use. It is possible that our exclusion of
heavy substance users limited variability in inhibitory control within the sample, thus
reducing our power to replicate previously reported associations. It is also possible that the
age range of participants (18-30) limited our power to detect associations, given the on-
going brain maturation during this period in prefrontal regions implicated in inhibitory
control (Silveri, 2012). However, as mentioned in the introduction, such failure to replicate
previous findings could also be due to the potential for false positives in under-powered
candidate gene studies (Duncan & Keller, 2011; Duncan et al., 2014; Hart et al., 2013). Our
results might suggest that some of the previously reported associations between specific loci
and stop signal task performance may be specific to certain samples (e.g., among individuals
with substance use disorders) or may have indeed been false positives, although of course
neither possibility is definitive by any means.

It is possible that our use of number of inhibitory errors on the modified stop signal task (as
opposed to the use of SSRT on the traditional task) as the measure of inhibitory control
limited our ability to replicate previous findings. However, we believe this is unlikely given
that the task modifications were subtle, and performance on the modified task correlated
strongly with performance on the traditional task. One additional limitation of the accuracy

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weafer et al.

Page 10

measure used in the present study is that it does not rule out the possible influence of
nonspecific performance impairment. Indeed, in the present study the accuracy in inhibiting
responses was correlated with both Go reaction time and Go accuracy. It will be important in
future studies to include measures that exclude this possibility.

Despite our careful assessment of inhibition within a comparatively large sample (n=934) of
healthy, non-substance abusing young adults of European ancestry, we did not detect any
significant HVA or genome-wide loci after implementing a false discovery rate correction.
Although clinical and psychological phenotypes are likely to be highly polygenic, with
numerous loci exerting very small effects (Robinson, Wray, & Visscher, 2014), we originally
expected that our use of response inhibition would be a genetically simpler construct that
might be amenable to genome wide significant hits within a relatively smaller sample. By
contrast, our findings suggest that this is not the case, and that large samples will be needed
for well-characterized behavioral tasks as well. This is consistent with the literature advising
collection of much larger samples, perhaps through consortia or other collaborative
endeavors, for sufficient power to observe very small magnitude effects at genome-wide
significance (Agrawal, Edenberg, & Gelernter, 2016).

In sum, this study further advances the understanding of genetic variation and behavioral
inhibition. Specifically, findings replicated previous associations between variation in the
HTRZ2A and ANKKI genes and inhibitory control as measured by a stop signal task. The
study also highlights the potential for false positives in candidate gene studies, as we failed
to replicate 5 of 7 previously reported associations between specific loci and response
inhibition on the stop signal task, despite our larger sample size, which should have afforded
us greater power compared to the original candidate gene studies. Finally, our findings
underscore the difficulty in detecting the influence of individual SNPs from large panels of
tests, even when those tests are biologically informed. Future studies may benefit from
combining datasets across research sites to increase sample size, as well as from utilizing
alternate approaches to measure genetic influence.
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Public Significance Statement

These findings provide important information regarding genetic influences on inhibitory
control. Additionally, this study highlights the need for very large sample sizes in genetic
studies, perhaps through combining datasets across research sites.
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Figure 1.

A) Q-Q plot and B) Manhattan plot of genome-wide associations for stop signal task
performance. Significance values were —logyg transformed in order to display the smaller p-
values as larger in the figures. The Manhattan plot displays level of significance for each
SNP, organized by chromosomal position from chromosomes 1-22. The blue line indicates
suggestive significance (1E-5). No SNPs achieved genome-wide significance (p < 5E-8),
indicated by the red line. The Q-Q plot depicts the observed and expected p-values. The
genomic control inflation factor was close to 1 (A = 1.001), suggesting no systematic bias in
the distribution of p-values.
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Table 1

Participant characteristics (V= 934)

Variable Mean (SD), %, median

University of Chicago (n=614)  University of Georgia (n=320)

Age (years) 22.87 (3.3) 19.4 (1.8)
Sex 61.6% Female 63.6% Female
AUDIT 4.93 (2.90) 3.04 (3.24)
DUDIT 1.74 (2.38) 0.55 (1.35)
Years of education? 15.4 (2.12) 12.97 (1.44)
SST inhibition errors? 3.61(0.92) 3.93(0.94)
SST go accuracy (%) 97.5(2.5) 97.1(2.8)
SST go reaction time (ms)  435.4 (61.2) 430.6 (61.8)

Note.

'ZN =932;

2N =933;

3
square root transformed
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