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In a population-based genome-wide association (GWA) study of n-back workingmemory task-related brain ac-
tivation, we extracted the average percent BOLD signal change (2-back minus 0-back) from 46 regions-of-inter-
est (ROIs) in functional MRI scans from 863 healthy twins and siblings. ROIs were obtained by creating spheres
around group randomeffects analysis localmaxima, and by thresholding a voxel-based heritabilitymap ofwork-
ing memory brain activation at 50%. Quality control for test-retest reliability and heritability of ROI measures
yielded 20 reliable (r N 0.7) and heritable (h2 N 20%) ROIs. For GWA analysis, the cohort was divided into a dis-
covery (n=679) and replication (n=97) sample. No variants survived the stringentmultiple-testing-corrected
genome-wide significance threshold (p b 4.5 × 10−9), or were replicated (p b 0.0016), but several genes were
identified that are worthy of further investigation. A search of 529,379 genomic markers resulted in discovery
of 31 independent single nucleotide polymorphisms (SNPs) associated with BOLD signal change at a discovery
level of p b 1 × 10−5. Two SNPs (rs7917410 and rs7672408) were associated at a significance level of p b 1 ×
10−7. Only one,most strongly affecting BOLD signal change in the left supramarginal gyrus (R2= 5.5%), hadmul-
tiple SNPs associated at p b 1 × 10−5 in linkage disequilibriumwith it, all located in and around the BANK1 gene.
BANK1 encodes a B-cell-specific scaffold protein and has been shown to negatively regulate CD40-mediated AKT
activation. AKT is part of the dopamine-signaling pathway, suggesting a mechanism for the involvement of
BANK1 in the BOLD response to working memory. Variants identified heremay be relevant to (the susceptibility
to) common disorders affecting brain function.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Genome-wide association study
n-back
Working memory
Functional MRI
BOLD signal
Region-of-interest
1. Introduction

Working memory task-related brain activation is altered, showing
mostly increased activation, in several neuropsychiatric disorders,
such as schizophrenia (Bor et al., 2011; Callicott et al., 2003b), bipolar
disorder (Drapier et al., 2008), and major depressive disorder (Matsuo
et al., 2007), as well as the healthy, at-genetic-risk, siblings of patients
for some of these disorders (e.g., Callicott et al., 2003a; Drapier et al.,
2008; Winterer et al., 2003). These disorders are highly heritable, but
their onset and trajectory are thought to be influenced by a large num-
ber of genetic polymorphisms, each with a small effect, as well as
search Institute, Royal Brisbane
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environmental factors. Because abnormal working memory (WM)
brain activation is implicated in brain disorders, factors that influence
the blood oxygen level–dependent (BOLD) response in human popula-
tions are of great interest. In our prior voxel-wise analyses of heritabili-
ty, up to 65% (averaging ~33%) of the variation in WM task-related
cerebral activation (Blokland et al., 2011) and up to 75% (averaging
~36%) of the variance in WM task-related cerebellar activation
(Blokland et al., 2014) was attributed to genetic factors. While these
studies showed that human brain function is under substantial genetic
control, specific genetic variants influencing individual differences are
largely unknown. Genes that contribute to brain function are important
to identify, as several known examples confer protection or risk for
brain disorders. Carriers of the ‘disrupted in schizophrenia 1’ (DISC1)
risk haplotype, for example, have a fivefold increased risk for schizo-
phrenia (Zhang et al., 2006).
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Candidate gene studies ofWMbrain function have providedmecha-
nistic support for the implication of certain genetic variants associated
with neuropsychiatric disorders. For example, healthy individuals car-
rying the ZNF804A schizophrenia and bipolar disorder risk allele
(O'Donovan et al., 2008), showed changes in functional connectivity of
the right dorsolateral prefrontal cortex (DLPFC) duringWM that resem-
bled those observed in schizophrenia (Esslinger et al., 2009). Their find-
ings were partly replicated in an independent sample (Paulus et al.,
2011). During rest and during an emotional task, a pattern of reduced
inter-hemispheric prefrontal connectivity with increasing number of
risk alleles similar to that during WM has been demonstrated, suggest-
ing a state-independent influence of the gene variant on inter-
hemispheric processing (Esslinger et al., 2011). Other studies have
found genetic associations between the schizophrenia-risk gene
neuroregulin1 (NRG1) (Li et al., 2006; Stefansson et al., 2003;
Stefansson et al., 2002; Zhao et al., 2004) and WM brain activation in
healthy individuals (Krug et al., 2008). While there were no effects of
genetic status on behavioral task performance, the number of NRG1
risk alleles had a linear effect on hyperactivation of the superior frontal
gyrus. Nicodemus et al. (2010b) showed similar inefficient processing in
carriers of risk-associated genotypes, but in the DLPFC instead. Other
candidate genes—mainly risk genes for schizophrenia and bipolar
disorder—that have been associated with WM brain activation, include
genes related to dopaminergic function, such as COMT (Bertolino et
al., 2006a; Bertolino et al., 2006b; Egan et al., 2001; Pomarol-Clotet et
al., 2010), the dopamine transporter gene (DAT1) (Bertolino et al.,
2006a; Stollstorff et al., 2010; Tan et al., 2007), dopamine receptor
genes DRD1, DRD2 and DRD4 (Bertolino et al., 2009; Bertolino et al.,
2010; Herrmann et al., 2007; Tura et al., 2008); genes related to seroto-
nergic function and glutamatergic action, such as MAOA, DAOA and
GRM3 (Cerasa et al., 2008; Nixon et al., 2011; Tan et al., 2007); in addi-
tion to several genes involved in various other neuronal functions, such
as CACNA1C (Bigos et al., 2010; Paulus et al., 2014), CYP2D6 (Stingl et
al., 2012), AKT1 (Nicodemus et al., 2010b; Tan et al., 2008), and BDNF
(Cerasa et al., 2010).

These candidate gene studies have been somewhat helpful in im-
proving our understanding of the neurobiology underlying neuropsy-
chiatric disorders, but the genes they studied only explain a small
proportion (4–10% variance explained; (Bertolino et al., 2009; Egan et
al., 2001; Munafò et al., 2008)) of the heritability of brain activation
(up to 65%, averaging 33%; Blokland et al., 2011) and/or of the disorders
themselves. Furthermore, these studies were generally limited by small
sample sizes, and the findingswould bemore credible if verified in larg-
er samples. Genome-wide association (GWA) studies using quantitative
traits relevant to brain function or disorders have the potential to im-
prove our understanding of the etiology of these processes even further
by identifying genes whose relationship with the phenotype has not
previously been hypothesized. Using GWA analysis of WM perfor-
mance, a genetic polymorphism within SCN1A (encoding a subunit of
the type I voltage-gated sodium channel) was replicated in three
independent populations (n = 1699) (Papassotiropoulos et al., 2011).
In a subsequent candidate gene fMRI study, SCN1A allele-dependent
activation differences during an n-back WM task were detected
(Papassotiropoulos et al., 2011). However, very few GWA studies have
been carried out that use brain activation as a quantitative phenotype.
To the best of our knowledge only two GWA studies have investigated
brain activation in response to aWM task. Potkin et al. (2009b) studied
activation (mean BOLD signal in the DLPFC) during the Sternberg Item
Recognition Paradigm in n = 64 schizophrenia patients and n = 74
matched controls, and identified 6 genes or chromosomal regions in-
volved in neurodevelopment and response to stress (ROBO1-ROBO2,
TNIK, CTXN3-SLC12A2 POU3F2, TRAF, and GPC1)with single nucleotide
polymorphisms (SNPs) significant at p b 10−6 for the interaction be-
tween BOLD response and schizophrenia diagnosis. Potkin et al.
(2009a) extended this study to n = 82 schizophrenia patients and
n = 91 controls and identified 2 different genes worthy of further
study, RSRC1 and ARHGAP18. However, these 2 studies were carried
out in a patient-control sample. It would be of great interest to identify
gene variants associated with brain function in healthy individuals as
this may improve our understanding of normal brain function.

Here, we used anunbiased genome-wide search to identify common
genetic variants associatedwith variations in the fMRI BOLD response to
an n-back WM task in a healthy young adult twin-sibling cohort, the
Queensland Twin Imaging Study (n = 679). We incorporated prior
knowledge from a voxel-wise study about the total genetic influence
on the BOLD response toWM(Blokland et al., 2011), to reduce the num-
ber of phenotypes being tested to a manageable number, while maxi-
mizing the quality of the functional quantitative trait. A few studies
have attempted to carry out voxel-wise GWA analyses on imaging phe-
notypes (e.g. Hibar et al., 2011; Stein et al., 2010), but with the enor-
mous number of statistical tests performed in voxel-wise GWA
analyses (≤200,000 voxels × ≤1,000,000 SNPs), and the stringentmulti-
ple testing corrections needed to account for this, it is almost impossible
to find significant results. Additionally, in a previous ROI-based study on
the heritability of WM brain activation (Blokland et al., 2008), we dis-
covered that using mean BOLD signal across anatomically defined ROIs
might obscure the genetic variance, as it is possible that not the entire
anatomical region is reliably activated and heritable. Here we carried
out several strict quality control steps on the functional phenotype be-
fore proceeding to GWA analyses. We enforced a genome-wide statisti-
cal threshold, and used two independent samples, a large discovery
sample of young adult twins and siblings (n = 679) and a smaller rep-
lication sample (n = 97), to verify any associations and help diagnose
false-positive findings.

2. Materials and methods

2.1. Participants

This study uses data fromparticipants in theQueensland Twin Imag-
ing Study (QTIMS). Most of these twins and siblings, between 16 and
30 years of age, had previously participated in the Brisbane Adolescent
Twin study (Wright and Martin, 2004), so measures of cognitive func-
tioning, birth information, and parental socio-economic status (SES)
were available for most participants, in addition to the imaging data
(details described elsewhere; Blokland et al., 2011). Of n = 2645 indi-
viduals that were initially approached for the study by letter, 520 de-
clined participation (19.7%), 677 were unable to participate (e.g.
moved out of state) or could not be contacted by phone for further
screening (25.6%). Prior to inclusion in QTIMS, twins were assessed for
handedness using the Annett Handedness Questionnaire (6 questions)
(Annett, 1970;Wright andMartin, 2004), and screened (by self-report)
for their suitability for imaging. Of n = 1420 individuals that had been
screened for inclusion in the imaging study at the time this paper was
written, 2.2% were excluded because they were left-handed, and a
further 22.5% were excluded because they had a history of significant
medical, psychiatric or neurological conditions, including head injuries,
MRI contra-indicators, a current or past diagnosis of substance abuse, or
current use of medication that could affect cognition.

A sample of n=1070 twins and singleton siblings met the inclusion
criteria and n = 1060 (99%) completed the study. Subsequently, 43 in-
dividuals were excluded from analysis due to headmotion or abnormal
findings on their structural scans, 70 individuals were excluded due to
head motion on their functional scans, and an additional 84 individuals
were excluded due to insufficient task performance (b40% accuracy on
0-back condition; b30% accuracy on 2-back condition). After excluding
these individuals, n = 863 twins and siblings remained for analysis. As
data acquisition was ongoing when we published our heritability
studies, a subset of the current sample was included in our previous
voxel-wise studies on the heritability of WM brain activation in the ce-
rebrum (285 of 863, 33.0%) and the cerebellum (353 of 863, 40.9%)
(Blokland et al., 2014; Blokland et al., 2011).
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There were no significant differences in sex distribution (χ2 = 0.02,
df = 1, p=0.89), ancestry distribution (χ2 = 0.0006, df = 1, p=0.98)
or SES (t= 0.65, df = 4.03, p=0.55) between individuals whomet in-
clusion criteria who completed the imaging study and those who did
not, nor were there differences in ancestry distribution between indi-
viduals who met inclusion criteria and individuals who did not (χ2 =
1.57, df=1, p=0.21), but therewas an increasedproportion of females
among individuals who met inclusion criteria (62%) compared to ex-
cluded individuals (47%) (χ2 = 20.66, df = 1, p = 5.48 × 10−6) and
slightly higher SES in the included group (t = −2.44, df = 259.8,
p = 0.01).

All twins (n = 760; 110 MZ pairs and 138 DZ pairs), aged 22 ±
3 years (mean ± s.d.; range 16–30 years), were included in our pheno-
typic and heritability analyses. Due to the low number of complete twin
pairswith a singleton sibling, siblingswere not included in the heritabil-
ity analyses. Zygosity was determined by genotyping of 8–10 indepen-
dent highly polymorphic DNA markers (PIC N 0.7) with a 99.99%
probability of correct zygosity assignment (Wright and Martin, 2004)
and where available (n = 776 of 863, 89.9%) confirmed by genome-
wide SNP genotyping (see paragraph on Genotyping).

A date cut-off was set for inclusion in the GWAS discovery and rep-
lication samples. The GWAS discovery sample (sample 1) consisted of
n = 679 participants. The GWAS replication sample (sample 2)
consisted of n = 97 participants. Table 1 provides a detailed sample
composition. Independent samples t-tests compared demographic sam-
ple means.

Human Research Ethics Committees of the Queensland Institute of
Medical Research, University of Queensland, and Uniting Health Care
approved the study. Written informed consent was obtained from
each participant, and each participant received a $100 gift voucher in
appreciation of their time.

2.2. Experimental procedure

Imaging was conducted on a 4 Tesla Bruker Medspec whole body
scanner (Bruker, Germany) in Brisbane, Australia. Functional images
were acquired using a T2*-weighted gradient echo planar imaging
(EPI) sequence, sensitive to BOLD contrast (interleaved; repetition
time, TR = 2100 ms; echo time, TE = 30 ms; flip angle = 90°; field of
view, FOV = 230 × 230 mm), and using a radio-frequency receive-
transmit transverse electromagnetic head coil (Vaughan, 1999). Geo-
metric distortions in the EPI images caused bymagneticfield inhomoge-
neities at high-field were corrected using a point-spread mapping
approach (Zeng and Constable, 2002). Over a continuous imaging run,
we acquired 127 axial brain volumes, one volume every 2.1 s, with 36
coronal slices of 3 mm thickness (64 × 64 matrix; voxel size 3.6 ×
3.6 × 3.0mm), andwith a 0.6mm slice gap. In addition to the functional
Table 1
Sample compositions for the variance components, reliability, and genome-wide associa-
tion (GWA) discovery and replication analyses.

Variance
components

Test-retest
reliability

GWA
discovery

GWA
replication

Monozygotic pairs 110 10 81 7
Monozygotic pairs plus one
singleton sibling

0 0 6 0

Dizygotic pairs 138 12 93 20
Dizygotic (trizygotic) triplets 0 0 1 0
Dizygotic pairs plus one
singleton sibling

0 0 7 0

Dizygotic pairs plus two
singleton siblings

0 0 1 0

Unpaired twins 264 10 187 28
Single non-twin siblings 0 4 37 3
Two non-twin siblings 0 0 29 6
Three non-twin siblings 0 0 1 0
Total n (males/females) 760

(287/473)
58
(26/32)

679
(247/432)

97
(40/57)
scans, 3D T1-weighted imageswere acquired (MPRAGE; TR=1500ms;
TE = 3.35 ms; TI = 700 ms; pulse angle = 8°; coronal orientation;
FOV = 230 mm; 256 × 256 × 256 matrix; slice thickness = 0.9 mm).

During functional imaging the participants performed the 0-back
and 2-back versions of a block design spatial, numerical n-backworking
memory task (Callicott et al., 2003a, 1998). In this task, a number (1–4,
randomized) was presented in a fixed position in one of four white cir-
cles, positioned at the corners of a diamond-shaped square. Participants
pressed one of the four buttons on a response box in the same configu-
ration as the stimuli to match the target stimulus. For n = 0 (i.e., 0-
back), a simple button press in response to the number displayed was
required. For n=2 (i.e., 2-back), participants pressed the button corre-
sponding to the number presented two trials before the current one.
Participants were scanned through 16 alternating blocks of the 0-back
and 2-back conditions, for a total experimental length of 4 min and
16 s. A detailed explanation of the task paradigm can be found else-
where (Blokland et al., 2008, 2011). Task performance was measured
as the percentage of correct responses (accuracy) and average response
time (RT; across correct trials) for each of the task conditions separately.

2.3. Image pre-processing

Images were processed and analyzed using Statistical Parametric
Mapping software (SPM8, Wellcome Trust Centre for Neuroimaging,
London, UK) implemented in MATLAB (The MathWorks Inc.). The first
five EPI volumes were discarded to ensure that steady state tissue mag-
netization was reached. Time-series volumes were realigned and
unwarped using a robust rigid-body transformation procedure (Freire
et al., 2002). A mean image generated during realignment was then
co-registered with the participant's 3D T1 image. The T1-weighted
image was subsequently segmented using the “New Segment” proce-
dure in SPM8. The “DARTEL” toolbox (Ashburner, 2007) was then
employed to create a custom group template from the grey and white
matter images and individual flow fields that were used to normalize
the realigned fMRI volumes to the Montreal Neurological Institute
(MNI) atlas T1 template. The resulting images were then resampled to
3 × 3 × 3 mm voxels and smoothed with an 8 × 8 × 8-mm full width
half maximum (FWHM) isotropic Gaussian kernel. Global signal effects
were estimated and removed using a voxel-level general linear model
(Macey et al., 2004). High pass (cut-off: 128 s) and low pass (AR1
model) filtering were applied to discard signals of no interest.

2.4. Image analysis

Image analysis was conducted in two stages: First, block design fixed
effects models were fitted at the single-subject level. Separate regres-
sors were constructed for the 0- and 2-back conditions comprising a
boxcar reference waveform convolved with a canonical hemodynamic
response function. Second, the resulting single-subject 2-back N 0-
back t-contrast images were entered into a second-level group random
effects model (one-sample t-test), irrespective of zygosity (p b 0.05,
FWE-corrected, extent threshold 25 voxels).

A region of interest (ROI) analysis was performed using two inde-
pendent methods of defining ROIs. Firstly, sphere ROIs (diameter
9 mm) were created around the local maxima from the group random
effects analysis of individual 2 N 0 back contrast images, including indi-
viduals with N50% performance accuracy on 0-back and 2-back (sample
1). Secondly, ROIs were created from the voxel-by-voxel heritability
map from our prior study on heritability of workingmemory brain acti-
vation (Blokland et al., 2011), selecting clusters of ≥3 voxels with N50%
heritability (i.e. N50% of the total phenotypic variance is explained by
additive genetic factors, h2). We then employed the method used by
Matthews et al. (2007) to extract, for each participant and each task
condition, the average percent BOLD signal across all voxels in each of
the ROIs using the MarsBaR Toolbox for SPM (Brett et al., 2002). The
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average BOLD signal change percentages in the ROIs (2-back minus 0-
back) were used as phenotypes for further analysis.

2.5. Reproducibility

The number of ROIswas reduced based on their test-retest reliability
according to intra-class correlations (ICC) (Shrout and Fleiss, 1979). For
further analysis we retained only those ROIs which had good test-retest
reliability (ICC N 0.70) in a subsample of 58 individuals (from sample 1)
rescanned approximately 3 months after their initial MRI scan (range
35–291 days; mean ± SD = 113 ± 55 days). The test-retest sample
consisted of 10MZ pairs, 12 DZpairs, 10 unpaired twins, and 4 singleton
siblings – 32 females and 26 males (see Table 1).

2.6. Genetic modeling

The number of ROIswas reduced further based on a (re-) estimation
of their heritability. Heritability of the functional ROI measures was de-
termined through structural equation modeling with Mx (Neale et al.,
2002). Genetic twinmodeling was used to determine the relative influ-
ences of genetic and environmental factors on the functional ROI mea-
sures, making use of the differences in genetic similarity between MZ
(who share all their genes) and DZ (who share, on average, 50% of
their genes) twins. Depending on the pattern of intra-pair twin correla-
tions, it is customary to fit a model that includes additive genetic (A),
commonor shared environmental (C), anduniqueor unshared environ-
mental (E) factors (ACE model, if the DZ twin correlation is more than
half the MZ twin correlation), or a model that includes additive genetic
(A), dominance genetic (D), and unique or unshared environmental (E)
factors (ADE model, if the DZ twin correlation is less than half the MZ
twin correlation) (Falconer and Mackay, 1996). Model fit is determined
by the consecutive dropping of parameters, to see if this results in a sig-
nificant (p b 0.05) reduction in model fit, as indexed by the chi-squared
(χ2) fit statistic. The full ACE model was compared with an AE model, a
CEmodel, and anEmodel; the full ADEmodelwas comparedwith anAE
and E model, to arrive at the most parsimonious model.

2.7. Genotyping

DNA was obtained from blood samples (as part of a different pro-
ject), in accordance with standard protocols. SNP genotyping for all DZ
twin pairs, a co-twin of each MZ pair, and all singleton siblings of
twins was performed using the Illumina Human610-Quad BeadChip
(San Diego, CA, USA) by deCODE Genetics. Non-genotyped MZ twins
with a genotyped co-twinwere assigned their co-twin's genotype. Stan-
dard Quality Control (QC) criteria were applied to these genotype data
(Medland et al., 2009). Families were excluded from analysis if they
were ancestry outliers (non-European ancestry) or had an abnormally
high Mendelian error rate. SNPs were excluded from analyses if they
had: (1) call rate per SNP b90%; (2) Minor Allele Frequency (MAF)
b1%; and (3) significant violation of Hardy-Weinberg equilibrium test
of p b 10−6. After quality control, 529,379 SNPs remained.

2.8. Genome-wide association analyses

Genome-wide association to find common variants that contribute
to the heritability ofWMbrain activationwas conducted using the fam-
ily based association test (Chen and Abecasis, 2007) in MERLIN
(Abecasis et al., 2002), which takes family relationships into account.
The best guess genotype at each SNP was tested for association with
each of the ROIs that met all the QC criteria. The additive genetic effect
for each SNPwas computed bymodeling the genotypicmean of the het-
erozygote (Aa) as the average of the two homozygotes (AA, aa). Sex,
age, 3 principal components for ancestry to correct for population strat-
ification (McEvoy et al., 2009), and n-back performance accuracy (0-
back and 2-back) were included as covariates.
The generally accepted genome-wide significance level for the asso-
ciation between SNP and phenotype at α = 0.05 is p b 7.2 × 10−8,
correcting for the total number of independent SNP tests (Dudbridge
and Gusnanto, 2008). Given that we conducted 20 distinct genome-
wide scans for SNP associations, we corrected the generic genome-
wide significance level accordingly by estimating the effective number
of independent variables through matrix spectrum decomposition of
the phenotypic correlationmatrix (Nyholt, 2004). The effective number
of independent variables was estimated at 16 (Li and Ji, 2005), resulting
in a very stringent corrected genome-wide significance level of 4.5 ×
10−9 (7.2 × 10−8 divided by 16). However, because we applied a two-
stage process to identify interesting SNPs to carry forward to a second
stage in which they can be replicated, we used a less stringent search
criterion of p b 1 × 10−5 to select SNPs that were associated in the larger
discovery sample, in keepingwithWelcome Trust Case Control Consor-
tium recommendations (Burton et al., 2007). Association analysis was
then repeated in the replication sample for themost strongly associated
SNPs identified in the discovery sample (p b 1 × 10−5). We set a
corrected p-value threshold of p b 0.0016 (0.05 divided by 31 indepen-
dent SNPs) for significant replication of a SNP association.

The genetic annotation was performed withWGA Viewer software:
Package of Post Association Genomic Annotation, Version 1.25 N (Duke
University, 2008).

2.9. Brain expression analysis

Brain expression data from the Stanford Brain RNA-Seq database
(Zhang et al., 2014; http://web.stanford.edu/group/barres_lab/brain_
rnaseq.html), the Allen Brain Atlas (Sunkin et al., 2013; http://human.
brain-map.org), the Genotype-Tissue Expression project (GTEx
Consortium, 2013, 2015; http://www.gtexportal.org), and the Human
Brain Transcriptome project (Kang et al., 2011; Pletikos et al., 2014;
http://hbatlas.org/) were evaluated to validate the association findings
and aid in the interpretation of the results. The expression levels from
the Allen Brain Atlas were averaged across the 6 brain tissue samples
and up to 6 probes per gene.

3. Results

3.1. Demographics and task performance

Sample 1 and sample 2 differed significantly onmean age (sample 1:
22.6 ± 3.2 vs. sample 2: 19.3 ± 0.9; d = 1.40, p b 0.001), mean gesta-
tional age (sample 1: 37.7 ± 3.0 weeks vs. sample 2: 36.9 ± 3.0
weeks; d = 0.27, p b 0.05), and mean reaction time on 0-back (sample
1: 448.0 ± 61.2 ms vs. sample 2: 424.7 ± 55.1 ms; d= 0.40, p b 0.001)
and 2-back (sample 1: 248.9 ± 114.0 vs. sample 2: 221.3 ± 118.3; d=
0.24, p b 0.05). The samples did not differ on birth weight (2557.7 ±
541.3 g), parental socio-economic status (54.1 ± 24.7), FIQ (115.2 ±
12.1), task performance accuracy on 0-back (86.8 ± 11.2) and 2-back
(71.2 ± 18.9), or gender distribution (sample 1: 36.4% males; sample
2: 41.2%males). Task performancewas consistentwith our prior reports
on the n-back task (Blokland et al., 2014; Blokland et al., 2011).

3.2. Regions of interest

The group random effects analysis identified 30 cerebral local maxi-
ma, consistentwith our previous reports (Bloklandet al., 2008; Blokland
et al., 2011). Height and cluster-thresholding of the voxel-wise herita-
bility map at 50% and ≥3 voxels yielded 16 heritability clusters. A few
ROIs partially overlapped. Means and ranges for spherical and cluster
ROIs are shown in Table 2. Themeans showed that therewere consider-
able variations in activation intensity between the different ROIs. On av-
erage BOLD signalwashigher in the sphere ROIs than in the cluster ROIs.
Samples 1 and 2 had significant mean differences for BOLD signal in 15
of the 46 ROIs. Generally, means were higher for sample 1, suggesting

http://web.stanford.edu/group/barres_lab/brain_rnaseq.html
http://web.stanford.edu/group/barres_lab/brain_rnaseq.html
http://human.brain-map.org
http://human.brain-map.org
http://www.gtexportal.org
http://hbatlas.org/


Table 2
Descriptive statistics for average BOLD percent signal change (2-back minus 0-back) in spherical and cluster regions-of-interest (ROIs).

Area MNI coordinates Size ROI Discovery
(sample 1)
mean (±s.d.)

Replication
(sample 2)
mean (±s.d.)

Total range
(n = 863)

h2 (95% CI) ICC (95% CI)

x y z k voxels mm3

Sphere ROIs L thalamus −15 −21 18 14 384 0.03 (±0.06)*** 0.01 (±0.05) −0.32; 0.36 0 0.29 (0.04; 0.51)*
L SFG −15 9 63 14 384 0.05 (±0.05) 0.05 (±0.06) −0.21; 0.22 21 (5; 36) 0.69 (0.53; 0.81)***
L hippocampus −24 −36 9 14 384 0.04 (±0.05)* 0.03 (±0.04) −0.27; 0.22 24 (8; 39) 0.20 (0.06; 0.43)
L MFG −27 6 54 14 384 0.10 (±0.06) 0.09 (±0.08) −0.19; 0.37 29 (13; 44) 0.69 (0.53; 0.81)***
L IPL −33 −45 39 14 384 0.11 (±0.06) 0.10 (±0.08) −0.21; 0.38 48 (34; 59) 0.75 (0.61; 0.84)***
L insula −33 18 3 14 384 0.09 (±0.06) 0.09 (±0.08) −0.20; 0.41 41 (26; 54) 0.56 (0.35; 0.71)***
L insula −33 24 0 14 384 0.10 (±0.06) 0.10 (±0.09) −0.18; 0.40 0 0.67 (0.50; 0.79)***
L IPL −39 −42 39 14 384 0.11 (±0.06) 0.10 (±0.08) −0.10; 0.35 47 (32; 59) 0.82 (0.71; 0.89)***
L insula −39 15 −3 14 384 0.09 (±0.06)* 0.07 (±0.09) −0.27; 0.46 28 (14; 42) 0.49 (0.27; 0.67)***
L PCG −42 3 33 14 384 0.10 (±0.07) 0.10 (±0.08) −0.13; 0.56 0 0.82 (0.71; 0.89)***
L IFG (PTr) −45 27 27 14 384 0.11 (±0.09) 0.09 (±0.09) −0.18; 0.55 42 (27; 54) 0.75 (0.61; 0.84)***
L IFG (POp; BA 44) −48 6 18 14 384 0.07 (±0.06) 0.07 (±0.07) −0.15; 0.29 41 (27; 53) 0.80 (0.68; 0.87)***
L MTG −51 −48 12 14 384 0.05 (±0.05) 0.03 (±0.08) −0.27; 0.25 0 0.77 (0.63; 0.85)***
L IFG (POp) −51 9 9 14 384 0.05 (±0.05) 0.04 (±0.07) −0.32; 0.29 27 (10; 43) 0.78 (0.66; 0.86)***
R thalamus 12 −6 9 14 384 0.03 (±0.05) 0.03 (±0.04) −0.30; 0.21 0 0.57 (0.37; 0.72)***
R SMA (BA 6) 15 9 63 14 384 0.08 (±0.05)** 0.06 (±0.07) −0.29; 0.32 0 0.73 (0.59; 0.83)***
R caudate nucleus 18 6 15 14 384 0.05 (±0.04)* 0.04 (±0.05) −0.14; 0.23 0 0.44 (0.21; 0.63)***
R IPL 27 −54 42 14 384 0.06 (±0.05)** 0.04 (±0.07) −0.34; 0.32 0 0.61 (0.42; 0.75)***
R IPL 27 −57 36 14 384 0.06 (±0.05) 0.04 (±0.10) −0.35; 0.72 0 0.71 (0.55; 0.81)***
R MFGs 27 9 51 14 384 0.13 (±0.06)* 0.11 (±0.08) −0.15; 0.35 38 (23; 50) 0.86 (0.78; 0.92)***
R insula 36 21 3 14 384 0.12 (±0.07) 0.11 (±0.08) −0.12; 0.41 41 (25; 54) 0.49 (0.27; 0.67)***
R SPL 39 −39 39 14 384 0.13 (±0.07) 0.11 (±0.08) −0.11; 0.41 0 0.78 (0.65; 0.86)***
L SMG 3 24 42 14 384 0.16 (±0.08)* 0.13 (±0.12) −0.28; 0.49 0 0.62 (0.43; 0.75)***
R MFG 42 39 24 14 384 0.14 (±0.09)*** 0.09 (±0.13) −0.92; 0.48 38 (23; 50) 0.76 (0.63; 0.85)***
R MTG 45 −54 9 14 384 0.04 (±0.05) 0.03 (±0.04) −0.09; 0.22 0 0.72 (0.57; 0.83)***
R IFG (POp) 45 12 27 14 384 0.13 (±0.08)*** 0.09 (±0.09) −0.10; 0.45 0 0.78 (0.66; 0.87)***
R insula 45 15 −6 14 384 0.09 (±0.07)*** 0.06 (±0.10) −0.61; 0.34 0 0.41 (0.18; 0.61)**
R IPL 48 −42 18 14 384 0.06 (±0.06) 0.06 (±0.06) −0.10; 0.34 39 (25; 52) 0.75 (0.60; 0.84)***
R IFG (POp; BA 44) 51 12 15 14 384 0.11 (±0.07) 0.10 (±0.08) −0.12; 0.44 30 (15; 44) 0.73 (0.59; 0.83)***
R PCUN 9 −45 48 14 384 0.07 (±0.06)*** 0.03 (±0.09) −0.34; 0.30 0 0.74 (0.59; 0.84)***

Cluster ROIs L SOG −22 −67 36 17 459 0.05 (±0.04) 0.05 (±0.07) −0.18; 0.49 38 (23; 51) 0.75 (0.61; 0.84)***
L SPL −25 −52 47 5 135 0.06 (±0.06) 0.06 (±0.08) −0.20; 0.38 35 (18; 50) 0.69 (0.52; 0.80)***
L PCUN −2 −64 46 42 1134 0.07 (±0.10) 0.08 (±0.11) −0.24; 0.42 54 (40; 65) 0.81 (0.69; 0.88)***
L AG −33 −57 34 9 243 0.04 (±0.05) 0.04 (±0.07) −0.27; 0.26 0 0.78 (0.65; 0.86)***
L PCG −40 −2 52 4 107 0.06 (±0.07) 0.06 (±0.08) −0.27; 0.40 29 (13; 43) 0.85 (0.75; 0.91)***
L IFG (PTr) −43 27 26 17 459 0.09 (±0.08) 0.08 (±0.08) −0.15; 0.39 44 (30; 57) 0.74 (0.59; 0.84)***
L PCUN −4 −46 54 8 216 0.05 (±0.06)* 0.03 (±0.07) −0.25; 0.28 38 (23; 51) 0.64 (0.47; 0.77)***
L SMA 0 23 51 3 81 0.12 (±0.10) 0.12 (±0.11) −0.14; 0.55 40 (22; 55) 0.76 (0.62; 0.85)***
L SMG 0 36 34 20 540 0.07 (±0.09)*** 0.04 (±0.10) −0.51; 0.33 53 (42; 63) 0.73 (0.59; 0.83)***
R PCUN 15 −51 58 8 216 0.06 (±0.06) 0.04 (±0.18) −1.35; 0.55 39 (25; 51) 0.79 (0.67; 0.87)***
R PCUN 19 −70 46 7 189 0.05 (±0.06) 0.05 (±0.13) −0.52; 0.68 51 (37; 63) 0.73 (0.58; 0.83)***
R SFG 22 23 50 5 135 0.08 (±0.07) 0.07 (±0.07) −0.14; 0.31 36 (21; 50) 0.73 (0.59; 0.83)***
R IPL(BA 2) 32 −43 54 14 378 0.04 (±0.06) 0.04 (±0.09) −0.19; 0.51 29 (13; 43) 0.59 (0.40; 0.74)***
R IPL/MOG 42 −70 30 8 216 0.05 (±0.07) 0.04 (±0.09) −0.35; 0.36 37 (22; 50) 0.75 (0.62; 0.85)***
R IFG (PTr; BA 45) 48 23 22 8 216 0.10 (±0.10)*** 0.05 (±0.09) −0.21; 0.59 42 (26; 55) 0.72 (0.57; 0.83)***
R IFG (POp; BA 44) 60 12 15 3 81 0.05 (±0.07) 0.06 (±0.09) −0.16; 0.49 29 (14; 43) 0.52 (0.31; 0.69)***

Mean differences between discovery and replication samples (samples 1 and 2)were evaluated using independent samples t-tests. p-values: *p b 0.05; **p b 0.01; ***p b 0.001. Heritability
(h2) estimates are the estimates under the best fitting model (see Supplementary Table 1 for full model fitting results). Intra-class correlations (ICC) are for the 3-month test-retest reli-
ability (95% confidence interval).
Abbreviations: AG, angular gyrus; BA, Brodmann area; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; L, left;MFG,middle frontal gyrus;MNI,Montréal Neurological Institute;MOG,
middle occipital gyrus; MTG, middle temporal gyrus; PCG, precentral gyrus; PCUN, precuneus; POp, pars opercularis; PTr, pars triangularis; R, right; s.d., standard deviation; SFG, superior
frontal gyrus; SMA, supplementary motor area; SMG, superior medial gyrus; SOG, superior occipital gyrus; SPL, superior parietal lobule.
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that the slightly older sample had less efficient processing requiring
greater activation. This is in line with our prior observation that there
are significant age effects on working memory brain activation, even
within this narrow age range (Blokland et al., 2011), andwas addressed
by including age as a covariate in the genetic analyses.

3.3. Test-retest reliability, twin correlations and heritability estimates

Test-retest intra-class correlations for the subsample (n = 58), and
twin correlations corrected for sex, age, and task performance accuracy,
with confidence intervals, are shown in Supplementary Table 1. Intra-
class correlations are also shown in Table 2. The majority of DZ correla-
tions were low (range − 0.08–0.33, averaging 0.14) and about half the
MZ correlations (range 0.09–0.55, averaging 0.32), indicating few com-
mon environmental (C) or genetic dominance (D) influences. As can be
seen in Supplementary Table 1, the majority of C-influences were non-
significant. A few ROIs showed indications of D-influences, however,
none of the D-influences were significant in ADE modeling (Supple-
mentary Table 2). Parameter estimates for the best fitting model are
also shown in Table 2. The genetic modeling results confirm the useful-
ness of the cluster ROIs obtained from voxel-wise heritability analyses,
as overall, these ROIs have higher heritability and reliability than the
sphere localmaxima ROIs. Consistentwith the fact that reliability places
an upper limit on heritability, there is high agreement between herita-
bility estimates and test-retest reliability. The poorest agreement was
for 2 sphere ROIs in the insula, that had relatively high heritability at
41%, but test-retest ICCs ≤ 0.56. This may be due to the location, which
is more prone to physiological noise (Di et al., 2013). Quality control
identified a total of 20 ROIs with high test-retest reliability (N0.70), sig-
nificant MZ correlations, and significant heritability (N20%). Test-retest
reliability for these ROIs ranged between 0.72 and 0.86, averaging 0.77.
Heritability for these ROIs ranged between 27% and 54%, averaging 41%.
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These 9 sphere ROIs and 11 cluster ROIs (highlighted in bold font) were
included in subsequent GWA analyses. The location of these regions is
shown in Fig. 1.

3.4. Phenotypic correlations

Pearson phenotypic correlations (2-tailed) between the ROIs includ-
ed in the GWA analyses are shown in Supplementary Table 3, ranging
between 0 and 0.76, respectively. Correlations were highest between
areas that were anatomically close. A few ROIs partially overlapped.
Phenotypic correlations were higher between sphere ROIs (group
Fig. 1. Localisation of (A) spherical regions of interest around group random effects analysis loca
ROIs are displayed on the pial surface of theMNI template using the SRender Toolbox for SPM8,
−42; 39]; 3=L IFG (PTr) [−45; 27; 27]; 4=L IFG (POp; BA44) [−48; 6; 18]; 5=L IFG (POp) [
IFG (POp; BA 44) [51; 12; 15]. (B) Cluster ROIs: 1=L SOG [−22;−67; 36]; 2=L PCUN [−2;−
6 = L SMG [0; 36; 34]; 7 = R PCUN [15; −51; 58]; 8 = R PCUN [19; −70; 46]; 9 = R SFG [
abbreviations: AG, angular gyrus; BA, Brodmann area; IFG, inferior frontal gyrus; IPL, inferior
MOG, middle occipital gyrus; MTG, middle temporal gyrus; PCG, precentral gyrus; PCUN, prec
SMA, supplementary motor area; SMG, superior medial gyrus; SOG, superior occipital gyrus; S
activation) than between cluster ROIs (heritability). Phenotypic correla-
tions were of similar magnitude in the discovery and replication sam-
ples, so correlations shown here combine both samples. Through
matrix spectrum decomposition of the phenotypic correlation matrix
(Li and Ji, 2005; Nyholt, 2004), the effective number of independent
ROI phenotypes was estimated at 16.

3.5. Genome-wide association analyses

Here, 529,379 SNPswere tested for associationwith 9 spherical ROIs
and 11 cluster ROIs, correcting for sex, age, 3 ancestry principal
l maxima, and (B) cluster regions of interestwith N50% heritability in voxel-based analysis.
authored by John Ashburner. (A) Sphere ROIs: 1=L IPL [−33;−45; 39]; 2=L IPL [−39;
−51; 9; 9]; 6=RMFG [27; 9; 51]; 7=RMFG [42; 39; 24]; 8=R IPL [48;−42; 18]; 9=R
64; 46]; 3=L PCG [−40;−2; 52]; 4=L IFG (PTr) [−43; 27; 26]; 5=L SMA [0; 23; 51];
22; 23; 50]; 10 = R IPL/MOG [42; −70; 30]; 11 = R IFG (PTr; BA 45) [48; 23; 22]. ROI
parietal lobule; L, left; MFG, middle frontal gyrus; MNI, Montréal Neurological Institute;
uneus; POp, pars opercularis; PTr, pars triangularis; R, right; SFG, superior frontal gyrus;
PL, superior parietal lobule.
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components, and task performance accuracy (0-back and 2-back). The
SNP with the lowest p-value (8.1 × 10−8) for a spherical ROI, in the
left inferior frontal gyrus (pars opercularis, Brodmann area 44) [−48;
6; 18], was on chromosome 10 (rs7917410), while the SNP with the
lowest p-value (9.9 × 10−8) for a cluster ROI, in the left supramarginal
gyrus [0; 36; 34], was on Chromosome 4 (rs7672408) (Table 3). The
SNPs accounted for 5.4% and 5.5% of the trait variance, respectively.
Fig. 2A, showing the results of these two association analyses in Man-
hattan plots, indicates that there were no genome-wide significant as-
sociation signals (p b 4.5 × 10−9). The association between the
observed versus the expected p-value of the autosomal association
(under the null-hypothesis of no association) for the two variables is
shown in the Quantile-Quantile (QQ) plots (Fig. 2B). The QQ and Man-
hattan plots for the spherical ROI in the left inferior frontal gyrus (pars
opercularis, Brodmann area 44) [−48; 6; 18] suggest that this may be
a false positive finding, whereas the QQ and Manhattan plots for the
cluster ROI in the left supramarginal gyrus [0; 36; 34] suggest it may
be a true association. This association peak was located in and around
the BANK1 gene. A detailed view of the locus showing suggestive asso-
ciation (p = 9.9 × 10−8) with average BOLD percent signal change in
the left supramarginal gyrus [0; 36; 34] is shown in Fig. 3. Neither of
the top two SNPs associatedwith BOLD signalwas significantly associat-
ed with 0-back or 2-back accuracy or reaction time (p N 0.05) and no
SNPs had p-values b 1 × 10−5, so none were carried forward to replica-
tion. The top SNP associations for task performance (p b 1 × 10−4) are
shown in Supplementary Table 4.

Table 3 shows that the top SNPs are approximately evenly distribut-
ed amongst sphere (15) and cluster ROIs (16). The ROIs which show up
most often in the top independent SNPs, i.e., the ROIs with the most p-
values b1 × 10−5 are the left inferior parietal lobule [−39; −42; 39],
the left precuneus [−2; −64; 46], the right middle frontal gyrus [27;
9; 51], and the left inferior parietal lobule [−33; −45; 39], with 3
SNPs each.

The last 4 columns of Table 3 show the replication results for the
most strongly associated SNPs in the discovery sample. No SNPs reached
significance in the replication sample at the corrected p b 0.0016 level,
or at the nominal significance level of p b 0.05. The SNP with the lowest
replication p-value with consistent direction of effect was rs2118263
(p = 0.075).

3.6. Brain expression analysis

Supplementary Table 5 summarizes the brain expression data for
the genes listed in Table 3 derived from four databases. Supplementary
Table 6 shows the full expression data derived from the Allen Brain
Atlas. Supplementary Fig. 1 shows the life expression course in 6 brain
tissue types derived from the Human Brain Transcriptome Project for
the genes with p b 1 × 10−6. Brain expression for the BANK1 gene,
one of the top two association findings, is highest in the cerebellar cor-
tex, as indicated by the Allen Brain Atlas, GTEx, and HBT (Supplementa-
ry Table 5), and slightly below the average brain expression in the
supramarginal gyrus where the strongest association is found (Allen
Brain Atlas; Supplementary Table 6). The Stanford Brain RNA-Seq data-
base shows expression among seven brain cell types is highest in mi-
croglia (Supplementary Table 5).

4. Discussion

Here we report on a GWA study of WM brain activation that was
carried out in a population-based family cohort, consisting of MZ and
DZ twins, and their singleton siblings (n = 679). We made use of
prior knowledge from a voxel-based twin study on the heritability of
WM brain activation about which areas of the cerebral cortex are
most strongly activated and which areas are most highly heritable to
define our functional phenotype. We then searched genome-wide for
genetic variants influencing the normal brain response to WM. We
tested N500,000 SNPs for association with each of the 20 BOLD pheno-
types that met all quality control criteria and identified several genetic
variants of interest for BOLD response to WM, though none reached
the genome-wide significance level.

Strict quality control criteria of test-retest reliability (r N 0.7) and sig-
nificant heritability reduced the number of phenotypes to test for genet-
ic association from 46 to 20. Heritability of average BOLD percent signal
change in the 20 ROIs included in the GWA analyses ranged between
27% and 54%, averaging 41%. The heritability estimates for BOLD re-
sponse agree with our prior voxel-based fMRI twin study, in which her-
itability across significant voxels averaged ~33% (Blokland et al., 2011).
Areas with low heritability generally had low variances, low twin corre-
lations, and low test-retest reliability. As expected, since they were de-
fined based on voxel-wise heritability estimates from a subsample,
overall, average BOLD response in the less strongly activated cluster
ROIs was more heritable than in the highly activated sphere local max-
ima ROIs. However, BOLD response in several sphere local maxima ROIs
was strongly heritable as well.

Themost strongly associated SNP (p=8.2 × 10−8)was located in an
intergenic region on chromosome 10 (rs7917410), between the KLF6
gene (distance N 500 kb), and non-coding RNA LOC100216001
(distance N 350 kb). Genetic association was found for a left inferior
frontal gyrus sphere ROI [−48; 6; 18], with the SNP accounting for
5.4% of the trait variance. However, no other SNPs in this genomic region
were associated with the phenotype, the association did not replicate,
and the Manhattan and QQ plots suggest this may be a false positive
finding.

The gene with the most SNPs (five) with p b 1 × 10−6 is BANK1, on
Chromosome4. The top SNP (rs7672408; p=9.9× 10−8) accounted for
5.5% of the trait variance in the left supramarginal gyrus [0; 36; 34].
BANK1, encoding a B-cell-specific scaffold protein, has been primarily
associated with autoimmune diseases (Fan et al., 2011; Guo et al.,
2009; Orozco et al., 2009; Rueda et al., 2010), but more recently the
BANK1 locus was shown to be moderately (p b 5 × 10−5) associated
with schizophrenia (Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014). BANK1has been shown to negatively reg-
ulate CD40-mediated AKT1 activation (Aiba et al., 2006). The interaction
of the CD40 receptor and its ligand is necessary for amyloid-beta-in-
duced microglial activation, and thus is thought to be an early event in
Alzheimer disease pathogenesis (Laporte et al., 2008). AKT1, also
knownas Protein Kinase B, plays a key role inmultiple cellular processes
such as glucose metabolism, apoptosis, cell proliferation, transcription
and cell migration. The AKT1/GSK-3 signaling pathway has been associ-
ated with several human diseases, including schizophrenia. Studies in
preclinical models have demonstrated that impaired AKT1 signaling af-
fects neuronal connectivity and neuromodulation and have identified
AKT1 as a key signaling intermediary downstream of dopamine recep-
tor 2 (DRD2), the best-established target of antipsychotic drugs
(Arguello and Gogos, 2008; Beaulieu et al., 2005). This AKT1/GSK-3
pathway influences the expression of dopamine-associated psychomo-
tor behaviors that, in transgenic models, have been predictably modu-
lated by dopaminergic agonists and antagonists (Alimohamad et al.,
2005). AKT1-knockout mice showed evidence of poorer WM perfor-
mance under dopaminergic agonist challenge (Emamian et al., 2004)
as well as concurrent changes in prefrontal pyramidal dendritic ultra-
structure, possibly mediated by downstream alterations in the expres-
sion of genes controlling neuronal development in prefrontal cortex
(Lai et al., 2006). This represents a means by which D2 receptor signal-
ing and associated cognitive and neuropsychiatric effects could be me-
diated (Beaulieu et al., 2005; Beaulieu et al., 2004; Lai et al., 2006).
AKT1has also recently been found to indirectly have an impact on dopa-
mine signaling by regulating the trafficking of presynaptic dopamine
transporters, which remove dopamine from extracortical synapses
(Wei et al., 2007). Moreover, in prior candidate gene imaging studies,
AKT1 has been shown to be associated with WM brain activation,
regional cortical grey matter density, and verbal memory (Nicodemus



Table 3
Genetic markers showing strongest association with regional average BOLD response to an n-back workingmemory task, in spherical ROIs based on group activation local maxima and cluster ROIs with N50% heritability in voxel-based analysis (in-
dependent markers within top SNPs with p b 1 × 10−5).

SNP Chr BP p h2 β SE SNPs in LD A1 MAF ROI(s) ROI type Gene SNP type REPL p REPL h2 REPL β REPL SE

rs7917410 10 4,322,824 8.2 × 10−8 5.38 0.023 0.001 C 0.26 L IFG (POp; BA 44) [−48; 6; 18] Sphere Intergenic 0.699 0.23 0.005 0.013
1.0 × 10−4 2.85 0.012 0.001 L SOG [−22; −67; 36] Cluster 0.149 3.30 −0.017
1.4 × 10−3 1.95 0.014 0.001 L IPL [−33; −45; 39] Sphere 0.886 0.03 −0.002
3.3 × 10−3 1.60 0.010 0.001 L IFG (POp) [−51; 9; 9] Sphere 0.597 0.43 0.007
7.1 × 10−3 1.35 0.013 0.001 L PCG [−40; −2; 52] Cluster 0.582 0.48 0.007
7.5 × 10−3 1.34 0.012 0.001 L IPL [−39; −42; 39] Sphere 0.461 0.86 0.011

rs7672408 4 103,220,464 9.9 × 10−8 5.49 −0.029 0.001 4 C 0.39 L SMG [0; 36; 34] Cluster BANK1 Intergenic 0.338 1.53 −0.014 0.015
1.3 × 10−3 1.94 −0.012 0.001 L IFG (POp) [−51; 9; 9] Sphere 0.661 0.33 −0.005
1.5 × 10−3 1.91 −0.019 0.010 L SMA [0; 23; 51] Cluster 0.762 0.16 −0.006

rs2118263 6 1,197,894 2.2 × 10−7 4.63 −0.028 0.001 A 0.39 L IFG (PTr) [−45; 27; 27] Sphere Intergenic 0.075 5.83 −0.033 0.018
9.8 × 10−6 3.37 −0.021 0.001 L IFG (PTr) [−43; 27; 26] Cluster 0.031 8.59 −0.036

rs7148741 14 20,962,005 2.4 × 10−7 4.39 −0.033 0.010 G 0.23 L SMA [0; 23; 51] Cluster CHD8 Intronic 0.192 2.55 0.029 0.022
1.1 × 10−3 1.80 −0.019 0.010 L SMG [0; 36; 34] Cluster
7.3 × 10−3 1.18 −0.011 0.001 L IFG (POp; BA 44) [−48; 6; 18] Sphere

rs2160523 12 12,134,077 2.5 × 10−7 4.92 −0.030 0.010 T 0.49 R IFG (PTr; BA 45) [48; 23; 22] Cluster BCL2L14 Intronic 0.424 1.16 −0.012 0.015
6.5 × 10−3 1.38 −0.014 0.001 R MFG [42; 39; 24] Sphere

rs11641157 16 83,114,818 2.8 × 10−7 4.54 0.019 0.001 1 G 0.48 L IPL [−39; −42; 39] Sphere KIAA1609 Intergenic 0.408 1.70 −0.014 0.017
6.2 × 10−5 2.80 0.015 0.001 L IPL [−33; −45; 39] Sphere
9.9 × 10−3 1.11 0.01 0.001 R IFG (PTr; BA 45) [48; 23; 22] Cluster

rs874941 15 48,499,359 2.9 × 10−7 4.81 −0.034 0.010 C 0.31 L PCUN [−2; −64; 46] Cluster USP8 Intergenic 0.446 1.07 −0.015 0.019
rs1954482 14 61,588,636 4.6 × 10−7 4.55 0.020 0.001 A 0.32 L IPL [−39; −42; 39] Sphere SYT16 Intronic 0.478 0.79 −0.010 0.014

6.7 × 10−5 2.88 0.016 0.001 L IPL [−33; −45; 39] Sphere
rs7242427 18 20,649,845 8.0 × 10−7 4.62 −0.034 0.010 G 0.25 R IFG (PTr; BA 45) [48; 23; 22] Cluster Intergenic 0.524 0.95 −0.012 0.019
rs10497853 2 201,183,402 9.1 × 10−7 4.11 −0.036 0.010 1 G 0.07 R SFG [22; 23; 50] Cluster AOX1 Intronic 0.947 0.01 0.002 0.024
rs2061443 4 120,134,118 1.2 × 10−6 4.70 −0.017 0.001 C 0.35 R PCUN [15; −51; 58]: Cluster SYNPO2 Intronic 0.425 1.53 −0.029 0.037
rs6689092 1 35,074,213 2.0 × 10−6 4.43 0.022 0.001 1 T 0.45 L IFG (PTr) [−43; 27; 26] Cluster C1orf212 Intergenic 0.669 0.27 −0.006 0.015

6.0 × 10−6 4.02 0.025 0.010 L IFG (PTr) [−45; 27; 27] Sphere
rs2607120 15 49,783,055 2.1 × 10−6 4.18 −0.018 0.001 T 0.19 L IFG (POp) [−51; 9; 9] Sphere SCG3 Intronic 0.445 1.25 −0.013 0.017

5.5 × 10−3 1.45 −0.013 0.001 L IFG (POp; BA 44) [−48; 6; 18] Sphere
rs3760790 19 53,538,288 2.2 × 10−6 4.09 −0.024 0.001 A 0.16 R MFG [27; 9; 51] Sphere TMEM143 Intronic 0.618 0.30 0.007 0.014
rs6897982 5 159,899,502 2.3 × 10−6 3.97 −0.037 0.010 G 0.12 R MFG [42; 39; 24] Sphere ATP10B Intergenic 0.696 0.37 −0.013 0.033

8.0 × 10−3 1.26 −0.015 0.010 R MFG [27; 9; 51] Sphere
rs2830255 21 26,787,849 2.4 × 10−6 4.25 −0.027 0.010 A 0.13 L IPL [−33; −45; 39] Sphere CYYR1 Intronic 0.627 0.79 0.013 0.026

1.7 × 10−4 2.65 −0.021 0.010 L IPL [−39; −42; 39] Sphere
rs3213191 15 89,041,048 2.6 × 10−6 4.14 0.019 0.001 1 C 0.30 L IPL [−33; −45; 39] Sphere BLM Intergenic 0.939 0.01 0.001 0.014

1.7 × 10−3 1.82 0.013 0.001 L IPL [−39; −42; 39] Sphere
5.5 × 10−3 1.43 0.008 0.001 L SOG [−22; −67; 36] Cluster

rs1559804 18 70,268,238 2.7 × 10−6 4.17 0.018 0.001 T 0.39 R PCUN [19; −70; 46] Cluster FAM69C Intronic 0.352 1.56 −0.022 0.024
3.2 × 10−3 1.65 0.008 0.001 L SOG [−22; −67; 36] Cluster

rs7231579 18 71,730,019 2.8 × 10−6 4.16 −0.048 0.010 2 A 0.07 R MFG [42; 39; 24] Sphere Intergenic 0.258 3.81 −0.052 0.046
4.1 × 10−3 1.60 −0.022 0.010 L IPL [−33; −45; 39] Sphere
7.1 × 10−3 1.41 −0.028 0.010 L SMG [0; 36; 34] Cluster
7.9 × 10−3 1.34 −0.020 0.010 R MFG [27; 9; 51] Sphere

rs12667261 7 25,598,718 2.8 × 10−6 4.46 −0.026 0.010 A 0.15 R MFG [27; 9; 51] Sphere Intergenic 0.105 6.73 −0.034 0.021
6.0 × 10−3 1.52 −0.021 0.010 R MFG [42; 39; 24] Sphere

rs10207939 2 61,106,919 2.9 × 10−6 3.91 −0.022 0.001 G 0.22 R IPL/MOG [42; −70; 30] Cluster PEX13 Intronic 0.711 0.22 −0.007 0.018
rs4661327 1 15,421,260 3.0 × 10−6 3.72 −0.026 0.010 A 0.12 L IPL [−39; −42; 39] Sphere TMEM51 Intergenic 0.177 2.17 −0.024 0.018

4.6 × 10−4 2.10 −0.019 0.010 L IPL [−33; −45; 39] Sphere
5.7 × 10−3 1.30 −0.010 0.001 L SOG [−22; −67; 36] Cluster
7.8 × 10−3 1.22 −0.024 0.010 L PCUN [−2; −64; 46] Cluster
9.7 × 10−3 1.14 −0.014 0.001 R PCUN [19; −70; 46] Cluster

(continued on next page)
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Table 3 (continued)

SNP Chr BP p h2 β SE SNPs in LD A1 MAF ROI(s) ROI type Gene SNP type REPL p REPL h2 REPL β REPL SE

rs1298730 14 68,869,767 3.0 × 10−6 4.20 −0.029 0.010 T 0.47 L PCUN [−2; −64; 46] Cluster GALNTL1 Intronic 0.895 0.03 −0.002 0.017
rs1354537 7 42,655,789 3.3 × 10−6 3.96 −0.026 0.010 G 0.13 R MFG [27; 9; 51] Sphere Intergenic 0.684 0.24 0.007 0.017

4.4 × 10−4 2.25 −0.020 0.010 R SFG [22; 23; 50] Cluster
1.0 × 10−2 1.21 −0.021 0.010 L IFG (PTr) [−45; 27; 27] Sphere

rs1547258 9 6,513,056 3.3 × 10−6 3.80 −0.013 0.001 T 0.29 L SOG [−22; −67; 36] Cluster GLDC Intergenic 0.634 0.63 −0.007 0.015
2.6 × 10−3 1.57 −0.009 0.001 L IFG (POp) [−51; 9; 9] Sphere

rs1504121 18 24,369,641 3.4 × 10−6 3.89 −0.025 0.001 1 C 0.46 L IFG (PTr) [−45; 27; 27] Sphere Intergenic 0.478 0.94 0.013 0.018
2.1 × 10−5 3.27 −0.019 0.001 L IFG (PTr) [−43; 27; 26] Cluster

rs4668521 2 7,161,780 3.5 × 10−6 3.53 −0.019 0.001 2 C 0.32 R IPL/MOG [42; −70; 30] Cluster RNF144A Intergenic 0.757 0.20 −0.006 0.018
6.1 × 10−3 1.25 −0.010 0.001 R PCUN [19; −70; 46] Cluster

rs7542551 1 175,946,654 3.6 × 10−6 3.79 0.025 0.001 A 0.34 L SMG [0; 36; 34] Cluster Intergenic 0.518 0.88 0.011 0.017
1.5 × 10−3 1.74 0.013 0.001 R SFG [22; 23; 50] Cluster
4.3 × 10−3 1.38 0.011 0.001 R IPL/MOG [42; −70; 30] Cluster

rs10946888 6 27,059,657 3.6 × 10−6 3.77 0.018 0.001 T 0.42 R SFG [22; 23; 50] Cluster NCRNA00240 Non-coding 0.194 4.08 −0.017 0.013
rs2432560 16 57,091,210 3.8 × 10−6 4.06 0.018 0.001 G 0.38 L IPL [−33; −45; 39] Sphere NDRG4 Intronic 0.096 6.31 −0.025 0.015

2.2 × 10−5 3.39 0.017 0.001 L IPL [−39; −42; 39] Sphere
rs1478272 8 4,455,581 3.8 × 10−6 4.03 0.043 0.010 G 0.12 L PCUN [−2; −64; 46] Cluster CSMD1 Intronic 0.398 0.73 0.017 0.020

Genetic markers are ranked by p-value. Independentmarkers were thosemore than 500 kb apart and in LD of r2 b 0.70. In groups of non-independent markers, themost significant SNP is shown, and SNPs in LD shows the number of correlated SNPs
that are in the top SNPs with p b 1 × 10−5.
SNP= single nucleotide polymorphism; Chr= chromosome; BP= base pair positions obtained from the HapMapI + II (b36r22) CEU legend files; β=effect size, indicating the mean increase in average percent BOLD signal (2-back minus 0-back)
per added reference allele controlling for sex, age, principal components for ancestry, and n-back task performance accuracy; SE= standard error; LD= linkage disequilibrium; A1=minor allele or reference allele; MAF=Minor Allele Frequency;
ROI(s)= all region-of-interest phenotypes where this SNPwas in the top 50; gene= name of gene if the SNP is located in a known gene or within 50 kb distance from a gene, obtained fromWGA Viewer using release 57, cells are empty if no gene is
within ±50 kb; REPL = replication sample.
ROI abbreviations: AG, angular gyrus; BA, Brodmann area; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; L, left;MFG,middle frontal gyrus;MNI,Montréal Neurological Institute;MOG,middle occipital gyrus;MTG,middle temporal gyrus; PCG,
precentral gyrus; PCUN, precuneus; POp, pars opercularis; PTr, pars triangularis; R, right; ROI, region of interest; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG, superior medial gyrus; SOG, superior occipital gyrus; SPL, superior
parietal lobule.
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Fig. 2. Manhattan plots (A) and Quantile-Quantile (Q-Q) plots (B) for the two region of interest BOLD measures with the strongest SNP associations: left inferior frontal gyrus (pars
opercularis; BA 44) [−48; 6; 18], and left supramarginal gyrus [0; 36; 34]. (A) Each point in the Manhattan plot is a SNP laid out across the human chromosomes from left to right,
and the heights correspond to the strength of the association to working memory task-related cortical activation. The horizontal line on the Manhattan plots shows the genome-wide
significance level, which has been corrected from the generic GWAS significance level (p b 7.2 × 10−8) by estimating the number of independent variables in the data (Li and Ji, 2005;
Nyholt, 2004). We estimated that the required significance level to account for multiple testing was p b 1.9 × 10−9. (B) The Q-Q plot is used to assess the number and magnitude of
observed associations compared with the expectations under no association. The nature of deviations from the identity line provide clues whether the observed associations are true
associations or may be due to for example population stratification or cryptic relatedness.
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et al., 2010b; Pietilainen et al., 2009; Tan et al., 2012; Tan et al., 2008).
Together, these studies explain a possible mechanism by which
BANK1 has an effect on BOLD response to WM.

On the other hand, brain expression data for BANK1 revealed that
the gene is most highly expressed in the cerebellar cortex, and to a
lesser degree in the cerebral cortex and subcortical structures. Analysis
of expression in specific brain cell types indicated that BANK1 is mostly
expressed inmicroglia. Microglia act as the first andmain form of active
immune defense in the central nervous system, but also have been
shown to play a role in synaptic pruning (Schafer and Stevens, 2015).



Fig. 3.Detailed viewof the locus showing suggestive association (p=9.9× 10−8)with average BOLDpercent signal change in the left supramarginal gyrus [0; 36; 34]. Geneticmarkers are
represented as circles. Markers are placed at their position on chromosome 4 (x-axis) and graphed based on the−log10 (p-values) of their association to the phenotype (y-axis). The level
of linkage disequilibrium to the most associated SNP (rs7672408) is represented in colour using the CEU panel from HapMap Phase II. The location of genes is shown below the plots.
Images were created using LocusZoom (http://csg.sph.umich.edu/locuszoom/).
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Recently, Zhan et al. (2014) showed in Cx3cr1 knockout mice, who ex-
hibit a transient reduction ofmicroglia during the early postnatal period
and consequent deficit in synaptic pruning, that deficient synaptic prun-
ing is associated with weak synaptic transmission, and decreased func-
tional brain connectivity. This suggests that BANK1 might have an
indirect effect on brain activation through its effect on neuron-microglia
signaling. The direct role of microglia in the BOLD response is not well
known; although there is support for the role of other glial cells in
neurovascular coupling (Iadecola and Nedergaard, 2007; Metea and
Newman, 2006).

As for the brain location of the association, the supramarginal gyrus
activation is thought to be related to visuospatial strategy used tomain-
tain information in working memory (Salmon et al., 1996), but the fact
that the association is strongest for this region is likely because the
BOLD signal increase in this ROI was most heritable/reliable. The obser-
vation that multiple ROIs are moderately associated with the same SNP,
not just for this SNP, but also for many others, suggests there are genes
that aremore generalized in their function. Thesemay be genes not spe-
cific toworkingmemory function, but for instance genes that are impor-
tant to the BOLD response or brain development in general. Although
the results in the discovery sample are promising, the BANK1 associa-
tion also did not replicate in the smaller sample.

Interestingly, the SNP association that came closest to replication
(p b 0.1) is for an intergenic SNP (rs2118263) close to the FOXQ1 gene
(distance = 59.78 kb). FOXQ1, forkhead box Q1, encodes a Winged
Helix/Forkhead Transcription Factor. Recently, FOXQ1 was identified
in a schizophrenia and bipolar disorder case-control GWA study,
where it showed an epistatic interaction with SUMO1P1 for psychomo-
tor speed on the Grooved Pegboard test (LeBlanc et al., 2012).

Although these replications did not reach significance here, likely
due to the limited statistical power in the relatively small replication
sample, the results are strong enough to warrant further investigation
in larger samples with different demographic characteristics and MRI
acquisition parameters. Several studies advocate examining multiple
cohorts where the spectrum of observable variation is larger than that
in the general population, particularly in the discovery phase. However,
the fact that we found such low p-values with the present sample size
underlines the power of the family study, which reduces the possible
impact of population stratification. Also, here we analyzed a popula-
tion-based sample that consisted solely of healthy individuals, whereas
other GWA imaging studies have most often used patient-control sam-
ples. The advantage of this is that it provides information on the genetics
of healthy brain function, which may provide new clues for investiga-
tions of brain disorders.

Age-specific gene effects could also explain a lack of replication. Even
though the discovery and replication samples originated from the same
cohort, the Queensland Twin Imaging Study, they differed significantly
on mean age, with the replication sample being younger on average,
and this age difference was apparent in their average percentages
BOLD signal change in the ROIs. In our previous study (Blokland et al.,
2011) we showed that there are significant effects of age on the brain
activation phenotype and therefore included age as a covariate in the
genetic association analyses, but not in the group random effects analy-
sis. This may have affected the number of significant activation clusters
and therefore the number of ROIs. However, it is possible that there are
age-dependent gene effects on WM brain activation, especially in this
cohort aged 16–30 years as many of the brain regions involved in WM
have been shown to continue developing into adulthood (Fuster,
2002; Giedd et al., 1999). Certain genes can impact BOLD response
more strongly during a different phase of life (see e.g. Nichols et al.,
2012). Not regressing out age effects before the genetic analyses will
allow us to investigate possible gene-by-age interaction effects in future
analyses. Age differences could also explain differences between our re-
sults and those of other studies. All individuals in the QTIMS cohort are
between 16 and 30 years of age, whereasmost other association studies
had wider age ranges, and/or only included adults.

Remarkably, here we found none of the genes that Potkin and col-
leagues reported in their GWA analysis on the mean percent BOLD sig-
nal change in the DLPFC (Potkin et al., 2009a; Potkin et al., 2009b). This
could be due to their use of a patient-control sample, or other demo-
graphic sample characteristics, including age, and their selection of
functional quantitative phenotype. However, we also did not detect as-
sociation with any of the candidate genes that have been associated
with WM brain activation previously, such as NRG1, DAT1, dopamine
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receptor genes, COMT, BDNF, andAKT1, suggesting someof these earlier
findingsmay have been false positives (Bertolino et al., 2006a; Bertolino
et al., 2006b; Bertolino et al., 2009; Bertolino et al., 2010; Egan et al.,
2001; Herrmann et al., 2007; Krug et al., 2008; Li et al., 2006;
Nicodemus et al., 2010b; Pomarol-Clotet et al., 2010; Stefansson et al.,
2003; Stefansson et al., 2002; Stollstorff et al., 2010; Tan et al., 2007;
Tan et al., 2008; Tura et al., 2008; Zhao et al., 2004).

Finally, while the SNPs with the lowest p-values explained a consid-
erable proportion of the trait variance (~4–6%) in both the discovery
and replication samples, much of the genetic variance in WM brain ac-
tivation is still unaccounted for. This suggests that many genes of
small effect are influencing WM brain activation. Missing heritability
might be attributed to low power, rare variants, un-genotyped variants,
epistatic interactions or epigenetic contributions to heritability
(Manolio et al., 2009). It is likely that much of the genetic variance is
due to epistatic interactions, as several epistatic interactions have
been reported with regards to some of the aforementioned candidate
genes and their influence on WM brain activation (Nicodemus et al.,
2010a; Nicodemus et al., 2010b; Nixon et al., 2011; Tan et al., 2007).
Also, it is important to mention that this GWA analysis looked at addi-
tive genetic variance; i.e., it estimated whether having more (zero,
one, or two) risk alleles has a linear effect on the phenotype. In our ge-
netic modeling, we found indication that a considerable part of the ge-
netic variance in BOLD response to a WM task might be due to genetic
dominance. This is in line with our prior findings in our voxel-based
analyses (Blokland et al., 2011), althoughwe did not have the statistical
power to disentangle the additive and dominance genetic variance. As
we applied an additive genetic model in our GWA, it may not have cap-
tured all the genetic processes underlyingWMbrain activation. Thiswill
be an interesting venture for the future.

In summary, in one of the largest functional imaging genetics studies
ever performed (n = 863), we identified specific genetic variations as-
sociated with BOLD response to a WM task. To the best of our knowl-
edge this is the first GWA scan to map the genetic loci that affect
normal variation in WM task-related brain activation. Though not ge-
nome-wide significant, our results highlight a region of the genome
that may provide a stronger understanding of BOLD signal neurobiolo-
gy, human brain function and susceptibility to the development of com-
mon psychiatric and neurological disorders affecting WM brain
activation. Although replication will be needed, the present results are
encouraging. The fact that we found such low p-values and large effect
sizes in a sample that is much smaller in size than those used in some
current GWA studies strongly suggests that ROI-based measures of
BOLD response to WM are powerful, genetically informative tools
with which to search the genome and may be used successfully to
find genetic variants in multi-site genetic meta-analyses. Future meta-
analyses in even larger samples may be sufficiently powered to relate
genetic differences in brain function to observable differences in cogni-
tion or risk for the disorders in which WM is implicated.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijpsycho.2016.09.010.
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