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Neuroimaging measures provide useful endophenotypes for tracing genetic effects on reading and lan-
guage. A recent Genome-Wide Association Scan Meta-Analysis (GWASMA) of reading and language skills
(N =1862) identified strongest associations with the genes CCDC136/FLNC and RBFOX2. Here, we follow
up the top findings from this GWASMA, through neuroimaging genetics in an independent sample of
1275 healthy adults. To minimize multiple-testing, we used a multivariate approach, focusing on cortical
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Reading IFG-PT); postcentral parietal gyrus (PPG) and superior temporal gyrus (STG). First, we analysed the top

Brain associated polymorphisms from the reading/language GWASMA: 1s59197085 (CCDC136/FLNC) and
Imaging genetics 1s5995177 (RBFOX2). There was significant multivariate association of rs5995177 with cortical thickness,
driven by effects on left PPG, right MTG, right IFG (both PO and PT), and STG bilaterally. The minor allele,
previously associated with reduced reading-language performance, showed negative effects on grey mat-
ter thickness. Next, we performed exploratory gene-wide analysis of CCDC136/FLNC and RBFOX2; no other
associations surpassed significance thresholds. RBFOX2 encodes an important neuronal regulator of alter-
native splicing. Thus, the prior reported association of rs5995177 with reading/language performance
could potentially be mediated by reduced thickness in associated cortical regions. In future, this hypoth-
esis could be tested using sufficiently large samples containing both neuroimaging data and quantitative
reading/language scores from the same individuals.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Variability in speech, language and reading skills is known to be
highly heritable (Graham & Fisher, 2015). Progress in molecular
methods has begun to identify genetic polymorphisms that con-
tribute not only to disorders of such abilities, but also to normal
variation in the general population (reviewed by Deriziotis &
Fisher, 2013; Graham & Fisher, 2015). Genetic association studies
of behaviour and cognition can point to gene variants that are cor-
related with the distal phenotype of interest, but they do not
uncover the intermediate pathways that explain the association.
One potential route whereby a genetic polymorphism may ulti-
mately impact on speech, language or reading performance is via
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effects on structural properties of relevant brain circuits. Indeed,
Magnetic Resonance Imaging (MRI) studies of twins have shown
that individual variation in language-related cortical structures is
strongly influenced by genetic factors (Thompson et al., 2001),
although the specific polymorphisms that are involved remain lar-
gely unknown. Neuroimaging genomics offers a way forward, by
assessing cohorts in which both DNA and structural MRI data have
been collected from the same individuals - structural measures are
then used as endophenotypes for association testing (Thompson
et al., 2014). In the current study, we took a number of candidate
polymorphisms suggested by recent genetic screening of reading/
language performance and assessed their effects on cortical struc-
ture for relevant brain regions.

To constrain our study, we first conducted a literature review to
identify a priori which cortical regions to focus on. Neuroimaging
studies have searched for structural differences in people with dys-
lexia (reading disability) and language impairment, compared to
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matched controls (reviewed in Eicher & Gruen, 2013). Multiple
investigations have reported effects on classic language-related
regions of the cerebral cortex, namely Broca’s and Wernicke’s
areas. The former roughly corresponds to pars opercularis and pars
triangularis in the left inferior frontal gyrus (IFG-PO and IFG-PT,
respectively), while the latter overlaps with the posterior part of
the left superior temporal gyrus (STG) (Kennison, 2013).

Reduced leftward asymmetries in the posterior STG (also
known as the planum temporale) have been associated with dys-
lexia in some studies; a meta-analysis revealed altered asymmetry
of planum temporale surface area in male dyslexics, with a greater
proportion of rightward asymmetrical cases compared to controls
(Altarelli et al., 2014). Another study reported a significant correla-
tion between asymmetry of STG white-matter density and a skill
related to phonological processing in dyslexic subjects (Dole,
Meunier, & Hoen, 2013), while cortical electrostimulation mapping
has identified STG as a key area of activation in healthy subjects
performing language-related tasks (Roux et al., 2014). Alterations
of the STG have also been detected in children with specific lan-
guage impairment (SLI), characterized by smaller white-matter
volumes in the left hemisphere (Jdncke, Siegenthaler, Preis, &
Steinmetz, 2007) and smaller grey-matter volumes bilaterally
(Badcock, Bishop, Hardiman, Barry, & Watkins, 2012). Moreover,
Childhood Apraxia of Speech (CAS), has been associated with a
bilateral increase in STG grey-matter density (Belton, Salmond,
Watkins, Vargha-Khadem, & Gadian, 2003; Watkins, Dronkers, &
Vargha-Khadem, 2002).

The posterior part of the IFG is known to have a prominent role
in phonological processing (Lu et al., 2007; Salo, Rinne, Salonen, &
Alho, 2013). Reduced grey-matter volumes in left IFG and
decreased leftward asymmetry have been reported both in dys-
lexia (Brambati et al., 2006; Hoeft et al., 2007) and in CAS (Belton
et al., 2003), while larger grey-matter volumes in the left IFG were
found in SLI cases (Badcock et al., 2012).

Beyond the IFG and STG findings described above, reduced grey-
matter leftward asymmetry has been observed in the middle tem-
poral gyrus (MTG) of dyslexic people (Dole et al., 2013), in partial
contrast with a previous study (Brambati et al., 2004); and white
matter anomalies of this region have been associated with SLI
(Soriano-Mas et al., 2009). More recently, reduced grey-matter vol-
umes were reported in the right postcentral parietal gyrus (PPG) in
both comorbid dyslexia-SLI cases and SLI-only cases (Girbau-
Massana, Garcia-Marti, Marti-Bonmati, & Schwartz, 2014). Inter-
estingly, earlier investigations identified a bilateral reduction of
PPG in dyslexia cases versus controls (Hoeft et al., 2007), and an
atypical bilateral activation of this region in CAS subjects while
performing language tasks (Liegeois et al., 2003).

These (and other) regions are known to be structurally con-
nected, and functionally linked during language- and reading-
related tasks (as reviewed in Friederici, 2011; Vandermosten,
Boets, Wouters, & Ghesquiére, 2012). Moreover, the degree of con-
nectivity of such regions has been associated with variability in
reading and language performance (Boets et al., 2013; Verly
et al., 2014), further supporting their involvement in these cogni-
tive domains.

Several candidate genes for susceptibility to speech, language
and reading disorders (reviewed in Deriziotis & Fisher, 2013) have
been tested using neuroimaging genetics, in prior attempts to
bridge gaps between genes, brain and behaviour/cognition. Vari-
ants in KIAA0319, DCDC2, ACOT13, DYX1C1, DYX3, FOXP2, and
CNTNAP2 have been reported to show associations with structural
variation in language-related brain regions, including some of the
cortical regions mentioned above (Darki, Peyrard-Janvid,
Matsson, Kere, & Klingberg, 2012; Eicher et al., 2016; Jamadar
et al,, 2011, 2013; Meda et al., 2008). However, sample sizes thus
far have been small in most of the studies of common genetic vari-

ants, yielding susceptibility to false-positive findings, and non-
replications have been reported (e.g. Hoogman et al., 2014).

The present study focused on novel candidate genes recently
reported to be associated with reading and language skills:
CCDC136 (coiled-coil domain containing 136) and FLNC (filamin
C) on 7q32.1, and RBFOX2 (RNA-binding protein, fox-1 homolog
2) on 22q12.3. These new candidates were identified by Gialluisi
et al. (2014) in a Genome-Wide Association Scan Meta-Analysis
(GWASMA) of a principal component score derived from reading
and language traits, using three well characterized datasets com-
prising individuals with histories of reading or language problems,
and their siblings (N = 1862). In the GWASMA, the strongest asso-
ciations (p ~ 10~7) were observed for the single-nucleotide poly-
morphisms (SNPs) rs59197085, within CCDC136 and ~10 kb
upstream of FLNC, and rs5995177, within RBFOX2 (Gialluisi et al.,
2014). Recently, a new gene was annotated to the 7q32.1 region,
namely LOC105375496 (long noncoding RNA, uncharacterized),
~2 kb downstream of rs59197085.

Here, we assessed whether rs59197085, rs5995177 and/or
other SNPs in CCDC136, FLNC or RBFOX2, have detectable effects
on brain architecture, tightly constraining our hypotheses by tar-
geting the cortical regions from the literature review above. Specif-
ically, we used structural MRI data from a large dataset of 1275
healthy adults to analyse genetic association with grey-matter
measures of the five cortical regions highlighted by our literature
search; MTG, PPG, STG, IFG-PO and IFG-PT (Fig. 1). For these
regions, we analysed surface area and thickness for left and right
hemispheres, and carried out multivariate association analysis
with these correlated measures (see Table 1), circumventing the
increased multiple-testing burden of a separate region-by-region
approach. Moreover, our multivariate approach enabled detection
of potentially multi-regional genetic effects on the cortical
language-related networks constituted by these brain structures,
allowing for genetic effect sizes to vary across regions.

2. Results

Our study used a staged approach. We first analysed the two
most significantly associated SNPs from the recent Gialluisi et al.
(2014) GWASMA of reading and language skills, namely
rs59197085 (7932.1) and rs5995177 (22q12.3). Multivariate anal-
yses with cortical surface area and thickness of the ten selected

IFG-PO

Fig. 1. Cortical brain regions tested for association in this study. MTG = middle
temporal gyrus; IFG-PO = inferior frontal gyrus - pars opercularis; IFG-PT = inferior
frontal gyrus - pars triangularis; PPG = postcentral parietal gyrus; STG = superior
temporal gyrus. Figure adapted by authors from Desikan et al. (2006).
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Table 1

Cross-trait correlations of the brain measures tested, corrected for covariates used in the analysis (gender, age, TBV, and field strength of the MRI). The upper part of the matrix
(above the diagonal) shows correlations across measures of cortical surface area, while the lower part (below the diagonal) refers to measures of cortical thickness. All correlations

were significant (p < 0.05), unless otherwise indicated.

Brain measure® MTG_L IFG-PO_L IFG-PT_L PPG_L STG_L MTG_R IFG-PO_R IFG-PT_R PPG_R STG_R
MTG_L 1 0.143 0.069 0.225 0.26 0.577 0.124 0.076 0.232 0.355
IFG-PO_L 0.456 1 0.374 0.085 0.201 0.176 0.367 0.299 0.139 0.239
IFG-PT_L 0.419 0.554 1 0.045° 0.186 0.031° 0.212 0.437 0.077 0.187
PPG_L 0.357 0.367 0.378 1 0.241 0.26 0.111 0.053” 0.478 0.254
STG_L 0.58 0.517 0.457 0.445 1 0.351 0.188 0.218 0.254 0.578
MTG_R 0.707 0.443 0.396 0.342 0.556 1 0.132 0.08 0.283 0.388
IFG-PO_R 0.398 0.551 0.404 0.338 0.491 0.432 1 0.212 0.094 0.206
IFG-PT_R 0.4 0.525 0.563 0.351 0.449 0.425 0.509 1 0.054° 0.169
PPG_R 0.326 0.342 0.334 0.705 0.422 0.309 0.317 0.329 1 0.291
STG_R 0.561 0.531 0.465 0.47 0.758 0.615 0.506 0.47 0.438 1

2 MTG = middle temporal gyrus; IFG-PO = inferior frontal gyrus - pars opercularis; IFG-PT = inferior frontal gyrus - pars triangularis; PPG = postcentral parietal gyrus;
STG = superior temporal gyrus. Suffixes “L” and “R” indicate left and right hemisphere, respectively.

" Non-significant correlation (p > 0.05).

regions (left and right MTG, IFG-PO, IFG-PT, PPG and STG) revealed
a significant association of rs5995177 (p ~ 0.012, A/G, minor allele
A, MAF ~ 7.8%) with thickness (Table 2). This association survives
correction for multiple testing of 2 independent SNPs and 2 types
of measure (surface area and thickness, o = 0.0125). We used uni-
variate analyses to further characterize this result, assessing the
relative contributions of the different regions to this significant
multivariate finding, and investigating direction of effect. The mul-
tivariate association was mainly driven by associations with left
PPG, right MTG, right IFG (PO and PT), and STG bilaterally (Table 3).
The minor allele (A) was associated with a reduction of grey matter
thickness in these regions (Fig. Sa—f). The allelic trend was consis-
tent across all regions tested, and all which were not significantly
associated with rs5995177 showed p-values trending towards sig-
nificance, with the exception of right PPG (see Table 3 for details).

After focusing on the top SNPs from the Gialluisi et al. (2014)
reading/language GWASMA, we next extended our multivariate
association analysis to all 682 SNPs falling within or close to the
candidate genes CCDC136, LOC105375496, FLNC and RBFOX2 (up
to 50 kb beyond the 5’- and 3’-UTRs). This exploratory gene-wide
analysis did not reveal any significant association withstanding
correction for multiple testing of 2 multivariate tests and the effec-
tive number of independent SNPs (78) tested in the two genes
(o0=3.2 x 1074, see Section 4 for further details). The most signifi-
cant multivariate associations were observed with cortical thick-
ness for four polymorphisms in RBFOX2, namely rs78563107,
rs6000084, rs6000085, and rs144006011 (p = 4.3-7.1 x 103). Tar-
geted follow-up of these top SNPs with univariate analyses of cor-
tical thickness suggests that the effects were mainly driven by the
IFG-PO and the STG, bilaterally (p = 5.1 x 10~* - 0.041). These SNPs
were all in perfect linkage disequilibrium (LD) among themselves
(r?=1) and in moderate LD with rs5995177 (r? ~ 0.5).

Similarly, we observed suggestive associations with cortical
surface area, at the SNPs rs56184882, rs339054 and rs339046

Table 2

Multivariate analyses of rs59197085 (7q32.1) and rs5995177 (22q12.3), the two most
significant SNPs from a recent reading/language GWASMA (Gialluisi et al., 2014).
Here, these SNPs were investigated for multivariate association with measures of
cortical surface area and thickness of pre-selected brain regions, based on prior
literature review of neuroimaging findings in dyslexia and language impairment (see
Sections 1 and 4). P-values as computed by the software TATES are reported (no beta
value was produced in the output). Significant multivariate associations (p < 0.0125)
are highlighted in bold.

Chr SNP Position MAF (%) Surface area (p) Thickness
(p)

7 rs59197085 128460756 8.52 0.663 0.724

22 rs5995177 36309553 7.82 0.996 0.012

Table 3

Univariate associations of rs5995177 (22q12.3) with cortical thickness of the brain
regions tested. Association p-values are reported, with beta values of the minor allele
(A) in brackets. Nominally significant univariate associations (p <0.05) are high-
lighted in bold.

Brain MTG IFG-PO IFG-PT PPG STG

structure®

L 0.143 0.061 0.117 0.021 24 %103
(-0.019) (-0.021) (-0.019) (-0.021) (-0.037)

R 0.049 0.015 9x103 0.313 23x1073
(-0.025) (-0.029) (—0.032) (-0.01)  (-0.038)

2 MTG = middle temporal gyrus; IFG-PO = inferior frontal gyrus - pars opercu-
laris; IFG-PT = inferior frontal gyrus - pars triangularis; PPG = postcentral parietal
gyrus; STG = superior temporal gyrus. Suffixes “L” and “R” indicate left and right
hemisphere, respectively.

(p=7.3-9.9 x 1073), located ~41-48 kb upstream of CCDC136.
These SNPS showed significant univariate associations in the IFG-
PT bilaterally (p = 0.8-2.4 x 103), were in moderate/high recipro-
cal LD (r? ~ 0.7-1) and in low LD with rs59197085 (r? < 0.1).

The gene-based analysis did not reveal any significant enrich-
ment of multivariate SNP associations in the candidate genes
tested (see Table Sa and b).

3. Discussion

In the present study, we analysed association of variants in the
genes CCDC136 (coiled-coil domain containing 136), LOC105375496
(long noncoding RNA, uncharacterized), FLNC (filamin C, 7q32.1)
and RBFOX2 (RNA-binding protein, fox-1 homolog 2, 22q12.3), with
structural brain measures in a sample of 1275 healthy participants.
These variants and genes had shown the strongest associations in a
prior GWASMA of reading and language traits that we previously
carried out in three other cohorts (Gialluisi et al., 2014). Here, we
used a multivariate approach to test association with grey-matter
surface area and thickness of five selected perisylvian cortical
regions implicated in reading and language disorders by previous
neuroimaging literature; MTG, IFG-PO, IFG-PT, PPG and STG. We
preferred a multivariate approach over data collapsing methods
(such as testing association with a principal component score
derived from the brain measures tested), as it allowed us to ana-
lyze both the variance shared among structural brain measures
in our regions of interest and region-specific genetic effects, while
keeping multiple-testing correction to a minimum.

A focused analysis of the top hits from the reading/language
GWASMA (Gialluisi et al., 2014), namely rs59197085 (within
CCDC136, ~2 kb upstream of LOC105375496 and ~10 kb upstream
of FLNC) and rs5995177 (within RBFOX2), revealed a significant
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multivariate association of rs5995177 with grey-matter thickness.
This suggested a generalized effect of rs5995177 on cortical thick-
ness in the reading/language-related brain regions analysed,
mainly driven by associations with left PPG, right MTG and IFG
(both pars opercularis and pars triangularis), and bilaterally in
the STG. The minor allele (A) showed a negative effect on grey-
matter thickness. The same allele was associated with reduced
reading/language scores in our GWASMA (Gialluisi et al., 2014).
Reduced grey-matter volumes have been observed in reading
and/or language impaired children for several of the associated
brain regions, including STG (Badcock et al, 2012) and PPG
(Girbau-Massana et al., 2014). Reduced thickness of cortical areas
including IFG-PO, MTG and STG has been reported as a neu-
roanatomical correlate of dyslexia (Clark et al., 2014). As lower cor-
tical thickness in localized brain regions has been identified as a
predictor of dyslexia at pre-reading ages (Clark et al., 2014), we
may speculate that the contribution of the minor allele of
rs5995177 to poor reading/language performance could be medi-
ated by reduced thickness in associated cortical regions. Since
RBFOX2 encodes an alternative splicing regulator with important
roles in brain development (Gehman et al., 2012), it seems plausi-
ble that alterations in brain morphology and architecture may
result from developmental effects of this gene. Data on reading
and language performance were not available for the brain imaging
dataset analysed here. Thus, this mediation hypothesis will need to
be tested in future in large samples containing both MRI data and
quantitative reading/language phenotypes from the same
individuals.

Changes in brain morphology can be the result of experience-
dependent plasticity in the central nervous system (Dole et al.,
2013; Zatorre, Fields, & Johansen-Berg, 2012), which could point
to an alternative account of our findings. Thus, it is possible that
the associated structural variations in language-related cortex
which we observed in this study reflect genotype effects on neural
function in those regions. In this view, effects of the minor allele of
1s5995177 on reading/language behaviour could indirectly lead to
reduced thickness in those cortical areas which play key roles in
reading- and language-related cognitive tasks. Interestingly,
rs5995177 is located only ~1 kb from a potential binding site for
FOXP2, a transcription factor known to be involved in speech and
language development (Fisher & Scharff, 2009). Other SNPs close
to this binding site showed nominally significant multivariate
associations with both cortical thickness and surface area
(Table Sc), but none showed an effect as significant as rs5995177
for reading and language skills in our previous GWASMA, and as
broad in relation to structural brain measures in the present study.
Based on the accumulated evidence thus far, we consider
1s5995177 more likely to tag a biological effect on reading/lan-
guage capacities and on brain architecture in this region, possibly
mediated by FOXP2 binding.

In the prior GWASMA, the association of rs5995177 with
reading-language scores was weaker after IQ-adjustment (see
Gialluisi et al., 2014). Other candidate SNPs in dyslexia/SLI suscep-
tibility genes have been reported to be associated with decreased
general cognitive abilities and with reduced volumes in specific
brain regions. Scerri et al. (2012) reported association of the SNPs
rs917235 and rs714939 in the MRPL19/GCFC2 locus (2p12) with
lower verbal IQ and with bilateral decreases of white-matter vol-
ume in the corpus callosum and in the cingulum. These SNPs had
been previously associated with dyslexia susceptibility in other
samples (Anthoni et al., 2007). In a very recent study, suggestive
associations with structural MRI measures were reported at the
same locus, namely for rs917235 and rs2298948 with cortical
thickness of left and right MTG, respectively, in a sample of 332
healthy participants (Eicher et al., 2016). In the same study, the
authors reported associations with cortical thickness at the

dyslexia susceptibility locus DYX2, including a suggestive associa-
tion at rs3777663 (ACOT13) in the left IFG-PO, and a significant
association at rs9461045 (KIAA0319) in the left orbitofrontal cortex
(Eicher et al., 2016). These two SNPs had been previously found to
be associated with reading, language and cognitive performance in
other samples. Although Eicher et al. (2016) investigated a sub-
stantially smaller sample than we did here (332 subjects rather
than 1275), their findings are consistent with ours, in that risk alle-
les of SNPs implicated in poor reading/language performance
showed negative effects on cortical thickness in both studies.

When we extended our analysis to all SNPs annotated to the
candidate genes on 7q32.1 and to RBFOX2, we did not detect addi-
tional significant associations surviving Bonferroni correction, nor
did we find significant effects in a gene-based analysis.

In the current study, we focused tightly on a small well-defined
set of cortical areas, which represent five of the most prominently
implicated cerebral cortical regions of the perisylvian language
network. Although our selection of regions of interest was not
exhaustive for all regions of the cerebral cortex that have been
implicated in healthy or disordered language or reading cognition,
restricting our analysis to these five perisylvian regions of interest
meant that the statistical power of our multivariate approach did
not suffer adversely from extensive testing over multiple poorly
correlated regional measures. Additional brain structures - other
than those investigated here - have been implicated in reading
and language, including not only cortical areas but also the cere-
bellum, thalamus, basal ganglia and multiple fiber bundles which
are thought to be important in connecting language-related areas
(reviewed in Eicher & Gruen, 2013; Klostermann, 2013; Marién
et al., 2014; Vandermosten et al., 2012). Future neuroimaging
genetic analyses should investigate CCDC136/FLNC, RBFOX2 and
other reading/language-related candidate genes in larger samples
with sufficient power for a broader scope, including all brain struc-
tures with relevance to reading and language cognition. Ideally
such work should make use of longitudinal data to assess genetic
effects on brain endophenotypes across development, and include
behavioural measures on reading and language performance, com-
bined with the analysis of structural and functional brain imaging
data in the same cohorts. Such a design would help to elucidate
potential effects of susceptibility genes on reading and language
cognition, and to correlate these effects with changes in the archi-
tecture of the critical brain circuits, possibly building causality
links among these factors.

4. Methods
4.1. Dataset and genotype quality control (QC)

The Brain Imaging Genetics (BIG) resource has been described
elsewhere (Franke et al., 2010). It comprises healthy volunteer sub-
jects, including many university students, recruited in Nijmegen,
The Netherlands. At the time of this study the BIG subject pool con-
sisted of 2337 self-reported healthy individuals (1248 females)
who had undergone anatomical (T1-weighted) MRI scans and
who had given their consent to participate in BIG. The participants
in BIG have not been assessed using reading/language measures, so
such data were not available for this study.

This dataset has been used in other imaging genetics studies
(Guadalupe, Zwiers, et al., 2014; Guadalupe et al., 2015), where a
detailed description of genotyping of BIG can be found. Briefly,
genotype calls for 1303 subjects were generated using the Birdseed
algorithm (Rabbee & Speed, 2006) on raw data from the Affymetrix
Genome-Wide Human SNP Array 6.0 (Affymetrix Inc., Santa Clara,
CA, USA). Future phases of genome-wide genotyping are antici-
pated, but were not yet available for this study. Samples were
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excluded that had call rates <90% and that showed deviant values
of genome-wide heterozygosity. SNPs with a Minor Allele Fre-
quency (MAF) <1% or that failed the Hardy-Weinberg equilibrium
test (p < 107%) were also excluded. The resulting markers were
then adjusted to the forward strand. A two-step imputation proto-
col was followed. We used the software MACH for haplotype phas-
ing and Minimac for the final imputation (Howie, Fuchsberger,
Stephens, Marchini, & Abecasis, 2012; Li, Willer, Ding, Scheet, &
Abecasis, 2010), with the 1000 Genomes Phase 1 v3 EUR reference
panel (The 1000 Genomes Project Consortium, 2012). All
monomorphic markers were removed from the reference dataset.
Individual genotype calls with an imputation certainty <90% were
removed, as were markers with an overall quality score (r?) <0.3.
Finally, only markers with <5% missing data were selected. At
the end of these procedures, genotypes were available for 1276
subjects (748 females) from BIG. Their mean age was 22.9 years
(SD 3.8; range 18-35).

4.2. Phenotype elaboration and QC

4.2.1. Image acquisition

MRI data were acquired in BIG as described elsewhere
(Guadalupe, Willems et al., 2014; Guadalupe, Zwiers et al., 2014;
Guadalupe et al., 2015). MRI data acquisition was carried out with
either a 1.5 T Siemens Sonata or Avanto scanner or a 3 T Siemens
Trio or Tim Trio scanner (Siemens Medical Systems, Erlangen, Ger-
many). For the genotyped sample, 634 subjects were scanned at
1.5 T, and 642 subjects at 3 T.

4.2.2. Image processing and phenotypic QC

Image processing has been described elsewhere (Guadalupe,
Willems et al., 2014). Automated parcellation of cerebral cortical
regions from T1-weighted images was done in FreeSurfer v5.3
(Fischl et al., 2004) according to the Desikan atlas (Desikan et al.,
2006). Measures of surface area (in mm?) were produced for the
total cortical surface and for each of 68 cortical parcellations, in
each hemisphere. Regional measures of cortical thickness were
also generated and analysed, as there is evidence that cortical sur-
face and thickness have independent sources of variation
(Panizzon et al., 2009). Estimates of Total Brain Volume (TBV) were
calculated as the voxel-wise sum of the grey-matter and white-
matter probability maps produced by the VBMS8 toolbox, in
SPMB8. In line with previous imaging genetic association studies
on this dataset (Guadalupe, Zwiers et al., 2014; Guadalupe et al.,
2015), the following covariates were controlled for in subsequent
analyses: gender, age, TBV, and MRI field strength (1.5 or 3 T).
Independent analyses of variance shared across the structural
brain measures and of each single trait separately showed no batch
effect of field strength on the subjects analysed, after residualizing
our traits against the above mentioned covariates (data not
shown). This suggested that there was no significant amount of
residual variance due to scanner type, which had not already been
taken into account in the analysis by our covariates. In the geno-
typed sample, brain measures were available for 1275 participants,
which underwent subsequent analyses.

4.2.3. Cortical measures analysed

We analysed both cortical thickness and surface area of the fol-
lowing regions: middle temporal gyrus (MTG); pars opercularis and
pars triangularis in the inferior frontal gyrus (IFG-PO and IFG-PT);
postcentral parietal gyrus (PPG) and superior temporal gyrus
(STG), as defined in the Desikan atlas (Desikan et al., 2006). For each
region, we analysed left and right measures separately. These
measures showed moderate to high repeatability in scan-rescan
correlation analysis of 342 twice-scanned subjects (0.62-0.76 and
0.84-0.91 for measures of cortical thickness and of cortical surface

area, respectively) and generally moderate cross-trait correlations
(see Table 1). Their distributions were approximately normal (abso-
lute values of skewness and kurtosis <1 and <1.4, respectively)
making them suitable for genetic association testing. We also
checked for the absence of phenotypic outliers (defined as subjects
showing extreme values of both cortical surface area and thickness
in at least 20% of the regions tested), in SPSS® 20.0.

4.3. Genetic association analyses

We first analysed the top two SNPs from a prior GWASMA of
reading/language (Gialluisi et al., 2014). Both SNPs were imputed
in the BIG dataset, with good imputation quality (r? = 0.9987 for
rs59197085 and 0.952 for rs599177). Next, we extracted and anal-
ysed all SNPs falling within or close to CCDC136, LOC105375496,
FLNC (7g32.1) and RBFOX2 (22q12.13). To include potential regula-
tory regions in the analysis, we analysed also SNPs in the vicinity of
these genes, up to 50 kb beyond the 5- and 3’-Untranslated
Regions (UTRs). The final number of SNPs available for the analysis
was 264 for the genes on 7q32.1 and 418 for RBFOX2.

4.3.1. Association analysis with cortical surface area and thickness
measures

We carried out multivariate genetic association tests of both left
and right cortical thickness and surface area traits for selected
regions (see Section 4.2.3) using TATES (van der Sluis, Posthuma,
& Dolan, 2013). Thicknesses and areas were analysed in separate
multivariate tests. The TATES method is claimed to be optimal
for detecting multivariate genetic associations affecting some,
but not necessarily all, of a set of correlated phenotypes, and is also
powerful in the detection of contrasting genetics effects (e.g. to
identify SNPs affecting some phenotypes positively, some nega-
tively; van der Sluis et al., 2013).

TATES combines the p-values obtained in univariate genetic
association analysis on multiple (correlated) phenotypes, to pro-
duce one multivariate association p-value per SNP, while correct-
ing for the correlations between the phenotypes. The univariate
associations needed as input for TATES analysis were produced
through - linear analysis in PLINK v1.07 (Purcell et al., 2007), con-
trolling for the covariates age, gender, TBV and field strength of the
MRI.

We initially tested the top two independent SNPs from the
Gialluisi et al. (2014) GWASMA; rs59197085 (7q32.1) and
rs5995177 (22q12.3). Therefore, we performed 4 separate tests
as our primary hypotheses for this study, i.e. each of two SNPs in
each of two multivariate association tests (for thicknesses and for
areas). This resulted in a corrected o threshold of 0.0125.

Then, as a follow-up exploratory analysis, we carried out multi-
variate association analysis (TATES) for all 682 SNPs within
CCDC136, LOC105375496, FLNC and RBFOX2 (including SNPs up to
50 kb beyond the 5'- and 3'-UTRs). To make an appropriate correc-
tion for multiple testing given the LD structure within each gene,
we calculated the effective number of independent tests using
the Genetic Type I error calculator (Li, Yeung, Cherny, & Sham,
2012), using our genotypes as input. The effective number of tests
was 78 (36 in the 7q32.1 region and 42 in RBFOX2), further multi-
plied by a factor of two for testing separately for thicknesses and
areas as above. This resulted in a corrected o threshold of
32x 107"

4.3.2. Gene-based analysis

Multivariate associations of the 682 SNPs analysed were tested
for enrichment in our genes of interest, through VEGAS2 (Mishra &
Macgregor, 2015). This tool performs gene-based association tests
by assigning multiple SNPs to each individual gene according to
their genomic locations, and then combining the evidence for asso-
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ciation across all SNPs assigned to a given gene, while taking into
account LD structure. Again, we assigned to genes all SNPs located
up to 50 kb beyond their 5’- and 3'-UTRs, to include potential reg-
ulatory regions. For this analysis, we used a significance threshold
o =0.0063 (corrected for four candidate genes and two traits
tested).
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