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Schizotypy is amultidimensional risk phenotype distributed in the general population, constituting of subclinical,
psychotic-like symptoms. It is associatedwith psychosis proneness, and several risk genes for psychosis are asso-
ciated with schizotypy in non-clinical populations. Schizotypy might also modulate cognitive abilities as it is as-
sociated with attentional deficits in healthy subjects. In this study, we tested the hypothesis that established
genetic risk variants ZNF804A rs1344706 and CACNA1C rs1006737 are associated with psychometric schizotypy
and that schizotypy mediates their effect on attention or vice versa. In 615 healthy subjects from the FOR2107
cohort study, we analysed the genetic risk variants ZNF804A rs1344706 and CACNA1C rs1006737, psychometric
schizotypy (schizotypal personality questionnaire-brief SPQ\\B), and a neuropsychologicalmeasure of sustained
and selective attention (d2 test). ZNF804A rs1344706 C (non-risk) alleles were significantly associated with
higher SPQ-B Cognitive-Perceptual subscores inwomen andwith attention deficits in both sexes. This schizotypy
dimension also mediated the effect of ZNF804A on attention in women, but not in men. CACNA1C rs1006737-A
showed a significant sex-modulated negative association with Interpersonal schizotypy only in men, and no ef-
fect on attention. Our multivariate model demonstrates differential genetic contributions of two psychosis risk
genes to dimensions of schizotypy and, partly, to attention. This supports amodel of shared genetic influence be-
tween schizotypy and cognitive functions impaired in schizophrenia.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Schizotypy is a multidimensional construct of personality traits phe-
nomenologically resembling subclinical schizophrenia symptoms. It is
considered a phenotypic marker of psychosis proneness and schizo-
phrenia risk (Barrantes-Vidal et al., 2015) and elevated in patients

http://crossmark.crossref.org/dialog/?doi=10.1016/j.schres.2019.04.018&domain=pdf
https://doi.org/10.1016/j.schres.2019.04.018
tina.meller@staff.uni-marburg.de
https://doi.org/10.1016/j.schres.2019.04.018
http://www.sciencedirect.com/science/journal/09209964
www.elsevier.com/locate/schres


68 T. Meller et al. / Schizophrenia Research 208 (2019) 67–75
with psychotic disorders (Brosey and Woodward, 2015). Schizotypy,
having predictive value for conversion probability into schizophrenia-
spectrum disorders (Chapman et al., 1994; Gooding et al., 2005;
Kwapil et al., 2013), is also considered a high-risk marker in early inter-
vention research.

The phenotype comprises aspects of deviations in cognition, emo-
tion, speech, and perception (Ettinger et al., 2015), but is also associated
with higher creativity (Fink et al., 2014; Mohr and Claridge, 2015), pos-
sibly even constituting an evolutionary advantage (Nettle and Clegg,
2006). Schizotypy is often delineated into three dimensions (Dodell-
Feder et al., 2019), namely positive/cognitive-perceptual (magical think-
ing, referential ideas, unusual perceptual experiences, and paranoid ide-
ation), negative/interpersonal (difficulties in social interaction and
blunted affect) and disorganised (“odd” speech and behaviour).

While different cognitive dimensions have been linked to schizotypy
(Siddi et al., 2017), relative deficits in sustained and selective attention
have been robustly reported (Breeze et al., 2011; Fuggetta et al., 2015;
Gooding et al., 2006; Moreno-Samaniego et al., 2017). Findings even
point to a possible genetic link between attention-deficit hyperactivity
disorder and schizotypy (Ettinger et al., 2006). While impaired atten-
tion has often been associated with the negative schizotypy dimension
(Alvarez-Moya et al., 2007; Chen and Faraone, 2000; Smyrnis et al.,
2007), recent evidence also suggests the cognitive-perceptual dimen-
sion as a risk factor for attentional difficulties (Gooding et al., 2006;
Stotesbury et al., 2018). Attention deficits are also found in schizophre-
nia patients compared to healthy controls (Elvevåg andGoldberg, 2000;
Hill et al., 2008; Lee et al., 2017; Nuechterlein et al., 2004), and in first-
degree relatives of schizophrenia patients (Snitz et al., 2005), indicating
genetic effects. Attention therefore represents a putative cognitive link
between these risk genotypes and phenotypes.

Growing evidence also suggests a partially shared genetic basis be-
tween schizotypy and psychotic disorders. Genome-wide association
studies (GWAS) have currently identified N120 common genetic varia-
tions contributing to the risk for schizophrenia (Pardiñas et al., 2018),
and while at least some risk genes are shared among clinical psychosis
phenotypes (Craddock et al., 2009; Sheldrick et al., 2008), it seems
that polygenic risk scores for psychosis are only marginally associated
with schizotypy (Hatzimanolis et al., 2018; Jones et al., 2016). However,
recent studies reporting significant associations of schizophrenia risk
variants with schizotypy measures support a partially mutual genetic
background (Barrantes-Vidal et al., 2015).

Among themost prominent susceptibility genes for schizophrenia is
ZNF804A, involved in neurodevelopmental processes (Lencz et al.,
2010) and coding for the zinc-finger binding protein 804A (Voineskos
et al., 2011). The major A allele of the single-nucleotide polymorphism
(SNP) rs1344706 was initially reported to be associated with schizo-
phrenia in a GWAS by O'Donovan et al., with an even stronger associa-
tion to a broader psychosis phenotype that includes bipolar disorder
(O'Donovan et al., 2008). This association has since been replicated
and shown to be one of the strongest susceptibility variants for schizo-
phrenia (Pardiñas et al., 2018; Riley et al., 2010; Williams et al., 2011).
Rs1344706-A has been associated with decreased expression of
ZNF804A in fetal brain tissue (Hill and Bray, 2012) and with
neurocognitive and brain structural variations in schizophrenia patients
and in healthy controls (Chang et al., 2017; Donohoe et al., 2011;
Nenadic et al., 2015). Two recent studies linked ZNF804A rs1344706
with schizotypy (Stefanis et al., 2013; Yasuda et al., 2011), but with het-
erogeneous dimensional associations: While Yasuda and colleagues
found carriers of the rs1344706 major A-allele to have higher
disorganised schizotypal levels, Stefanis et al. reported the opposite ef-
fect, i.e., a positive association of the minor C-allele with positive
schizotypy, calling for further research.

A second gene strongly associated with the psychosis spectrum is
CACNA1C, encoding a subunit of the calcium channel Cav1.2, which is in-
volved in the modulation of gene transcription, synaptic plasticity and
cell survival in the brain (Bhat et al., 2012). CACNA1C's intronic SNP
rs1006737with risk allele A has been established as a susceptibility var-
iant for schizophrenia (Jiang et al., 2015; Ripke et al., 2013; Ruderfer
et al., 2014) and bipolar disorder (Ferreira et al., 2008; Moon et al.,
2018; Ruderfer et al., 2014). It has been associated with cognitive varia-
tion like decreased attentional performance and reduced corresponding
neural activity in risk-allele carriers (Thimm et al., 2011), impaired
working memory (Zhang et al., 2012), but also impaired facial emotion
recognition (Soeiro-de-Souza et al., 2012) and increased interpersonal
distress (Erk et al., 2010). In two previous studies, rs1006737-A has
also been linked to elevated positive schizotypy and schizotypal person-
ality disorder (Roussos et al., 2013, 2011). While the influence of
CACNA1C variants on cognition and its neural correlates has been
shown repeatedly (Dietsche et al., 2014; Krug et al., 2014), it is unclear
whether the gene is also linked to variation in cognitive function in
schizotypy.

Taken together, current research suggests an association of psycho-
sis risk genes ZNF804A and CACNA1C with impaired cognition and
schizotypy in the general population, and an association of both schizo-
phrenia and schizotypy with cognitive deficits. It is, however, lacking
models integrating those univariate associations into a joint framework.
As there are sex differences in schizophrenia prevalence and symptom
profiles (Abel et al., 2010) as well as schizotypy (Kremen et al., 1998;
Raine, 1992), and sex-specific effects have recently been reported for
both genes (de Castro-Catala et al., 2017; Strohmaier et al., 2013), a dif-
ferential impact for males and females should be considered.

Therefore, thefirst aimof thepresent studywas to analyse thediffer-
ential effects of ZNF804A rs1344706 and CACNA1C rs1006737 on dimen-
sional schizotypy as a phenotypic psychosis proneness marker,
considering sex-dependent modulations. Secondly, we tested the op-
posing models of (a) the relatively stable personality trait schizotypy
mediating genetic influence on attention, expecting the Cognitive-Per-
ceptual dimension to particularly affect cognition as recently suggested
(Stotesbury et al., 2018) and (b) attentional variationmediating genetic
influence on schizotypal traits, as derived from recent studies of cogni-
tion in schizophrenia (Toulopoulou et al., 2018, 2015).

2. Material and methods

2.1. Sample

We analysed data of 615 healthy Central European subjects (age
18–65 years, mean = 32.77, standard deviation (SD) = 12.50) drawn
from the FOR2107 cohort, a multi-centre study, recruiting through
newspaper advertisements and mailing lists from the areas of Marburg
andMuenster in Germany (Kircher et al., 2018). Ethics approvalwas ob-
tained from the ethics committees of theMedical Schools of the Univer-
sities of Marburg and Muenster, respectively, in accordance with the
Declaration of Helsinki. All subjects volunteered to participate in the
study and provided written informed consent. Subjects of non-
European origin were excluded from the analyses because of known
population differences in the studied genetic polymorphisms. Exclusion
criteria were current or former psychiatric disorders (assessed with
SCID-I interviews (Wittchen et al., 1997) by trained raters), history of
neurological or other severe medical disorders, verbal IQ b80 (Multiple
ChoiceWord Test-B (Lehrl, 1995)), or current psychotropic medication.
The resulting sample comprised 232 (37.7%) male and 383 (62.3%) fe-
male participants.

2.2. Assessment of psychometric schizotypy

Self-reported schizotypy was assessed with the German version
(Klein et al., 1997) of the Schizotypal Personality Questionnaire-Brief
(SPQ-B (Raine and Benishay, 1995)). Based on Raine's original SPQ
(Raine, 1991), it has recently been validated acrossmulti-national stud-
ies, including the German version (Fonseca-Pedrero et al., 2018). Beside
a total schizotypy score, the SPQ-B provides measures on the Cognitive-
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Perceptual, Interpersonal, and Disorganised dimensions delineated by
previous factor analyses (Axelrod et al., 2001; Compton et al., 2009).
For the questionnaire as a whole and its subscores, adequate internal
consistency and criterion validity have been demonstrated (Fonseca-
Pedrero et al., 2018; Klein et al., 2001). In our sample, the SPQ-B showed
acceptable reliability (Cronbach's α = 0.737, for subscore values see
supplementary table S5).
2.3. Neurocognitive testing

Participants underwent standardised neurocognitive testing for
sustained and selective attention with the d2 test of attention
(Brickenkamp, 2002). It is a cancellation test assessing the continuous
ability to focus on task-relevant characteristics while ignoring similar
characters, requiring constant visual perceptual speed and accuracy. De-
spite its simple structure and implementation, the d2 test has been
shown to be a reliable and valid measure of attention capacity, both in
healthy subjects and in schizophrenia patients (Brickenkamp, 2002;
Lee et al., 2017). The concentration performance parameter (the error-
adjusted number of hits) was used in this analysis as it is resistant to de-
ception attempts and has shown high reliability in the reference sample
(Brickenkamp, 2002) and a randomly drawn subset of our own sample
(n = 100, Cronbach's alpha α = 0.981).
2.4. Genotyping and quality control

Genomic DNAwas extracted from blood samples acquired onsite.
Genotyping and further preparation of genomic data was performed
blinded to phenotype data at the Institute of Human Genetics of the
University Hospital Bonn, Germany and at the Max Planck Institute
of Psychiatry, Munich, Germany. Genotyping was conducted using
the Infinium PsychArray BeadChip (Illumina, San Diego, CA, USA),
according to standard protocols. Clustering and initial QC was con-
ducted in GenomeStudio v.2011.1 (Illumina, San Diego, USA) with
the Genotyping Module v.1.9.4. Full QC was performed in PLINK
v1.90b5 (x) and R v3.3.3, based on a larger dataset of which the pres-
ent subjects constituted a subset. Individuals were removed if they
met any of the following criteria: genotyping call rate b98%, gender
mismatches or other X-chromosome-related issues, genetic dupli-
cates, cryptic relatives with pi-hat ≥12.5%, genetic outlier with a dis-
tance from the mean of N4 SD in the first eight ancestry components,
or a deviation of the autosomal or X-chromosomal heterozygosity
from the mean N 4 SD.
Table 1
Distribution of schizotypy and allele frequencies for both sexes.

total
mean (SDa)

male
mean (SDa)

female
mean (SDa)

SPQ-B
Sum 3.42 (2.99) 3.78 (3.07) 3.20 (2.93)
Cognitive perceptual 0.90 (1.15) 0.81 (1.03) 0.95 (1.21)
Interpersonal 1.72 (1.72) 1.92 (1.76) 1.60 (1.68)
Disorganized 0.80 (1.27) 1.04 (1.43) 0.65 (1.15)

total
no. (%)

male
no. (%)

female
no. (%)

ZNF804A rs1344706
AA 217 (35.3) 85 (36.6) 132 (34.5)
AC 295 (48.9) 106 (45.7) 189 (49.3)
CC 103 (16.7) 41 (17.7) 62 (16.2)

CACNA1C rs1006737
GG 292 (47.5) 118 (50.9) 174 (45.4)
AG 267 (43.4) 99 (42.7) 168 (43.9)
AA 56 (9.1) 15 (6.5) 41 (10.7)

a SD = standard deviation.
2.5. Statistical analyses

Sex differences in schizotypy, age, and neurocognitive performance
were analysed using Student's t-tests for independent samples or
Mann-Whitney U tests where the assumption of normal distribution
was violated. Distributions of allelic frequencies between sexes were
compared with chi-squared (χ2) tests. Associations of genotypes and
schizotypy were analysed via linear regression models, using the IBM
Statistical Package for Social Sciences (SPSS, version 22, IBM, Armonk,
NY) and the PROCESS macro v3.1 for SPSS (Hayes, 2013). Multidimen-
sional scaling (MDS) analyses to estimate population stratification in
the sample were conducted in PLINK (Purcell & Chang; Chang et al.,
2015), the first three MDS components were included as covariates in
SNP association analyses. Leave-one-out cross-validation was used to
calculate the rootmean PRESS (predicted residual error sum of squares)
as a model fit parameter in stepwise regressions (√mPRESS). As SPQ-B
scales are correlated, p-values were adjusted (padj) to correct for multi-
ple comparison according to Bonferroni-Holm (Holm, 1979), using R (R
Core Team, 2018).
3. Results

3.1. Distribution of schizotypy, attention, and allele frequencies

Descriptive statistics for SPQ-B subscores as well as genotype fre-
quencies for ZNF804A rs1344706 and CACNA1C rs1006737 are shown
in Table 1. Neither rs1344706 (χ2(degrees of freedom (df) = 2) =
0.79, p=0.675) nor rs1006737 (χ2(2) = 3.80, p=0.150) showed sig-
nificant differences inminor allele counts between sexes.We also found
no significant sex differences for age (t(613) = −0.379, p = 0.704;
male mean = 32.52, SD = 11.49, female mean = 32.92, SD = 13.09)
or d2 performance (t(613) = −1.45, p = 0.148). Mean d2 scores for
the whole sample (mean = 191.40, SD = 42.25), as well as for males
(mean = 188.24, SD = 41.75) and females (mean = 193.32, SD =
42.49), were within the average range for healthy subjects, according
to standard tables (Brickenkamp, 2002). As observed in previous studies
(Kremen et al., 1998; Raine, 1992), we found significant sex differences
for the SPQ-B Sum score (U= -2.45, p=0.014, padj = 0.028), the Inter-
personal (U = -2.43, p = 0.015, padj = 0.028) and Disorganised (U = -
3.84, p = 1.3 × 10−4, padj = 3.9 × 10−4) subscores, with higher scores
in males than in females; but not for the Cognitive-Perceptual (U =
−0.96, p = 0.336) subscore.
3.2. Associations of ZNF804A, CACNA1C and schizotypy dimensions

To explore the prediction of the three schizotypy dimensions, we
performed separate stepwise multiple regression analyses, entering
the two SNPs, SNP × sex interaction terms, sex, age, and MDS compo-
nents as possible regressors (Table 2, Suppl. Table S1a-1c).

For the Cognitive-Perceptual dimension (model 1a, √mPRESS = 1.12,
Fig. 1), we found a significant effect of age (β=0.018, p=5.05 × 10−7,
padj = 2.53 × 10−6) and rs1344706 × sex (β=0.089, p=0.015, padj =
0.033), with a higher number of C alleles associated with higher Cogni-
tive-Perceptual schizotypy in females (β=0.212, p=0.007), but not in
males (β = −0.071, p = 0.458).

For the Interpersonal dimension (model 1b, √mPRESS = 1.71, Fig. 1),
we also found a significant effect of age (β = 0.011, p = 0.044, padj =
0.044) and rs1006737 × sex (β = −0.150, p = 0.011, padj = 0.033),
with a higher number of A alleles associated with lower Interpersonal
schizotypy in males (β = −0.399, p = 0.035), but not in females (β
= −0.162, p = 0.209).

For theDisorganised dimension (model 1c), only sexwas identified as
a significant regressor (β = −0.390, p = 2.16 × 10−4, padj = 8.64
× 10−4).



Table 2
Summary of model specifications for models 1a, 1b and 2. Full documentation in suppl.
Tables S1–S2.

model 1a (F(2,614) = 16.00, p = 1.7 × 10−7, R2 = 0.050)

prediction ofCognitive-Perceptual schizotypy √mPRESSb = 1.12

coefficient (sea) t p padj

age 0.018 (0.004) 4.34 5.05 × 10−7 2.53 × 10−6

rs1344706 × sex 0.283 (0.124) 2.28 0.015 0.033
rs1344706 (sex = m) −0.073 (0.094) −0.74 0.458
rs1344706 (sex = f) 0.212 (0.079) 2.79 0.007

model 1b (F(2,614) = 16.58, p = 0.003, R2 = 0.015)

prediction of Interpersonal schizotypy √mPRESSb = 1.71

coefficient (sea) t p padj

age 0.011 (0.006) 2.02 0.044 0.044
rs1006737 × sex 0.283 (0.124) −2.57 0.011 0.033
rs1006737 (sex = m) −0.399 (0.188) −2.13 0.035
rs1006737 (sex = f) −0.162 (0.129) −1.26 0.209

model 2 (F(4,610) = 38.89, p = 5.13 × 10−29, R2 = 0.203)

prediction of d2 performance √mPRESSb = 37.99

coefficient
(sea)

t p padj

age −1.342
(0.125)

−10.76 7.85 ×
10−25

3.14 ×
10−24

rs1344706 −15.551
(5.208)

−2.99 0.003 0.006

rs1344706 × sex 6.553 (2.944) 2.23 0.026 0.026
rs1344706 (sex = m) −8.145

(3.399)
−2.40 0.017

rs1344706 (sex = f) −3.041
(2.881)

−1.06 0.292

Cognitive-Perceptual
schizotypy

−4.509
(1.367)

−3.30 0.001 0.003

In bold Bonferroni-Holm-adjusted p-values after correction.
a SE = standard error.
b √mPRESS = root mean predicted residual sum of squares.

Fig. 1. Sex-moderated models 1a and 1b of the effect of ZNF804A rs1344706-C and
CACNA1C rs1006737-A on differential schizotypy dimensions. b1-3 indicate
unstandardised regression coefficients for each path; statistically significant paths are
shown in bold.

Fig. 2. Sex-moderated mediation model 3a of the effect of ZNF804A rs1344706-C on d2
performance, mediated by Cognitive-Perceptual schizotypy. Conceptual (A) and statistical
(B) diagram. a1−d2 indicate unstandardised regression coefficients for each path;
statistically significant paths are shown in bold.
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Total schizotypywas neither associatedwith ZNF804A rs1344706 (β
= −0.317, p = 0.591) nor CACNA1C rs1006737 (β = −0.227, p =
0.120).

3.3. Associations of ZNF804A, CACNA1C, schizotypy dimensions and
attention

To explore significant predictors of d2 performance, we calculated a
separate stepwise multiple regression model 2 with the two SNPs, SNP
× sex interaction terms, sex, age, the three schizotypy subscores, and
MDS components as possible regressors (√mPRESS = 37.99, Table 2,
Suppl. Table S2). Here, age (β = −1.342, p = 7.82 × 10−25, padj =
3.14 × 10−24), Cognitive-Perceptual schizotypy (β = −4.509, p =
0.001, padj = 0.003), ZNF804A rs1344706 (β = −15.551, p = 0.003,
padj = 0.006) and rs1344706 × sex (β = 6.553, p = 0.026, padj =
0.026), with a higher number of rs1344706-C associated with lower
d2 performance in males (β = −8.145, p = 0.017) but not in females
(β = −3.041, p = 0.292), were detected as significant regressors.

3.4. Mediation models of ZNF804A, schizotypy and attention

To analyse the proposed mediating relationship of schizotypy and
attention, we hypothesised two models, derived from the associations
detected in the regression models 1a-c and 2. Model 3a (Fig. 2, Suppl.
Table S3) proposes Cognitive-Perceptual schizotypy as a risk factor for
impaired cognition, thus mediating the effect of rs1344706 on d2 per-
formance (F(3,611) = 48.78, p b 1 × 10−100, R2 = 0.197). We found a
significant direct effect of the dosage of ZNF804A rs1344706-C (c′ =
−5.038, t(611) = −2.31, p = 0.021, padj = 0.032) as well as a
significant indirect effect of the SNP via Cognitive-Perceptual schizotypy
(β = −4.210, t(611) = −2.94, p = 0.003, padj = 0.013) on d2 perfor-
mance. However, the latter was again moderated by sex: Only for fe-
males (β = −0.890) but not for males (β = 0.300), a bootstrap-based
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confidence interval calculated using 10,000 bootstrap samples was con-
sistently below zero, confirming a conditional indirect effect.

We additionally considered the opposingmodel, assuming cognition
at an intermediate position between genes and phenotype. We tested
this assumption in our data, with d2 performance mediating the sex-
moderated effect of rs1344706-C on Cognitive-Perceptual schizotypy.
This model 3b (Fig. 3, suppl. Table S3), although significant, explained
a smaller proportion of the variance (F(5,609) = 6.90, p = 2.4 × 10−6,
R2 = 0.071) than model 3a. Post hoc t-tests comparing absolute z-
transformed bootstrapped coefficient estimates from models 3a and 3b
revealed a stronger effect of rs1344706 on Cognitive-Perceptual
schizotypy than on d2 performance (mean absolute difference (mad,
3a) = 0.130, SD = 0.117; mad(3b) = 0.134, SD = 0.117) in both
models (t(9999) = −111.49, p b 1 × 10−100; t(9999) = −114.47, p
b 1 × 10−100, respectively).

There was no indication of a mediating effect of Interpersonal
schizotypy on the association of CACNA1C rs1006737-A on attention
or vice versa (suppl. Table S4a-b).
4. Discussion

This is the first large-scale study addressing the interplay between
candidate susceptibility genes for psychotic disorders with different di-
mensions of schizotypy and neurocognitive performance as a putative
endophenotype for psychosis in healthy subjects. Our analysis provides
first support for a multivariate model of the interaction of genotype,
phenotype, and cognition, linking schizotypy in the general population
to a dimensional schizophrenia model. This includes two major find-
ings: We observe, for the first time, a sex-moderated association of
ZNF804A rs1344706 with the SPQ-B Cognitive-Perceptual dimension
and of CACNA1C rs1006737 with the SPQ-B Interpersonal dimension.
We suggest a moderated mediation model showing that in women,
the effect of rs1344706 on attention is mediated by Cognitive-Perceptual
schizotypy. Our results have implications for the role of ZNF804A
rs1344706 and CACNA1c rs1006737 in schizotypy and cognitive func-
tion, and suggest a sex-modulated interaction between them.
Fig. 3. Sex-moderated mediation model 3b of the effect of ZNF804A rs1344706-C on
Cognitive-Perceptual schizotypy, mediated by d2 performance. Conceptual (A) and
statistical (B) diagram. a1−d2 indicate unstandardised regression coefficients for each
path; statistically significant paths are shown in bold.
Concurrent with previous findings (Stefanis et al., 2013; Yasuda
et al., 2011), we further confirmed ZNF804A rs1344706 as susceptibility
SNP for schizotypy.While this association has previously been reported,
we provide a more detailed link to particular schizotypy dimensions,
modulated by sex. Initially, Yasuda et al., reported a positive relationship
between ZNF804A rs1344706-A and Disorganised schizotypal traits in
healthy subjects (Yasuda et al., 2011). Concurrent with our own find-
ings, however, Stefanis et al. reported an inverse relationship, with a
higher number of rs1344706-A associated with decreased schizotypy.
This effect was found for a primarily “positive” schizotypy
endophenotype, including referential ideas and perceptual aberrations
(Stefanis et al., 2013), in line with our results linking rs1344706 to the
Cognitive-Perceptual dimension. Differences to Yasuda's findings might
be attributed to divergent study populations and genetic backgrounds
(Japanese vs. Central-European) and different A allele frequencies in
those populations (38% and 61%, respectively (Clarke and Cardon,
2010; Yasuda et al., 2011)).

We now extend the simple model of a direct dependence of
schizotypal features on rs1344706 allelic load by introducing sex as
moderator. While previous studies on rs1344706 were either confined
to all male samples (Stefanis et al., 2013) or did not test for such an in-
teraction (Yasuda et al., 2011), a similar finding for another schizophre-
nia susceptibility SNP of ZNF804A (rs7597593, in medium linkage
disequilibrium with rs1344706; r2 = 0.395 calculated with LDlink for
the CEU population (Machiela and Chanock, 2015)) has recently been
reported, as only female C allele carriers showed elevated schizotypy
levels compared to A-homozygotes (de Castro-Catala et al., 2017).
Sex-dependent effects of rs7597593 are also evident in clinical mea-
sures and post-mortem brain mRNA expression levels in schizophrenia
(Zhang et al., 2011). Thus, our findings can be explained with clinical
and molecular mechanisms causing sex × SNP interactions for
ZNF804A in the development of schizotypal traits.

In addition, we confirmed recent findings relating ZNF804A
rs1344706 to neurocognitive function in general, and attention in par-
ticular (Chang et al., 2017). In healthy participants, the A allele and A/
A genotypewas associatedwith deficits in the executive control dimen-
sion of attention (Balog et al., 2011). Proposing a neural correlate of
functional alterations, rs1344706-A homozygotes showed reduced
thickness within the anterior cingulate cortex (Voineskos et al., 2011)
and changes in functional coupling of the dorsolateral prefrontal cortex
with the hippocampus (Esslinger et al., 2009; Paulus et al., 2013). Inter-
estingly, in patients with schizophrenia, A allele load has been associ-
ated with fewer cognitive deficits (Van Den Bossche et al., 2012;
Walters et al., 2010) and decreased cortical alteration (Schultz et al.,
2014). It has been suggested that ZNF804A rs1344706may enhance sus-
ceptibility to a certain schizophrenia subtypewith less cognitive impair-
ment (Walters et al., 2010), but also that the effects of rs1344706might
differ between healthy participants and patients (Hargreaves et al.,
2012).

While Stefanis et al. linked ZNF804A SNPs to schizotypy, they did not
detect an effect of rs1344706 on neurocognition (Stefanis et al., 2013).
Differences in test batteries aside, the discrepancy between their find-
ings and our ownmay be caused bymarked differences in sample char-
acteristics. Their sample comprised of young male army recruits while
ours combined female and male participants within a wide range of
age. Given the well-known age effects on neurocognitive measures
(Lufi et al., 2015), a very selective sample with reduced variance
might thus underestimate correlation or regression measures.

Despite evidence linking ZNF804A rs1344706 to illness susceptibility
and psychosis proneness, neurocognitive functions, and variations in
brain structure and function, its exact biological pathway is still unclear.
ZNF804A is expressed widely in the human brain (Sun et al., 2015), es-
pecially within the dorsolateral prefrontal cortex and the hippocampus
(Hill and Bray, 2012). Rs1344706 is non-coding but thought to have ef-
fects on ZNF804A expression (Hill and Bray, 2011), particularly during
early prenatal brain development (Hill and Bray, 2012). ZNF804A has
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also been associated with regulation of dopamine receptors (Girgenti
et al., 2012), and alterations of dopamine concentration, and expression
of dopaminergic genes have been linked to psychosis etiology (Howes
and Kapur, 2009) and schizotypy (Grant et al., 2014; Mohr and
Ettinger, 2014). In addition, sex-specific effects of genes involved in do-
pamine transmission have been discussed in schizophrenia, with
oestrogens and androgens differentially modifying the development of
schizophrenia symptoms through dopaminergic pathways (Godar and
Bortolato, 2014). Similar mechanismsmight influence the development
of subclinical symptoms in schizotypy and thus explain sex-dependent
effects of ZNF804A on schizotypal traits.

Taken together, compelling evidence suggests that effects of
ZNF804A rs1344706 polymorphisms have a relevant impact long before
potential illness manifestation. Affected brain areas and neurocognitive
functions have shown to be relevant for schizophrenia as well as
schizotypy. Using genetic modelling in twin samples, Toulopoulou
et al. showed that a substantial part of the phenotypic overlap between
schizophrenia and cognition is explained by shared genetic variability
(Toulopoulou et al., 2007). The authors concluded that the next step
would be to identify specific genes that influence schizophrenia to-
gether with cognitive quantities. Our results support ZNF804A
rs1344706 as such a genetic variant relevant for schizotypy, an interme-
diate schizophrenia phenotype. As has been reported recently
(Stotesbury et al., 2018), we particularly regard the Cognitive-Perceptual
dimension as a risk factor for attentional difficulties.

However, Toulopoulou et al. subsequently argued that schizophre-
nia liability is partially expressed through cognitive deficits
(Toulopoulou et al., 2015) and that cognitive functions lie upstream of
schizophrenia (Toulopoulou et al., 2018). Relevant loci should then
have a bigger effect on cognitive function than on schizophrenia
(Toulopoulou et al., 2015). Our results, however, fail to confirm this pre-
diction for the schizotypy phenotype. In both models tested, ZNF804A
rs1344706 showed a larger effect on schizotypy than on cognitive func-
tion. While aware that this cannot definitively be resolved in our cross-
sectional study, we believe that our results should inspire further dis-
section of the proposed models. Considerably, Toulopoulou's model is
based on net genetic influences rather than single risk variants. It also
relies on patient data and thus on the schizophrenia phenotype rather
than schizotypy (Hargreaves et al., 2012) and ZNF804A expression
seems to differ between schizophrenia patients and healthy controls
(Guella and Vawter, 2014). The underlying mechanisms of schizophre-
nia and schizotypy are overlapping, but most likely not identical. Be-
sides a balanced proportion of male and female participants, the
application of multiple measures of both schizotypy and cognitive per-
formance should be considered to overcome limitations of our own
study.

We further showed a sex-modulated association of the psychosis
susceptibility variant rs1006737 in CACNA1C with the Interpersonal
schizotypy dimension. While sex-dependent effects of rs1006737 or
its proxy rs10774035 have been reported for schizophrenia-spectrum
disorders (Heilbronner et al., 2015) and emotional lability and resilience
(Strohmaier et al., 2013), this is, to our knowledge, the first study de-
tecting a sex-dependent effect of rs1006737 on schizotypy. In contrast
to previous studies (Roussos et al., 2013, 2011), associating
rs1006737-Awith higher Paranoid Ideation, we find an inverse relation-
ship, i.e. with lower Interpersonal schizotypy scores in men only. Beside
the possibility of chance findings, this might be due to differences in
sample characteristics, as both studies by Roussos et al. analysed
young male army recruits, while our sample comprised males and fe-
males of a wide age range. Other discrepancies include the schizotypy
measures and possible population differences (Greek vs. Central
European) across studies (Clarke and Cardon, 2010).

As CACNA1C is suggested to be a susceptibility gene for a more gen-
eral risk for mental illness (Cross-Disorder Group of the Psychiatric Ge-
nomics Consortium, 2013), divergent effects in different studies might
represent a less specific impact of the SNP. This would implicate the
need for more studies with diverse samples. However, CACNA1C
rs1006737 has repeatedly been associated with socially relevant tasks
like emotion recognition and processing (Nieratschker et al., 2015;
Soeiro-de-Souza et al., 2012; Tesli et al., 2013), as well as alterations in
social interaction in animal models (Dedic et al., 2018; Moon et al.,
2018). Thus, variations in rs1006737 seem to affect social functioning
on a behavioural level, as well as brain structural and functional corre-
lates. It might be concluded that rs1006737 primarily affects the Inter-
personal and, as such, social dimension of schizotypy.

The results from our study provide evidence for the involvement of
schizophrenia genetic susceptibility variants in psychometric
schizotypy, a risk phenotype for psychosis. Our findings further provide
an account of how those risk variants might modulate different dimen-
sions of individual schizotypal traits even in healthy subjects, affecting
neurocognitive performance in domains frequently impaired in
schizophrenia.
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