i8] senes

Article

A Common CDH13 Variant is Associated with Low
Agreeableness and Neural Responses to Working Memory
Tasks in ADHD

Georg C. Ziegler 12*, Ann-Christine Ehlis 3, Heike Weber?, Maria Rosaria Vitale 2%, Johanna E. M. Zoller 2,
Hsing-Ping Ku 2, Miriam A. Schiele 4, Laura I. Kiirbitz 3, Marcel Romanos ¢, Paul Pauli 7, Raffael Kalisch 89,
Peter Zwanzger 1011, Katharina Domschke 4, Andreas J. Fallgatter 3, Andreas Reif 2 and Klaus-Peter Lesch 21314

Citation: Ziegler, G.C.; Ehlis, A.-C,;
Weber, H.; Vitale, M.R.; Zoller,
J.E.M.; Ku, H.-P.; Schiele, M.A.;
Kiirbitz, L.I.; Romanos, M.; Pauli, P.;
etal. A Common CDH13 Variant is
Associated with Low Agreeableness
and Neural Responses to Working
Memory Tasks in ADHD. Genes
2021, 12, 1356. https://doi.org/
10.3390/genes12091356

Academic Editor: Xenia Gonda

Received: 30 July 2021
Accepted: 26 August 2021
Published: 29 August 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://cre-

ativecommons.org/licenses/by/4.0/).

1 Department of Psychiatry, Psychosomatics and Psychotherapy, Center of Mental Health, University of
Wiirzburg, 97080 Wiirzburg, Germany; weber_h2@ukw.de

2 Division of Molecular Psychiatry, Center of Mental Health, University of Wiirzburg,

97080 Wiirzburg, Germany; vitale_m@ukw.de (M.R.V.); zoeller_jl@ukw.de (J.E.M.Z.);
ku_h@ukw.de (H.-P.K.); kplesch@mail.uni-wuerzburg.de (K.-P.L.)

3 Department of Psychiatry and Psychotherapy, Tiibingen Center for Mental Health (TiiCMH),
University of Tiibingen, 72076 Tiibingen, Germany; ann-christine.ehlis@med.uni-tuebingen.de (A.-C.E.);
andreas.fallgatter@med.uni-tuebingen.de (A.J.F.)

4 Department of Psychiatry and Psychotherapy, Medical Center —University of Freiburg, Faculty of
Medicine, University of Freiburg, 79104 Freiburg, Germany; miriam.schiele@uniklinik-freiburg.de (M.A.S.);
katharina.domschke@uniklinik-freiburg.de (K.D.)

5 Center of Psychosocial Medicine, Institute for Sex Research, Sexual Medicine and Forensic Psychiatry,
University Medical Center Hamburg-Eppendorf, 20246 Hamburg, Germany; l.kuerbitz@uke.de

¢ Department of Child and Adolescent Psychiatry, Psychosomatics and Psychotherapy,

University of Wiirzburg, 97080 Wiirzburg, Germany; romanos_m@ukw.de

7 Department of Psychology I, University of Wiirzburg, 97070 Wiirzburg, Germany;
pauli@psychologie.uni-wuerzburg.de

8 Neuroimaging Center (NIC), Focus Program Translational Neuroscience (FTN), Johannes Gutenberg
University Medical Center, 55131 Mainz, Germany; rkalisch@uni-mainz.de

 Department of Systems Neuroscience, University Medical Center Hamburg-Eppendorf,

20246 Hamburg, Germany

10 kbo-Inn-Salzach-Klinikum, 83512 Wasserburg am Inn, Germany; peter.zwanzger@kbo.de

Department of Psychiatry, Ludwig-Maximilian-University of Munich, 80336 Munich, Germany

12 Department of Psychiatry, Psychosomatic Medicine and Psychotherapy, University Hospital Frankfurt,
60528 Frankfurt am Main, Germany; andreas.reif@kgu.de

13 Department of Translational Neuroscience, School for Mental Health and Neuroscience (MHeNS),
Maastricht University, 6229 ER Maastricht, The Netherlands

14 Laboratory of Psychiatric Neurobiology, Institute of Molecular Medicine, Sechenov First Moscow State
Medical University, 119991 Moscow, Russia

* Correspondence: ziegler_g@ukw.de; +49-931-201-76387

Abstract: The cell-cell signaling gene CDH13 is associated with a wide spectrum of neuropsychiat-
ric disorders, including attention-deficit/hyperactivity disorder (ADHD), autism, and major depres-
sion. CDH13 regulates axonal outgrowth and synapse formation, substantiating its relevance for
neurodevelopmental processes. Several studies support the influence of CDH13 on personality
traits, behavior, and executive functions. However, evidence for functional effects of common gene
variation in the CDH13 gene in humans is sparse. Therefore, we tested for association of a functional
intronic CDH13 SNP rs2199430 with ADHD in a sample of 998 adult patients and 884 healthy con-
trols. The Big Five personality traits were assessed by the NEO-PI-R questionnaire. Assuming that
altered neural correlates of working memory and cognitive response inhibition show genotype-de-
pendent alterations, task performance and electroencephalographic event-related potentials were
measured by n-back and continuous performance (Go/NoGo) tasks. The Rs2199430 genotype was
not associated with adult ADHD on the categorical diagnosis level. However, rs2199430 was signif-
icantly associated with agreeableness, with minor G allele homozygotes scoring lower than A allele
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carriers. Whereas task performance was not affected by genotype, a significant heterosis effect lim-
ited to the ADHD group was identified for the n-back task. Heterozygotes (AG) exhibited signifi-
cantly higher N200 amplitudes during both the 1-back and 2-back condition in the central electrode
position Cz. Consequently, the common genetic variation of CDH13 is associated with personality
traits and impacts neural processing during working memory tasks. Thus, CDH13 might contribute
to symptomatic core dysfunctions of social and cognitive impairment in ADHD.

Keywords: ADHD; CDH13; neurodevelopment; executive functions; working memory; Big Five;
agreeableness

1. Introduction

The gene coding for Cadherin 13 (CDH13) was found among the top hits in several
genome-wide association studies (GWAS) for attention-deficit/hyperactivity disorder
(ADHD) [1-3]. Additionally, the gene is located within the only significant region identi-
fied in a genome-wide linkage meta-analysis [4]. Its recurring association with several
other neuropsychiatric disorders, such as autism spectrum disorders (ASD) [5,6], major
depression [7,8], bipolar disorder [9], and substance dependence [10-12], points to a broad
involvement of CDH13 in neurodevelopmental processes.

CDH13 SNP variation impacts CDH13 expression. Drgonova et al. (2016) reported
four CDH13 SNPs in intron 2 within 8 kb, which were associated with CDH13 mRNA
expression levels in the human frontal cortex postmortem tissue. The greatest effect was
detected for rs2199430 with an 80% increase in CDH13 expression levels in samples de-
rived from GG allele carriers [13]. Rs2199430 is located within a 2 kb hotspot of SNPs,
which are responsible for the association of CDH13 with temporal lobe volumes [14], and
the minor G allele of 152199430 was nominally associated (<0.001) with panic disorder in
a Japanese cohort [15]. We are following up on these data, which suggest an association
of 152199430 with brain CDH13 expression levels, brain structure, and brain function by
analyzing genotypes on different endophenotypic levels in a large cohort of adult ADHD
(aADHD) patients.

CDH13 is a crucial driver for neurodevelopmental processes [16]. Early studies sug-
gested a negative regulatory role of CDH13 for axonal guidance in migrating motor neu-
rons by temporal and spatial changes in CDH13 expression [17]. A recent study supported
these findings and pronounced the importance of CDH13 for the development of sero-
tonergic projections, as Cdh13- mice showed an increased density of serotonergic neurons
in the dorsal raphe during brain maturation and adulthood [18]. Phenotypically, Cdh13--
mice exhibit locomotor hyperactivity, learning deficits with decreased cognitive flexibil-
ity, and memory impairments, hinting at behavioral and executive dysfunctions resem-
bling ADHD symptomatology [19,20]. A remarkable expression pattern with Cdh13 tran-
scripts found in prominent nuclear brain regions, such as the locus coeruleus, the raphe
nuclei, and —to a lesser extent—in the ventral tegmental area, underpins the importance
of Cdh13 for the modulation of monoaminergic pathways [16,21].

CDH13 moderates not only rodent but also human behavior. Genetic variation was
associated with extremely violent offenses in prisoners [22]. Besides this extraordinary
finding at the dark side of human nature, there is evidence for an association of CDH13
with common personality traits. A CDH13 SNP was among the best hits for extraversion
and agreeableness in a GWAS which investigated the Big Five (openness to experience,
consciousness, extraversion, agreeableness, neuroticism) in a population-based sample
[23]. As personality disorders and disruptive behavior are frequent in ADHD [24,25],
studies of CDH13 variation in ADHD should consider dimensional personality traits.

CDH13 is related to executive functioning in childhood ADHD. Arias-Vasquez et al.
(2011) showed an association of a SNP in intron 6 with verbal working memory measure-
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ments in a case-control sample on a gene-wide level. Furthermore, there was a 72 kb hap-
loblock only 12 kb upstream of rs2199430 with suggestive, though not gene-wide signifi-
cant, association with verbal memory [26]. This study is the only one that has specifically
addressed cognitive endophenotypes in ADHD related to CDH13 variation in humans so
far.

Consequently, there is promising evidence for an association of CDH13 with neuro-
developmental processes, which might be due to altered neuronal proliferation, synaptic
plasticity, and cellular migration during axonal outgrowth. It is unknown whether and
how this is reflected by the functional integrity of neural circuitry in humans. Preliminary
evidence points to the effect of CDH13 on personality traits [23] and executive functions
[19,26], but no study has searched for an association of CDH13 with these dimensional
endophenotypes in adult ADHD patients. Therefore, we investigated the effect of func-
tional CDH13 SNP 152199430 in aADHD on various levels to challenge the hypothesis that
common SNP variation in CDH13 is associated with ADHD beyond the categorical syn-
drome. First, we performed a case-control association study on the categorical disease
level of ADHD. Subsequently, we tested for association with personality traits, as assessed
by the NEO-PI-R. Finally, we investigated rs2199430 with regard to task performance in a
working memory (n-back) and a continuous performance test (CPT) assessing response
inhibition by means of a Go-NoGo task, and measured brain activation as reflected by
electroencephalographic (EEG) event-related potentials (ERPs) in response to these tasks
in aADHD and control probands.

2. Methods
2.1. Case-Control Cohort

A sample of 998 adults with an ADHD diagnosis (499 females, 499 males, mean age
=34.4 years, SD = 10.1) was recruited from the in- and outpatient units of the Department
of Psychiatry, Psychosomatics, and Psychotherapy, University of Wiirzburg, Germany.
Part of the sample (372 patients recruited between 2003 and 2005) represents the German
IMpACT cohort, which has been described previously [27,28]. The extended sample was
recruited for a Clinical Research Unit on ADHD (CRU125) [29]. Inclusion criteria were
current diagnosis of ADHD according to DSM-IV criteria with retrospective confirmation
of an onset before the age of 7. Exclusion criteria were IQ below 80, diagnosis of bipolar
affective disorder (due to the overlap of clinical symptoms), and better explanation of
symptoms by another psychiatric disorder. Control subjects consisted of 884 healthy indi-
viduals (498 females, 386 males, mean age = 27.1 years, SD = 7.3) of which 739 volunteers
were recruited in the context of the Collaborative Research Center SFB-TRR58 subproject
Z02 wave 2 [30,31], and 145 volunteers were recruited within the context of the CRU125.
All control individuals were of Caucasian descent and free of current and/or lifetime
DSM-1V mental axis I disorders. Written informed consent was obtained from all study
participants. The studies were approved by the Ethics Committee of the Universities of
Wiirzburg, Miinster, and Hamburg, and all investigations were in accordance with the
fifth revision of the Declaration of Helsinki.

2.2. Genotyping

DNA was extracted from blood leukocytes by a slightly modified method based on
the protocol of Miller et al. [32]. Rs2199430 genotypes were assessed by polymerase chain
reaction (PCR) with subsequent restriction enzyme digestion of the PCR product. The di-
gested product was then run on a 4% agarose gel with expected band sizes of 185 bp (AA
genotype), 185 + 142 + 43 bp (AG genotype), or 142 + 43 bp (GG genotype). Specificity of
the reaction was ensured by sequencing of the PCR product during establishment of the
assay. More information about the PCR reaction and primers is given in Supplementary
Information (SI) in Supplementary Table S1. Genotypes of the control samples were ob-
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tained from lllumina’s PsychChip Array (Illumina, San Diego, CA). Quality control of mi-
croarray raw data was performed according to the Ricopili pipeline
(https://sites.google.com/a/broadinstitute.org/ricopili/, accessed on 26 August 2021), ex-
cluding SNPs with call rate (CR) <99%, MAF < 1% and SNPs that deviate from HWE (p <
1 x10-1%) as well as individuals with CR <95%, outlier from principal component analyses
(>3-fold SD from PC1-PC3), gender discrepancies and related or duplicated individuals.
To ensure accordance with the genotyping results of our PCR method and the chip array
data, 50 samples with available chip data were additionally genotyped by PCR with a
100% match of genotyping results.

2.3. Measurement of Personality Traits

Personality traits were measured by means of self-ratings with the NEO-PI-R. The
NEO-PI-R questionnaire is a questionnaire that was constructed to reliably assess person-
ality dimensions of the Big Five [33]. For each of the five main categories neuroticism,
extraversion, openness to experience, agreeableness, and conscientiousness, 48 items are
rated by the probands on a five-point Likert scale (valuated 0, 1, 2, 3, and 4), resulting in
a theoretical maximum of raw scores of 192 for each personality dimension. NEO-PI-R
data were available from 881 patients and only a small subsample of 134 healthy controls.
As the control sample is underpowered to detect the expected small genotype effects on
the Big Five traits, we used this sample only for confirmatory analyses in case of positive
findings in the larger aADHD sample.

2.4. Functional Electrophysiology

N-back and CPT tasks are well-established methods for the investigation of working
memory capacity and the execution or inhibition of prepared motor responses as a meas-
ure of sustained attention and impulsivity, respectively [34,35]. Both tasks revealed alter-
ations in ADHD vs. control groups in previous studies, with inattentive symptoms nega-
tively influencing n-back performance and high impulsivity disturbing the ability to sup-
press prepared motor responses, leading to commission errors during CPTs (Go-response
on NoGo trials) by hasty acting [36]. Altered event-related potentials (ERPs) during n-
back tasks and CPTs measured by EEG have been described as pathophysiological corre-
lates of ADHD both generally [37,38] and in conjunction with copy number and single
nucleotide variation of risk genes in ADHD [39,40]. Therefore, we analyzed the associa-
tion of rs2199430 genotype with task performance and ERPs during an n-back and Go-
NoGo (CPT) trial. The EEG sample was a subsample of our case-control cohort from which
193 aADHD patients and 105 healthy controls completed the n-back task and 219 aADHD
patients and 109 healthy controls completed the CPT and had viable EEG data (i.e., at least
20 artifact-free epochs per condition). Probands taking any psychotropic medication were
excluded from the analysis. ADHD patients were either medication-naive or had to pause
psychostimulant treatment at least 3 days prior to testing. As in our previous publications
[39,40], the number of omission and commission errors, reaction times to target/Go stim-
uli, and the standard deviation of reaction times were considered as behavioral data both
for the n-back and the CPT. Electrophysiologically, amplitudes of the N200 (at fronto-
central electrode positions: F3, Fz, F4, C3, Cz, C4) and P300 (at centro-parietal positions:
C3, Cz, C4, P3, Pz, P4) were regarded as indicators of inhibition and (the reallocation of)
attention, respectively, for the n-back task. For the CPT, a topographical analysis was con-
ducted focusing on a posterior—anterior shift in the brain electrical field of the P300 from
Go to NoGeo trials, i.e., the NoGo anteriorization (NGA; see [41]). For more details on the
electrophysiological measurements and analyses, please refer to our previous publica-
tions [39,40].
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2.5. Statistical Analysis

Minor allele (G) frequency was 0.333 in the patient and 0.348 in the healthy control
group. Rs2199430 genotype distribution did not significantly differ from the Hardy—Wein-
berg equilibrium, neither in the control (x>-Test, p = 0.89) nor in the ADHD group (x>-test,
p = 0.09). Genotyping call rate was > 99% for both the PCR method and the chip array. x>
tests were performed to analyze associations between rs2199430 genotype and categorical
disease states. To account for possible gender effects, x>-tests were carried out separately
for female and male participants. As only brain samples from probands homozygous for
the minor (G) allele showed increased CDH13 mRNA levels in a previous study [13], we
additionally analyzed a recessive model (GG vs. A allele carriers) with the help of 2 x 2
contingency tables and Fisher’s exact test.

One-way ANCOVAs were conducted to compare the influence of rs2199430 geno-
type (AA vs. AG vs. GG) on dimensional personality traits as indicated by the Big Five
main domains (neuroticism, extraversion, openness to experience, agreeableness, consci-
entiousness) reflected by respective NEO-PI-R raw scores. After exclusion of only the most
extreme values with -3 > Z-scores 2 +3, test assumptions for the general linear model were
met in terms of normally distributed residuals (Shapiro-Wilk test) and homogeneity of
variances (Levene’s test). A previous study of the same aADHD cohort showed a strong
impact of gender on the NEO-PI-R measures of neuroticism, openness, and agreeableness
[29]. Furthermore, there are age- and gender-specific norms for the NEO-PI-R subscales
established in various populations [42]. Hence, age and sex were set as covariates.

Statistical analyses of the functional EEG data were performed using IBM SPSS Sta-
tistics (version 27). For the n-back task (N200 and P300 amplitudes), repeated-measures
ANOVAs were conducted separately for ADHD patients and controls for the 1-back and
2-back task, with anterior-posterior location (N200: frontal vs. central; P300: central vs.
parietal row of electrodes), side (left, right, central) and condition (target vs. non-target)
as within-subject variables and rs2199430 genotype (AA, AG, GG) as between-subject fac-
tor. For the CPT, NGA values—as well as the so-called “centroids” (representing the cen-
ter of gravity of the P300 brain electrical field in Go and NoGo trials) underlying this dif-
ference measure—were compared between genotypes using univariate ANOVAs. Post
hoc analyses were conducted using univariate ANOV As and two-tailed t-tests for paired
or independent samples, as appropriate.

The significance threshold was set at 0.05, and all reported p-values are nominal, un-
less stated otherwise.

3. Results
3.1. Case-Control Association Study

Although there was a nominally lower percentage of GG carriers in the disease group
(ADHD 9.9% vs. controls 11.7%, Supplementary Table S2) there was no significant asso-
ciation of rs2199430 genotype with the categorical syndrome level neither in the total sam-
ple (x>Test, p = 0.47) nor in the female or male subgroup (p = 0.88 and p = 0.47, respec-
tively). Also, the recessive model (GG vs. A allele carriers) revealed no significant associ-
ation with ADHD diagnosis (Fisher’s exact test, p = 0.23).

3.2. Association of 52199430 with Personality Traits

ANCOVA with age and gender as covariates showed a significant association of
52199430 genotype with NEO-PI-R scores for the personality trait of agreeableness (F2 s71
=5.038, p = 0.007, np? = 0.011) in the aADHD group. None of the four other personality
domains (neuroticism, extraversion, openness to experience, conscientiousness) showed
a statistically significant association with rs2199430 genotype (Supplementary Table S3).
Bonferroni-adjusted post hoc analyses revealed that GG genotype carriers had signifi-
cantly lower agreeableness scores (M = 107.4, SD =16.8) than AG (M =112.4,SD=15.7,p
=0.016, -5.13, 95%-CI [-9.53, —0.74]) and AA allele carriers (M =112.8, SD =16.5, p = 0.005,
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-5.82, 95%-CI [-10.24, -1.39]) as depicted in Figure. 1A. One-sided post hoc t-tests per-
formed separately in the female and male subgroup revealed that in both females and
males the rs2199430 GG carrier group had significantly lower mean agreeableness scores
than AA or AG allele carriers (females: ts33=2.10, p =0.019; males: t«1=2.35, p=0.01, Figure
1A). The general difference in agreeableness between females (higher) and males (lower)
has already been described elsewhere [29] and therefore was not analyzed here. A 2 x 3
ANOVA showed a weak but significant interaction (Fz se2= 3.69, p = 0.024, np? = 0.008)
between genotype (GG vs. all A) and ADHD subgroup (inattentive vs. combined vs. hy-
peractive). Bonferroni-adjusted post hoc t-tests revealed that the GG genotype is associ-
ated with lower agreeableness in patients with inattentive (t20 = 2.9, p = 0.004, 0.012 corr.),
but not in patients with combined (tsn1 = 2.1, p = 0.036, 0.107 corr.), and predominantly
hyperactive subtype (ts+ = -1.1, p = 0.275, 0.825 corr.; Table 1). Under the assumption that
a general gene-dose effect (higher CDH13 expression in GG carriers) leads to an associa-
tion of the 152199430 GG genotype with lower agreeableness scores in normal populations
we performed a one-sided t-test showing a significant association with lower agreeable-
ness scores in GG carriers (n =20, M =113.3, SD = 13.5) than in AA or AG allele carriers (n
=114, M =119.1, SD = 12.0, t133 = 1.95, p = 0.027) in the healthy control group (Figure 1B).
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Figure 1. Association of CDH13 rs2199430 genotype with agreeableness. In the adult ADHD co-
hort (A) CDH13 rs2199430 genotype was significantly associated with the personality trait of
agreeableness as assessed by the NEO-PI-R questionnaire (ANCOVA, p = 0.007, 0.035 corr.), which
was due to significantly lower agreeableness scores in GG allele carriers as compared to AA and
AG allele carriers. Post hoc analyses by t-tests revealed that the effect is present both in the female
and in the male subgroup of the aADHD cohort. In the healthy control group (B) CDH13
rs2199430 GG allele carriers likewise exhibited lower agreeableness scores than AA/AG allele car-
riers. Bars represent means +/- SEM, **p <0.01, *p <0.05.

Table 1. ADHD subtype-dependent association of rs2199430 genotype with agreeableness.

rs2199430 NEO-PI-R

Genotype n Agreeableness t-Statistic p-Value, Corr.

AA/AG 209 M=11e7
. SD =155

Inattentive Type M =106.7 to=2.9 0.012
G 22 SD=13.2
AA/AG 516 E/ID:}E g

Combined Type M= 106.8 tsr1=2.1 0.107
cG >7 SD =182

Hyperactive Type AA/AG 59 M =107.5 tea =—1.1 0.825




Genes 2021, 12, 1356

7 of 14

SD=159
M=114.4
G 7 SD=14.7

A

grand average [uV]

The CDH13 rs2199430 genotype is associated with NEO-PI-R agreeableness scores in adult ADHD
patients with the inattentive subtype but not in patients with the combined and predominantly
hyperactive/impulsive subtype. n: sample size, M = mean, SD: standard deviation, p-values are
Bonferroni-corrected.

3.3. Functional Electrophysiology
3.3.1. N-Back (Working Memory)—Behavioral Data

As indicated by univariate ANOV As carried out separately for ADHD patients and
healthy controls, genotype (AA vs. AG vs. GG) did not significantly impact any of the
behavioral data (all F <2.7, p > 0.074).

3.3.2. N-Back (Working Memory)—ERP Data

N200 Amplitude

For ADHD patients, a 3 (genotype: AA vs. AG vs. GG) x 2 (condition: target vs. non-
target) x 2 (anterior—posterior position: frontal vs. central electrodes) x 3 (lateralization:
left vs. central vs. right electrodes) ANOVA for the n-back data revealed a significant in-
teraction between all four factors for both the 1-back (Fs a3 = 3.82, p = 0.005, np?= 0.039;
Huynh-Feldt corrected due to a violation of the sphericity assumption) and 2-back condi-
tion (Fs,380=2.91, p = 0.021, np?= 0.030). Post hoc analyses (univariate ANOVAs) of this
interaction showed significant genotype effects only for the more posterior (i.e., central)
row, more specifically the middle central electrodes (at Cz for non-target and target trials
of the 1-back task as well as for non-target trials of the 2-back task: 2.98 < F2,190 < 3.90, p <
0.05, 0.03 < 1np2< 0.04): N200 amplitudes were consistently higher (i.e., more negative) for
the heterozygous genotype (AG carriers) compared to AA (Cz/non-target/1-back: tirs =
2.41, p=0.017; Cz/non-target/2-back: tis=2.71, p = 0.007) or GG genotype carriers (Cz/tar-
get/1-back: tis = 2.32, p = 0.022; Figure 2). In healthy controls, no significant genotype ef-
fects were found.

1-back B 2-back
C3 Cz C4 C3 Cz C4
non-target| target non-target| target non-target| target non-target‘ target non-taretl target non-fﬂfgel| target
05 [1AA
W AG
0 HGG
=
=
2 -0.5
©
o
@
L =
=
o
(=)
-1.57
- Py

Figure 2. Association of rs2199430 with neural responses to an n-back task. N200 amplitudes asso-
ciated with CDH13 152199430 genotype (AA, AG, GG) in ADHD patients for target and non-target
trials of the 1-back (A) and 2-back condition (B) at central electrode positions (C3, Cz, C4). A sig-
nificant heterosis effect of rs2199430 occurred in both conditions with mean amplitudes of AG
carriers being significantly higher compared to homozygous patients at central electrode position
Cz. Asterisks indicate significant differences between genotypes with ** p <0.01, * p < 0.05. Bars
represent means +/— SEM.
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P300 Amplitude

The ANOVAs for the P300 amplitudes showed no significant genotype effects within
the group of patients with ADHD. However, in the healthy control sample, a significant
interaction of condition (target vs. non-target) x lateralization (left/central/right elec-
trodes) x genotype (AA/AG/GG) was found for the 2-back condition of the n-back task (Fs,
204 = 4.12, p = 0.003, np? = 0.075). Post hoc analyses of the interaction further revealed no
significant genotype effects (univariate ANOVAs) for either target or non-target trials at
either left, right or central positions (all F < 1.92, p > 0.15); however, depending on the
genotype, healthy controls differed in their P300 lateralization pattern: While AA geno-
type carriers had a clear topographical maximum of P300 amplitudes over central elec-
trode positions (Cz/Pz) as indicated by significant t-comparisons with both left (C3/P3;
non-targets: tis = 3.30, p = 0.002; targets: tis = 7.22, p = 2.35 x 10-%) and right sites (C4/P4;
non-targets: tss = 3.04, p = 0.004; targets: tss = 4.02, p = 2.03 x 10~*), carriers of at least one G
allele did not show this clear central distribution, especially for target trials where ampli-
tudes were equally high for central and right-sided electrode positions, i.e., the topogra-
phy showed a shift toward the right as indicated by significant t-contrasts of Cz/Pz and
C4/P4 as compared to C3/P3: all t > 3.2, p < 0.01, but no significant differences between
Cz/Pz and C4/P4 (Figure 3).

-4 uv

Figure 3. Rightward P300 shift in healthy rs2199430 G allele carriers during CPT target trials. EEG
heatmaps for P300 amplitudes in healthy controls with different rs214430 genotypes during target
trials of the 2-back condition of the CPT. Maps depict the field distribution of the P300 at the peak
of the global field power. G allele carriers exhibit a significant shift of P300 amplitudes to the right
compared to individuals with the homozygous AA genotype. F: frontal, C: central, P: parietal, 3:
left, z: midline, 4: right.

3.3.3. CPT—Behavioral Data

For general comparisons of ADHD patients and healthy controls, see Ziegler et al.
(2020). Regarding genetic effects, 152199430 genotype did not significantly impact any of
the behavioral data (number of omission and commission errors, reaction times to Go
stimuli, standard deviation of reaction times; control group: all H < 2.2, p > 0.30; ADHD
group: all H<2.6, p>0.25).

3.3.4. CPT—Neurophysiological/ERP Data

The NoGo anteriorization (NGA) is a topographical ERP parameter quantifying a
frontalization of the brain electrical field of the P300 during inhibitory processes in the
context of Go-NoGo tasks [43] that was partly found to be reduced in both adult and
childhood ADHD [38,44]. In the present study, the NGA was not significantly affected by
152199430 genotype (control group: Fz,106=0.20, p = 0.82, 1p2= 0.004; ADHD: F2,216= 0.33, p
= 0.72, np*= 0.003); neither were the Go (control group: Fz 1= 0.27, p = 0.77, np?= 0.005;
ADHD: F2,216= 1.64, p = 0.20, n)p2= 0.015) and NoGo centroids (control group: F2,106=0.46, p
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=0.77, p?= 0.014; ADHD: F2,216= 0.55, p = 0.58, np?= 0.005) underlying this difference meas-
ure.

4. Discussion

CDH13 intron 2 SNP 152199430 is associated with frontal cortex CDH13 expression
levels [13]. Here, we show that the functionality of rs2199430 is not restricted to the mo-
lecular level but extends to intermediate phenotypes of aADHD. This is underlined by an
association of rs2199430 with the personality trait of agreeableness and by allele-specific
alterations of neural response patterns during a working memory task in our aADHD
cohort. Hence, this study joins the growing line of evidence that the investigation of dis-
ease-related intermediate phenotypes is practical for disentangling the contribution of
pleiotropic variants to genetically complex neuropsychiatric diseases [26,40,45,46].

Our study revealed no general association of rs2199430 genotype with ADHD on the
categorical level. Given the replicated association of CDH13 with ADHD and the associa-
tion of rs2199430 with CDH13 expression levels [1-3,4,13], we nevertheless proceeded to
test for association of rs2199430 with dimensional personality traits, executive task per-
formance, and electrophysiological parameters.

The association of CDH13 with agreeableness and extraversion [23], and the frequent
comorbidity of ADHD with personality disorders gave reason to investigate the associa-
tion of rs2199430 with the Big Five personality traits [24,25]. Encouragingly, rs2199430 was
associated with agreeableness in the aADHD cohort with GG allele carriers scoring sig-
nificantly lower than AA or AG allele carriers both in the female and the male subgroup.
This genotype effect is underlined by an equally directed effect in a small subsample of
healthy controls. When compared to a representative German control population, AA and
AG allele carriers from our aADHD cohort are still within the average range in the 38th
percentile, whereas GG allele carriers exhibit low mean agreeableness scores ranging in
the 24th percentile [47]. ADHD patients generally exhibit lower agreeableness scores than
healthy controls, a finding which is pronounced in the hyperactive subtype [29,48]. There-
fore, it is not unexpected that the association of the GG genotype with lower agreeableness
scores does not appear in the predominantly hyperactive and combined subgroups of
ADHD patients in which mean agreeableness scores are significantly lower than those in
the inattentive group in general [29].

Low agreeableness has been replicably associated with higher aggression [49,50] and,
thus, might build a bridge to disruptive externalizing behavior with detrimental conse-
quences for social and professional relationships common to ADHD [50]. The remarkable
association of extremely violent behavior with CDH13 [22] fits our finding of lower agree-
ableness in GG carriers, as low agreeableness is an even stronger predictor of violent be-
havior than the Dark Triad dimensions of Machiavellianism and psychopathy [51]. As
higher CDH13 expression goes hand in hand with lower prefrontal serotonergic innerva-
tion [18], the finding of decreased agreeableness in individuals with the high-expression
152199430 GG genotype is in line with the hypothesis that prefrontal serotonin hypofunc-
tion evokes impulsive aggression [52,53]. The other way round, high agreeableness is as-
sociated with increased pro-social behavior due to its behavioral facets, such as trust, ten-
der-mindedness, and altruism [54,55]. Thus, it can be speculated that rs2199430 confers a
gene dosage-dependent effect of CDH13 on social behavior. The GG genotype, which is
associated with higher frontal cortex CDH13 expression levels [13] and lower agreeable-
ness, would then hypothetically lead to disturbed or inconsiderate social behavior. This
theory matches the observation that conditional CDH137~ mice with Golgi cell-specific
knockout show increased reciprocal social interactions [56]. Low agreeableness is com-
monly found in ASD patients [57,58], and every second child with ASD suffers addition-
ally from ADHD symptoms [59]. Thus, the association of ASD with small copy number
variants within the CDH13 gene [5] warrants further investigation of CDH13-dependent
alterations in social behavior. Future studies that address the functional effects of CDH13
in ADHD should consider paradigms of social reciprocity and empathy, for example, by
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functional imaging studies to test for an association of CDH13 with pro- and anti-social
behavior at a neural system level.

CDH13 influences working memory performance in childhood ADHD [26]. In con-
trast to this previous study, we focused on one functional CDH13 SNP in aADHD. To this
end, we assessed working memory performance and EEG neural response patterns dur-
ing an n-back paradigm. While rs2199430 genotype was not associated with task perfor-
mance as measured by the number of omission/commission errors and reaction time, we
found a significant impact on N200 amplitudes in central electrode positions for both the
1-back and the 2-back condition. This effect only occurred in the aADHD group, but not
in the group of healthy controls, possibly indicating disease specificity. Heterozygotes
(AG) exhibited significantly higher N200 amplitudes than homozygotes in the central
electrode positions. Even if unexpected at first sight, there is a vast amount of literature
describing heterosis effects for candidate genes of complex polygenic neuropsychiatric
disorders, e.g. for the BDNF Val66Met polymorphism [60-62], the dopamine transporter,
and several dopamine and serotonin receptor genes [63]. Our data can be interpreted as a
hint at subtly altered neural processing by a heterosis effect of CDH13. The N200 ampli-
tude is generally associated with conflict processing and cognitive inhibition during men-
tally demanding tasks [64,65]. Hence, it can be argued —in the absence of any behavioral
differences between genotype groups—that 152199430 heterozygotes must invest stronger
mental effort during target and non-target trials of both the 1-back and 2-back conditions.

We did not find any genotype-dependent quantitative alterations of P300 ampli-
tudes. However, there was a notable rightward lateralization of P300 amplitudes in
rs2199430 G allele carriers, which occurred only in the healthy control but not in the
aADHD group. The P300 is thought to reflect stimulus recognition, memory updating,
and decision-making during n-back tasks on a higher hierarchical level than the N200,
which seems to be more closely related to immediate decision-making [66,67]. Regarding
the right lateralization of P300 amplitudes in carriers of at least one G allele (in contrast to
no apparent lateralization in the group of AA carriers) in our control group, this effect
points toward genotype-based differences in neural processes underlying working
memory strategies during the letter n-back task. Specifically, image-based rehearsal strat-
egies have been proposed to rely on the right hemisphere, while “analytic representa-
tions” seem to be maintained preferentially in the left frontal areas [68]. Consequently,
our data indicate a modifying role of CDH13 SNP variation in neural processing involved
in verbal memory and attentional control. As a previous study hints at an impact of
CDH13 SNP variation on verbal memory in children with ADHD [26], we are deducing
that CDH13 is an important neural moderator for working memory and sustained atten-
tion in ADHD. This is in line with the pathophysiological concept of ADHD as a dysexec-
utive neurodevelopmental disorder with alterations in attentional brain networks with a
focus on the connectivity between frontal brain areas, such as the dorsolateral prefrontal
cortex and striatal circuits [69].

Behavioral measures and neural responses were not altered by rs2199430 genotype
in the CPT (Go-NoGo task). As the CPT mainly assesses prefrontal functions of cognitive
response control that are disturbed in highly impulsive individuals, our result is in ac-
cordance with reports that Cdh13-- mice are predominantly impaired regarding working
memory and learning while displaying only subtly increased impulsivity [19,70]. There-
fore, future studies that focus on CDH13 in neurodevelopmental disorders should con-
centrate on the role of CDH13-mediated neuronal outgrowth in attentional networks, such
as frontostriatal circuits and hippocampal regions, in both rodent models and human
studies. For the former, a conditional knockout mouse is already under investigation [70];
to address the latter, CDH13*- and CDH13”~ human-induced pluripotent cell lines have
been created recently [71] and can be used to investigate the impact of CDH13 on the
excitatory—inhibitory balance in neuronal cell models [72].

As a limitation, it has to be stressed that the effects of the significant results in this
study were only in the small- to medium-sized range and would not survive correction
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on a gene-wide level, an immanent problem when investigating common SNPs in com-
plex polygenetic neuropsychiatric disorders. Nevertheless, this study provides further ev-
idence that CDH13 —besides its categorical association with ADHD —influences interme-
diate phenotypes of dimensional personality traits and executive functions. Thereby,
CDH13 might contribute to important symptomatic domains of cognitive impairment and
disturbed social relationships in ADHD. If and how differential brain CDH13 expression
is related to functional alterations in monoaminergic neurotransmission, especially the
serotonergic system in this context, should be the focus of future studies.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/genes12091356/s1. Supplementary Table S1: Cycling conditions, primers, and agarose
gel image depicting the expected band sizes of the digested PCR product for rs2199430 genotyping;
Table S2: 152199430 genotype distribution in the adult ADHD and control sample; and Table S3: F-
statistics for the Big Five personality traits with rs2199430 genotype as an independent variable in
the aADHD cohort.

Author Contributions: Conceptualization, G.C.Z., A.-C.E., and K.-P.L.; methodology, G.C.Z., A.-
C.E.,, and K.-P.L.; software, A.-C.E. and H.W.; validation, H.W.; formal analysis, L.LK., H-P.K,,
M.R.V,, and ].EM.Z,; investigation, G.C.Z., M.A.S,, L1K, M.R.V,, H-P.K,, and ].E.M.Z.; resources,
A.-CE. and HW.; data curation, HW.; writing—original draft preparation, G.C.Z. and A.-C.E,;
writing—review and editing, G.C.Z.,, A.-C.E,K.-P.L,K.D,, AR, JEM.Z,P.Z,RK, PP, AJF, and
M.R.V; visualization, G.C.Z.; supervision, K.-P.L.,, K.D., AR, AJ.F, PP, RK, and M.R; project
administration, G.C.Z.; funding acquisition, K.-P.L. and G.C.Z. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the ERA-NET NEURON under Grant No. 01EW1902 (DE-
CODE!), the Horizon 2020 Research and Innovation Programme under Grant No. 728018
(Eat2beNICE), the 5-100 Russian Academic Excellence Project, and the University of Wiirzburg in
the funding program Open Access Publishing. G.C.Z is supported by a grant from the DFG (Project
No. 413657723; Clinician Scientist-Program UNION CVD). This publication was supported by the
Open Access Publication Fund of the University of Wiirzburg.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki. All procedures have been reviewed and approved by the Ethics Committee
of the University of Wiirzburg under ethical approval numbers 141/03 for the CRU125 cohort, and
07/08 for the SFB-TRR58 Z02 cohort.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The datasets used and analyzed for this study are available from the
corresponding author upon request.

Acknowledgments: We are grateful to all patients for their participation in the study. We also
would like to thank Gabriela Ortega and Julia Merk for their excellent technical support with regard
to primer design and genotyping.

Conflicts of Interest: R K. receives advisory honoraria from JoyVentures, Herzlia, Israel, not related
to this study. None of the other authors reports any financial conflict of interest related to this study.

1. Lasky-Su, J.; Neale, B.M.; Franke, B.; Anney, R.J.; Zhou, K.; Maller, ].B.; Vasquez, A.A.; Chen, W.; Asherson, P.; Buitelaar, J.; et
al. Genome-wide association scan of quantitative traits for attention deficit hyperactivity disorder identifies novel associations
and confirms candidate gene associations. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2008, 147B, 1345-1354,

doi:10.1002/ajmg.b.30867.

2. Lesch, K.P,; Timmesfeld, N.; Renner, T.]J.; Halperin, R.; Roser, C.; Nguyen, T.T.; Craig, D.W.; Romanos, J.; Heine, M.; Meyer, J.;
et al. Molecular genetics of adult ADHD: Converging evidence from genome-wide association and extended pedigree linkage
studies. J. Neural. Transm. 2008, 115, 15731585, doi:10.1007/s00702-008-0119-3.

3. Neale, B.M.; Medland, S.; Ripke, S.; Anney, R.J.; Asherson, P.; Buitelaar, J.; Franke, B.; Gill, M.; Kent, L.; Holmans, P.; et al. Case-
control genome-wide association study of attention-deficit/hyperactivity disorder. J. Am. Acad. Child. Adolesc. Psychiatry 2010,
49, 906-920, d0i:10.1016/j.jaac.2010.06.007.



Genes 2021, 12, 1356 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zhou, K.; Dempfle, A.; Arcos-Burgos, M.; Bakker, S.C.; Banaschewski, T.; Biederman, J.; Buitelaar, ].; Castellanos, F.X.; Doyle,
A.; Ebstein, R.P.; et al. Meta-analysis of genome-wide linkage scans of attention deficit hyperactivity disorder. Am. |. Med. Genet.
B Neuropsychiatr. Genet. 2008, 147B, 1392-1398, doi:10.1002/ajmg.b.30878.

Kushima, I.; Aleksic, B.; Nakatochi, M.; Shimamura, T.; Okada, T.; Uno, Y.; Morikawa, M.; Ishizuka, K.; Shiino, T.; Kimura, H.;
et al. Comparative Analyses of Copy-Number Variation in Autism Spectrum Disorder and Schizophrenia Reveal Etiological
Overlap and Biological Insights. Cell Rep. 2018, 24, 2838-2856, d0i:10.1016/j.celrep.2018.08.022.

Sanders, S.J.; He, X.; Willsey, A.].; Ercan-Sencicek, A.G.; Samocha, K.E.; Cicek, A.E.; Murtha, M.T.; Bal, V.H.; Bishop, S.L.; Dong,
S.; et al. Insights into Autism Spectrum Disorder Genomic Architecture and Biology from 71 Risk Loci. Neuron 2015, 87, 1215
1233, d0i:10.1016/j.neuron.2015.09.016.

Edwards, A.C.; Aliev, F.; Bierut, L.J.; Bucholz, K.K.; Edenberg, H.; Hesselbrock, V.; Kramer, J.; Kuperman, S.; Nurnberger, J.I.,
Jr.; Schuckit, M.A.; et al. Genome-wide association study of comorbid depressive syndrome and alcohol dependence. Psychiatr.
Genet. 2012, 22, 31-41, d0i:10.1097/YPG.0b013e32834acd07.

Howard, D.M.; Adams, M.]; Clarke, T.K.; Hafferty, ].D.; Gibson, J.; Shirali, M.; Coleman, J.R.IL;; Hagenaars, S.P.; Ward, J.; Wig-
more, E.M.; et al. Genome-wide meta-analysis of depression identifies 102 independent variants and highlights the importance
of the prefrontal brain regions. Nat. Neurosci. 2019, 22, 343-352, d0i:10.1038/s41593-018-0326-7.

Xu, W.; Cohen-Woods, S.; Chen, Q.; Noor, A.; Knight, J.; Hosang, G.; Parikh, S.V.; De Luca, V.; Tozzi, F.; Muglia, P.; et al.
Genome-wide association study of bipolar disorder in Canadian and UK populations corroborates disease loci including SYNE1
and CSMD1. BMC Med. Genet. 2014, 15, 2, d0i:10.1186/1471-2350-15-2.

Uhl, G.R.; Drgon, T, Liu, Q.R; Johnson, C.; Walther, D.; Komiyama, T.; Harano, M.; Sekine, Y.; Inada, T.; Ozaki, N.; et al.
Genome-wide association for methamphetamine dependence: Convergent results from 2 samples. Arch. Gen. Psychiatry 2008,
65, 345-355, doi:10.1001/archpsyc.65.3.345.

Treutlein, J.; Cichon, S.; Ridinger, M.; Wodarz, N.; Soyka, M; Zill, P.; Maier, W.; Moessner, R.; Gaebel, W.; Dahmen, N.; et al.
Genome-wide association study of alcohol dependence. Arch. Gen. Psychiatry 2009, 66, 773-784, doi:10.1001/archgenpsychia-
try.2009.83.

Hart, A.B.; Engelhardt, B.E.; Wardle, M.C.; Sokoloff, G.; Stephens, M.; de Wit, H.; Palmer, A.A. Genome-wide association study
of d-amphetamine response in healthy volunteers identifies putative associations, including cadherin 13 (CDH13). PLoS ONE
2012, 7, 42646, doi:10.1371/journal.pone.0042646.

Drgonova, J.; Walther, D.; Hartstein, G.L.; Bukhari, M.O.; Baumann, M.H.; Katz, J.; Hall, F.S.; Arnold, E.R;; Flax, S.; Riley, A.; et
al. Cadherin 13: Human cis-regulation and selectively-altered addiction phenotypes and cerebral cortical dopamine in knockout
mice. Mol. Med. 2016, 22, 537-547, d0i:10.2119/molmed.2015.00170.

Kohannim, O.; Hibar, D.P.; Jahanshad, N.; Stein, J.L.; Hua, X; Toga, A.W.; Jack, C.R,, Jr.; Weiner, M.W.; Thompson, P.M.; the
Alzheimer's Disease Neuroimaging Initiative. Predicting Temporal Lobe Volume on Mri from Genotypes Using L(1)-L(2) Reg-
ularized Regression. Proc. IEEE Int. Symp. Biomed. Imaging 2012, 1160-1163, d0i:10.1109/ISBI.2012.6235766.

Otowa, T.; Yoshida, E.; Sugaya, N.; Yasuda, S.; Nishimura, Y.; Inoue, K.; Tochigi, M.; Umekage, T.; Miyagawa, T.; Nishida, N.;
et al. Genome-wide association study of panic disorder in the Japanese population. J. Hum. Genet. 2009, 54, 122-126,
doi:10.1038/jhg.2008.17.

Rivero, O.; Sich, S.; Popp, S.; Schmitt, A.; Franke, B.; Lesch, K.P. Impact of the ADHD-susceptibility gene CDH13 on develop-
ment and function of brain networks. Eur. Neuropsychopharmacol. 2013, 23, 492-507, d0i:10.1016/j.euroneuro.2012.06.009.
Fredette, B.J.; Miller, J.; Ranscht, B. Inhibition of motor axon growth by T-cadherin substrata. Development 1996, 122, 3163-3171.
Forero, A ; Rivero, O.; Waldchen, S.; Ku, H.P,; Kiser, D.P.; Gartner, Y.; Pennington, L.S.; Waider, J.; Gaspar, P.; Jansch, C.; et al.
Cadherin-13 Deficiency Increases Dorsal Raphe 5-HT Neuron Density and Prefrontal Cortex Innervation in the Mouse Brain.
Front. Cell Neurosci. 2017, 11, 307, doi:10.3389/fncel.2017.00307.

Rivero, O.; Selten, M.M.; Sich, S.; Popp, S.; Bacmeister, L.; Amendola, E.; Negwer, M.; Schubert, D.; Proft, F.; Kiser, D.; et al.
Cadherin-13, a risk gene for ADHD and comorbid disorders, impacts GABAergic function in hippocampus and cognition.
Transl. Psychiatry 2015, 5, €655, d0i:10.1038/tp.2015.152.

Kiser, D.P.; Popp, S.; Schmitt-Bohrer, A.G.; Strekalova, T.; van den Hove, D.L.; Lesch, K.P.; Rivero, O. Early-life stress impairs
developmental programming in Cadherin 13 (CDH13)-deficient mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 2019, 89, 158—
168, d0i:10.1016/j.pnpbp.2018.08.010.

Takeuchi, T.; Misaki, A.; Liang, S.B.; Tachibana, A.; Hayashi, N.; Sonobe, H.; Ohtsuki, Y. Expression of T-cadherin (CDH13, H-
Cadherin) in human brain and its characteristics as a negative growth regulator of epidermal growth factor in neuroblastoma
cells. J. Neurochem. 2000, 74, 1489-1497, d0i:10.1046/j.1471-4159.2000.0741489 x.

Tiihonen, J.; Rautiainen, M.R.; Ollila, H.M.; Repo-Tiihonen, E.; Virkkunen, M.; Palotie, A.; Pietilainen, O.; Kristiansson, K.;
Joukamaa, M.; Lauerma, H.; et al. Genetic background of extreme violent behavior. Mol. Psychiatry 2015, 20, 786-792,
doi:10.1038/mp.2014.130.

Terracciano, A.; Sanna, S.; Uda, M.; Deiana, B.; Usala, G.; Busonero, F.; Maschio, A.; Scally, M.; Patriciu, N.; Chen, W.M.; et al.
Genome-wide association scan for five major dimensions of personality. Mol. Psychiatry 2010, 15, 647-656,
doi:10.1038/mp.2008.113.

Anckarséter, H.; Stahlberg, O.; Larson, T.; Hakansson, C.; Jutblad, S.B.; Niklasson, L.; Nyden, A.; Wentz, E.; Westergren, S.;
Cloninger, C.R;; et al. The impact of ADHD and autism spectrum disorders on temperament, character, and personality devel-
opment. Am. |. Psychiatry 2006, 163, 1239-1244, doi:10.1176/appi.ajp.163.7.1239.



Genes 2021, 12, 1356 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

August, G.J.; Realmuto, G.M.; MacDonald, A.W., 3rd; Nugent, S.M.; Crosby, R. Prevalence of ADHD and comorbid disorders
among elementary school children screened for disruptive behavior. J. Abnorm. Child. Psychol. 1996, 24, 571-595,
doi:10.1007/BF01670101.

Arias-Vasquez, A.; Altink, M.E.; Rommelse, N.N.; Slaats-Willemse, D.L; Buschgens, C.J.; Fliers, E.A.; Faraone, S.V.; Sergeant,
J.A.; Oosterlaan, J.; Franke, B.; et al. CDH13 is associated with working memory performance in attention deficit/hyperactivity
disorder. Genes Brain Behav. 2011, 10, 844-851, d0i:10.1111/j.1601-183X.2011.00724 x.

Franke, B.; Vasquez, A.A ; Johansson, S.; Hoogman, M.; Romanos, J.; Boreatti-Hummer, A.; Heine, M.; Jacob, C.P.; Lesch, K.P.;
Casas, M; et al. Multicenter analysis of the SLC6A3/DAT1 VNTR haplotype in persistent ADHD suggests differential involve-
ment of the gene in childhood and persistent ADHD. Neuropsychopharmacology 2010, 35, 656—-664, doi:10.1038/npp.2009.170.
Jacob, C.P.; Romanos, J.; Dempfle, A.; Heine, M.; Windemuth-Kieselbach, C.; Kruse, A.; Reif, A.; Walitza, S.; Romanos, M.;
Strobel, A.; et al. Co-morbidity of adult attention-deficit/hyperactivity disorder with focus on personality traits and related
disorders in a tertiary referral center. Eur. Arch. Psychiatry Clin. Neurosci. 2007, 257, 309-317, d0i:10.1007/s00406-007-0722-6.
Jacob, C.P.; Gross-Lesch, S.; Reichert, S.; Geissler, J.; Jans, T.; Kittel-Schneider, S.; Nguyen, T.T.; Romanos, M.; Reif, A.; Dempfle,
A_; et al. Sex- and Subtype-Related Differences of Personality Disorders (Axis II) and Personality Traits in Persistent ADHD. .
Atten. Disord. 2016, 20, 1056-1065, d0i:10.1177/1087054714521293.

Schiele, M.A.; Ziegler, C.; Holitschke, K.; Schartner, C.; Schmidt, B.; Weber, H.; Reif, A.; Romanos, M.; Pauli, P.; Zwanzger, P.;
et al. Influence of 5-HTT variation, childhood trauma and self-efficacy on anxiety traits: A gene-environment-coping interaction
study. J. Neural Transm. (Vienna) 2016, 123, 895-904, doi:10.1007/s00702-016-1564-z.

Schiele, M.A.; Herzog, K.; Kollert, L.; Schartner, C.; Leehr, E.J.; Bohnlein, J.; Repple, J.; Rosenkranz, K.; Lonsdorf, T.B.;
Dannlowski, U.; et al. Extending the vulnerability-stress model of mental disorders: Three-dimensional NPSR1 x environment
x coping interaction study in anxiety. Br. ]. Psychiatry 2020, 217, 645650, doi:10.1192/bjp.2020.73.

Miller, S.A.; Dykes, D.D.; Polesky, H.F. A simple salting out procedure for extracting DNA from human nucleated cells. Nucleic.
Acids. Res. 1988, 16, 1215.

Costa, P.T.; McCrae, R.R. Revised NEO Personality Inventory (NEO-PI-R) and NEO Five Factor Inventory: Professional manual.
Odessa FL Psychol. Assess. Resour. 1992.

Owen, A.M.; McMillan, K.M.; Laird, A.R.; Bullmore, E. N-back working memory paradigm: A meta-analysis of normative func-
tional neuroimaging studies. Hum. Brain Mapp. 2005, 25, 46-59, d0i:10.1002/hbm.20131.

Riccio, C.A; Reynolds, C.R.; Lowe, P.; Moore, ].J. The continuous performance test: A window on the neural substrates for
attention? Arch. Clin. Neuropsychol. 2002, 17, 235-272.

Bezdjian, S.; Baker, L.A.; Lozano, D.I; Raine, A. Assessing inattention and impulsivity in children during the Go/NoGo task. Br.
J. Dev. Psychol. 2009, 27, 365-383, doi:10.1348/026151008X314919.

Missonnier, P.; Hasler, R.; Perroud, N.; Herrmann, F.R.; Millet, P.; Richiardj, J.; Malafosse, A.; Giannakopoulos, P.; Baud, P. EEG
anomalies in adult ADHD subjects performing a working memory task. Neuroscience 2013, 241, 135-146, doi:10.1016/j.neurosci-
ence.2013.03.011.

Fallgatter, A.J.; Ehlis, A.C; Rosler, M.; Strik, W.K_; Blocher, D.; Herrmann, M.]J. Diminished prefrontal brain function in adults
with psychopathology in childhood related to attention deficit hyperactivity disorder. Psychiatry Res. 2005, 138, 157-169,
doi:10.1016/j.pscychresns.2004.12.002.

Merker, S.; Reif, A.; Ziegler, G.C.; Weber, H.; Mayer, U.; Ehlis, A.C.; Conzelmann, A.; Johansson, S.; Muller-Reible, C.; Nanda,
I; et al. SLC2A3 single-nucleotide polymorphism and duplication influence cognitive processing and population-specific risk
for attention-deficit/hyperactivity disorder. J. Child. Psychol. Psychiatry 2017, doi:10.1111/jcpp.12702.

Ziegler, G.C.; Roser, C.; Renner, T.; Hahn, T.; Ehlis, A.C.; Weber, H.; Dempfle, A.; Walitza, S.; Jacob, C.; Romanos, M.; et al.
KCNJ6 variants modulate reward-related brain processes and impact executive functions in attention-deficit/hyperactivity dis-
order. Am. ]. Med. Genet. B Neuropsychiatr. Genet. 2020, 183, 247-257, doi:10.1002/ajmg.b.32734.

Fallgatter, A.J.; Strik, W.K. The NoGo-anteriorization as a neurophysiological standard-index for cognitive response control.
Int. ]. Psychophysiol. 1999, 32, 233-238.

Costa, P.T.; Terracciano, A.; McCrae, R.R. Gender differences in personality traits across cultures: Robust and surprising find-
ings. J. Pers. Soc. Psychol. 2001, 81, 322-331, doi:10.1037/0022-3514.81.2.322.

Fallgatter, A.].; Brandeis, D.; Strik, W.K. A robust assessment of the NoGo-anteriorisation of P300 microstates in a cued Contin-
uous Performance Test. Brain Topogr. 1997, 9, 295-302.

Fallgatter, A.].; Ehlis, A.C,; Seifert, J.; Strik, W.K,; Scheuerpflug, P.; Zillessen, K.E.; Herrmann, M.].; Warnke, A. Altered response
control and anterior cingulate function in attention-deficit/hyperactivity disorder boys. Clin. Neurophysiol. 2004, 115, 973-981,
doi:10.1016/j.clinph.2003.11.036.

Gottesman, LI; Gould, T.D. The endophenotype concept in psychiatry: Etymology and strategic intentions. Am. J. Psychiatry
2003, 160, 636-645.

Lencz, T.; Szeszko, P.R.; DeRosse, P.; Burdick, K.E.; Bromet, EJ.; Bilder, R.M.; Malhotra, A.K. A schizophrenia risk gene,
ZNF804A, influences neuroanatomical and neurocognitive phenotypes. Neuropsychopharmacology 2010, 35, 2284-2291,
doi:10.1038/npp.2010.102.

Ostendorf, F.; Angleitner, A. NEO-Personlichkeitsinventar Nach Costa Und McCrae [NEO Personality Inventory According to
Costa & McCrae]: NEO-PI-R. In Manual Revidierte Fassung; Hogrefe: Goéttingen, Germany, 2004.



Genes 2021, 12, 1356 14 of 14

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Nigg, ].T.; John, O.P.; Blaskey, L.G.; Huang-Pollock, C.L.; Willcutt, E.G.; Hinshaw, S.P.; Pennington, B. Big five dimensions and
ADHD symptoms: Links between personality traits and clinical symptoms. J. Pers. Soc. Psychol. 2002, 83, 451-469,
doi:10.1037/0022-3514.83.2.451.

Gleason, K.A,; Jensen-Campbell, L.A.; Richardson, D.S. Agreeableness as a predictor of aggression in adolescence. Aggress.
Behav. 2004, 30, 43-61, doi:10.1002/ab.20002.

Laursen, B.; Pulkkinen, L.; Adams, R. The antecedents and correlates of agreeableness in adulthood. Dev. Psychol. 2002, 38, 591—
603, doi:10.1037//0012-1649.38.4.591.

Pailing, A.; Boon, J.; Egan, V. Personality, the Dark Triad and violence. Personal. Individ. Differ. 2014, 67, 81-86,
doi:10.1016/j.paid.2013.11.018.

Seo, D.; Patrick, C.J.; Kennealy, P.J. Role of Serotonin and Dopamine System Interactions in the Neurobiology of Impulsive
Aggression and its Comorbidity with other Clinical Disorders. Aggress. Violent. Behav. 2008, 13, 383-395,
doi:10.1016/j.avb.2008.06.003.

Duke, A.A; Begue, L.; Bell, R.; Eisenlohr-Moul, T. Revisiting the serotonin-aggression relation in humans: A meta-analysis.
Psychol. Bull. 2013, 139, 1148-1172, d0i:10.1037/a0031544.

Graziano, W.G.; Habashi, M.M.; Sheese, B.E.; Tobin, R.M. Agreeableness, empathy, and helping: A person x situation perspec-
tive. J. Pers. Soc. Psychol. 2007, 93, 583-599, d0i:10.1037/0022-3514.93.4.583.

Habashi, M.M.; Graziano, W.G.; Hoover, A.E. Searching for the Prosocial Personality: A Big Five Approach to Linking Person-
ality and Prosocial Behavior. Pers. Soc. Psychol. Bull. 2016, 42, 1177-1192, doi:10.1177/0146167216652859.

Tantra, M.; Guo, L.; Kim, ].; Zainolabidin, N.; Eulenburg, V.; Augustine, G.J.; Chen, A.I. Conditional deletion of Cadherin 13
perturbs Golgi cells and disrupts social and cognitive behaviors. Genes Brain Behav. 2018, 17, 12466, doi:10.1111/gbb.12466.
Schriber, R.A.; Robins, R.W; Solomon, M. Personality and self-insight in individuals with autism spectrum disorder. J. Pers. Soc.
Psychol. 2014, 106, 112-130, doi:10.1037/a0034950.

Lodi-Smith, J.; Rodgers, ].D.; Cunningham, S.A.; Lopata, C.; Thomeer, M.L. Meta-analysis of Big Five personality traits in autism
spectrum disorder. Autism 2019, 23, 556-565, d0i:10.1177/1362361318766571.

Antshel, K.M.; Zhang-James, Y.; Faraone, S.V. The comorbidity of ADHD and autism spectrum disorder. Expert Rev. Neurother
2013, 13, 1117-1128, d0i:10.1586/14737175.2013.840417.

Zou, Y.F.; Ye, D.Q.; Feng, X.L.; Su, H.; Pan, F.M,; Liao, F.F. Meta-analysis of BDNF Val66Met polymorphism association with
treatment response in patients with major depressive disorder. Eur. Neuropsychopharmacol. 2010, 20, 535-544, doi:10.1016/j.eu-
roneuro.2009.12.005.

Verhagen, M.; van der Meij, A.; van Deurzen, P.A ; Janzing, ].G.; Arias-Vasquez, A.; Buitelaar, ].K.; Franke, B. Meta-analysis of
the BDNF Val66Met polymorphism in major depressive disorder: Effects of gender and ethnicity. Mol. Psychiatry 2010, 15, 260—
271, doi:10.1038/mp.2008.109.

Yan, T.; Wang, L.; Kuang, W.; Xu, J.; Li, S.; Chen, ].; Yang, Y. Brain-derived neurotrophic factor Val66Met polymorphism asso-
ciation with antidepressant efficacy: A systematic review and meta-analysis. Asia Pac. Psychiatry 2014, 6, 241-251,
doi:10.1111/appy.12148.

Comings, D.E.; MacMurray, ].P. Molecular heterosis: A review. Mol. Genet. Metab. 2000, 71, 19-31, d0i:10.1006/mgme.2000.3015.
Enriquez-Geppert, S.; Konrad, C.; Pantev, C.; Huster, R.J. Conflict and inhibition differentially affect the N200/P300 complex in
a combined go/nogo and stop-signal task. Neuroimage 2010, 51, 877-887, doi:10.1016/j.neuroimage.2010.02.043.

Folstein, J.R.; Van Petten, C. Influence of cognitive control and mismatch on the N2 component of the ERP: A review. Psycho-
physiology 2008, 45, 152-170, doi:10.1111/j.1469-8986.2007.00602.x.

McEvoy, L.K; Smith, M.E.; Gevins, A. Dynamic cortical networks of verbal and spatial working memory: Effects of memory
load and task practice. Cereb. Cortex 1998, 8, 563-574, doi:10.1093/cercor/8.7.563.

Patel, S.H.; Azzam, P.N. Characterization of N200 and P300: Selected studies of the Event-Related Potential. Int. ]. Med. Sci. 2005,
2, 147-154, doi:10.7150/ijms.2.147.

Courtney, S.M.; Petit, L.; Maisog, ] M.; Ungerleider, L.G.; Haxby, ].V. An area specialized for spatial working memory in human
frontal cortex. Science 1998, 279, 1347-1351, doi:10.1126/science.279.5355.1347.

Cubillo, A.; Halari, R.; Smith, A.; Taylor, E.; Rubia, K. A review of fronto-striatal and fronto-cortical brain abnormalities in
children and adults with Attention Deficit Hyperactivity Disorder (ADHD) and new evidence for dysfunction in adults with
ADHD during motivation and attention. Cortex 2012, 48, 194-215, doi:10.1016/j.cortex.2011.04.007.

Forero, A.; Ku, H.P.; Malpartida, A.B.; Waldchen, S.; Alhama-Riba, J.; Kulka, C.; Aboagye, B.; Norton, W.H.].; Young, A.M.].;
Ding, Y.Q.; et al. Serotonin (5-HT) neuron-specific inactivation of Cadherin-13 impacts 5-HT system formation and cognitive
function. Neuropharmacology 2020, 168, 108018, doi:10.1016/j.neuropharm.2020.108018.

Vitale, M.R.; Zoller, ].E.M.; Jansch, C.; Janz, A.; Edenhofer, F.; Klopocki, E.; van den Hove, D.; Vanmierlo, T.; Rivero, O.; Nadif
Kasri, N.; et al. Generation of induced pluripotent stem cell (iPSC) lines carrying a heterozygous (UKWMPi002-A-1) and null
mutant knockout (UKWMPi002-A-2) of Cadherin 13 associated with neurodevelopmental disorders using CRISPR/Cas9. Stem.
Cell Res. 2021, 51, 102169, d0i:10.1016/j.scr.2021.102169.

Mossink, B.; van Rhijn, ].R.; Wang, S.; Linda, K.; Vitale, M.R.; Zoller, ].E.M.; van Hugte, E.].H.; Bak, ].; Verboven, A.H.A; Selten,
M.; et al. Cadherin-13 is a critical regulator of GABAergic modulation in human stem-cell-derived neuronal networks. Mol.
Psychiatry 2021, 10.1038/s41380-021-01117-x, doi:10.1038/s41380-021-01117-x.



