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Abstract. Antisocial behavior (ASB) is a complex phenotype caused by the interaction between genetic and environ-
mental factors. In past decades several genome-wide association studies (GWAS) and their meta-analyses identified up
to 500 SNPs linked to externalizing pathology in Western Europeans. However, a question on their relevance to ASB
in Eastern Europeans (i.e., Russians) remains open. Therefore, the present study aimed to replicate the effect of SNPs
obtained from externalizing behavior GWAS meta-analysis on homicide behavior considering a possible modulating
effect of social/lifestyle factors. We have selected top six SNPs (p < 1021) from recent GWAS meta-analysis of ASB
(Karlsson Linnér et al., 2021) including CADM?2 rs993137, ZIC4 rs2279829, REV3L rs458806, XKR6 rs4240671,
SORCS3rs11596214, and BDNF rs6265. Subsequent genotyping was performed in the sample of homicide offenders
(N = 227, 7% women) and corresponding control group (N = 254). A series of logistic regression (PLINK v.1.09)
confirmed the association of REV3L rs458806 in the total sample (p = 0.044, OR = 1.346), while SORCS3
rs11596214, ZIC4 rs2279829, XKR6 rs4240671 demonstrated their association with criminal behavior in the
subgroups including smoking, low-educated offenders, individuals with psychopathologies and conflicts in families.
Our findings replicated the effect of REV3L, SORCS3, ZIC4, and XKR6 genetic variants on ASB in the Russian
cohort under a moderating impact of social/lifestyle factors. However, the effect of social/lifestyle factors including
sex, somatic diseases, and smoking on escalating antisocial behavior exceeded that of examined genetic variants.

Keywords: aggression, criminal behavior, callous-unemotional traits, replication, GWAS, sortilin receptor,
REV3L, XKRé.

List of Abbreviations REV3L — REV3 like, DNA directed poly-

ADHD - attention deficit/hyperactivity dis-
order

ASB — antisocial behavior

BDNF — brain derived neurotrophic factor

CADD — Combined Annotation Dependent
Depletion database

CADMZ2 — cell adhesion molecule 2

EA — effect allele

eQTL — expression quantitative traits loci

GWAS - genome-wide association studies

GABA — gamma-aminobutyric acid

MAF — minor allele frequency

OR - odds ratio
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SNP — single nucleotide polymorphism

SORCS3 - sortilin related VPS10 domain
containing receptor 3

SSRI - selective serotonin reuptake inhibitors

merase zeta catalytic subunit
VPS10 — vacuolar protein sorting 10
WHO — world health organization
XKR6 — XK related 6
ZIC4 — Zic family member 4
95%CI — 95% confidence interval

Introduction

Aggression represents physical or verbal be-
havior, which suggests attacking another vial
subject with the intent to cause harm, pain or
injury. Evolutionary aggression is one of essen-
tial types of behavior, which accumulation in
generations is related to biological benefits nec-
essary for the survival of human ancestors
(Baron & Richardson, 2004). Aggressive or an-
tisocial behavior (ASB) toward someone is a
serious problem for the legal system, as well as
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for clinical and public safety (Fritz et al., 2023).
According to the WHO, aggression is one of the
leading causes of worldwide mortality in indi-
viduals aged 15 to 44 years (Dragovich &
Borinskaya, 2019). The Ministry of Internal Af-
fairs of the Russian Federation reported the data
on more than 2.6 million crimes committed in
the Russian Federation in 2022, 117.3 thou-
sands of which were attributed to serious of-
fences and 567.1 thousands - to homicides and
intentional infliction of serious harm
(http://www.crimestat.ru). Therefore, under-
standing the genetic basis of aggression has
both biological and social significance.

The factors underlying liability to antisocial
behavior include biological, psychological and
socioeconomic ones (Fritz et al., 2023). Twin
and adoption studies evidence in 50% to 80%
of variance in aggression attributed to genetic
component (Manchia & Fanos, 2017). During
the past decades the genes belonging to regula-
tion of monoaminergic systems (Kazantseva et
al., 2009; Kolla & Bartolato, 2020), oxytocin
and arginine vasopressin signaling (Davydova
et al., 2020; Kazantseva et al., 2021), GABA
receptors (Deak et al., 2019) and other systems
have been screened under candidate gene meth-
odology.

To date a shift toward genome-wide associ-
ation studies (GWAS) instead of candidate
gene approach in the analysis of complex traits
has been introduced. In this regard several
GWASs of various types of antisocial behavior
were carried out in both children and adult co-
horts. One of the first studies reported four sig-
nificant genetic variants associated with child-
hood conduct disorder (N = 3,963) (Dick et al.,
2011), none of which was located in the genes
previously linked to molecular pathways of ag-
gression. Subsequent GWAS of antisocial be-
havior in adults (N = 4,816) failed to identify
associated SNPs under the level of GWAS sig-
nificance (p < 5 x 10°%), although the most sig-
nificant variant resided the DYRK1A gene,
which was previously linked to impaired brain
development and cognitive decline (Tielbeek et
al., 2012). In addition, the studies of externaliz-
ing behavior conducted by Salvatore et al.
(2015) (alcohol dependence case-control sam-
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ple) and Derringer et al. (2015) (Center on An-
tisocial Drug Dependence) reported no evi-
dence for a genome-wide significance of all ex-
amined variants. These failures can be partially
attributed to the specificity of examined sam-
ple, which comprised of population-based co-
hort, a substance-dependent sample and non-
homicide Finnish prisoners, and questionnaire-
based measurement of antisocial behavior.
Subsequently, GWAS meta-analyses sys-
temizing the results of GWASs of different
types of antisocial behavior have given more
unambiguous results. In turn, the findings ob-
tained differ among adults (Tielbeek et al.,
2017) and children (Pappa et al., 2016). The
most recent and large-scale GWAS meta-anal-
ysis of antisocial behavior (Karlsson Linnér et
al., 2021) combined the data from ~ 1,5 million
individuals and was focused on the assessment
of several externalizing phenotypes such as at-
tention deficit and hyperactivity disorder
(ADHD), problematic alcohol and cannabis
use, number of sexual partners, risky behavior,
and smoking initiation. These domains charac-
terizing impulsivity behavior demonstrate par-
tial genetic correlation and may be attributed to
overlapping molecular mechanisms. Based on
the results of abovementioned meta-analysis,
the authors succeeded to establish more than
500 significant loci related to externalizing be-
havior. The most significant ones that were as-
sociated with all externalizing domains and pre-
sent in gene regions are CADM2 rs993137,
ZIC4 rs2279829, REV3L rs458806, XKR6
rs4240671, SORCS3 rs11596214, BDNF
rs6265 (Karlsson Linnér et al., 2021).
Although several genetic companies provide
individual reports on genetic predisposition to
certain complex traits, they are mainly based on
GWAS findings revealed for Western European
populations including data from UK Biobank.
However, many of reported genetic loci from
European GWASs have to be verified in other
ethnic groups, for instance, in Russians. To date
no studies replicating the effect of top GWAS
SNPs on manifesting antisocial behavior in
Russian cohort have been published. It should
be also mentioned that certain social/lifestyle
factors may also predispose to criminal antiso-
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cial behavior. To be more precise, such possible
predictors include previous suicidal attempts
(Swann et al., 2020), substance use (Tielbeek et
al., 2018), education level, childhood maltreat-
ment (Jung et al., 2018), and mental dysfunc-
tions in family (Li et al., 2017). A possible ef-
fect of social/lifestyle factors on manifesting
aggression can be explained by their regulation
of epigenetic remodeling (Mustafin et al., 2019;
Borinskaya et al., 2021).

In this regard, the present study aimed to rep-
licate the effect of SNPs obtained from exter-
nalizing behavior GWAS meta-analysis on
manifesting severe criminal behavior consider-
ing a possible modulating effect of social/life-
style factors.

Materials and Methods

Study sample

The sample of the present study was en-
larged from previously reported one (Ka-
zantseva et al., 2021) and consisted of 227 hom-
icide offenders (7% women, mean age 41.5 +
+14.5 years), who convinced their severe
crimes (murders) in the Republic of Bashkorto-
stan. Criminal offenders belonged to three main
ethnic groups residing Bashkortostan (48%
Russians, 34.8% Tatars and 17.2% Bashkirs).
They were subjected to a forensic psychiatric
examination in a criminal case in the Republi-
can Clinical Psychiatric Hospital (Ufa, Russia).
All the offenders were recognized as sane per-
sons by the Court. In order to assess the possible
influence of social/lifestyle factors on manifest-
ing antisocial behavior, the information on
specificity of rearing, education level, tobacco
smoking, alcohol addiction, somatic diseases,
familial history of psychopathologies, suicidal
attempts, and present conflicts in family was
obtained.

A group of 254 mentally healthy adults
served as control groups and were similar to the
group of homicide offenders by sex (12%
women), age (mean age 37.10 + 18.38 years),
and ethnic background (46% Russians, 35.8%
Tatars and 18.2% Bashkirs). Control individu-
als were absent of familial history of psychopa-
thologies and were non-registered in the psy-
chiatric database.

The study was approved by the Biological
Ethics Committee at the Institute of Biochemis-
try and Genetics—Subdivision of the Ufa Fed-
eral Research Centre of the Russian Academy
of Sciences (Ufa, Russia) (protocol code 15,
date of approval, October 12, 2017). A written
informed consent was obtained from all partic-
ipants after they were acquainted with the pro-
cedures. All procedures performed were in ac-
cordance with the ethical standards of the insti-
tutional and/or national research committee and
with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards.

SNPs selection and genotyping

DNA isolation was carried out using phenol-
chloroform extraction approach from the periph-
eral blood leukocytes, which was followed by
concentrations and DNA quality measurement
(NanoDrop 1000 spectrophotometer, Thermo
Fisher Scientific, USA). We performed a search
for the most significant SNPs (p < 1072), which
have been extracted from one of recent GWAS
meta-analysis of externalizing behavior and self-
regulation Karlsson Linnér et al., 2021). We
have selected the following top six SNPs: XKR6
rs4240671, SORCS3 rs11596214, BDNF
rs6265, CADM2 rs993137, ZIC4 rs2279829, and
REV3L rs458806 based on the following criteria:
1) the lowest statistical significance level in
abovementioned GWAS; 2) minor allele fre-
quency (MAF) above 0.05 in European popula-
tions; 3) SNP location in the gene and neighbor-
ing regions; 4) selection of one SNP per gene;
5) SNP effect was significant for all examined
externalizing phenotypes including ADHD, al-
cohol, cannabis and tobacco addiction, risky be-
havior and the number of sexual partners; 6) re-
ported regulatory effect of SNP according to the
RDB (Regulome Database, https://regu-
lomedb.org/regulome-search) and CADD
(Combined Annotation Dependent Depletion,
https://cadd.gs.washington.edu) databases.
Lower RDB score indicates higher possible reg-
ulatory effect of SNP on gene expression. The
CADD database reflects the highest destructive
effect of SNP on protein translation (higher
CADD score coincides with more detrimental
effect).
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Genotyping of genetic loci was carried out
using real-time PCR with KASP kits (Maxim
Medical LLC, LGC Genomics, UK) and end-
point fluorescence analysis on CFX96 DNA
Analyzer (BioRad, USA).

Statistical analysis

At the primary stage we examined for the
correspondence of the observed allele and gen-
otype frequencies to the expected Hardy-Wein-
berg equilibrium. A comparison of genotype
frequencies distribution among different ethnic
groups was based on a calculation of Pearson 2
criterion (adjusted for Yates continuity) and a
significance level. For the replication purposes
we performed a series of logistic regression
analyses under additive models with SNPs as
independent variables and the status (homicide
offenders vs. control group) as the outcome
(PLINK v.1.09) controlling for sex and age. To
determine a possible impact of abovementioned
social/lifestyle factors on escalating antisocial
behavior, logistic regression analyses were ini-
tiated. Subsequently, since the majority of ex-
amined social factors significantly affected in-
dividual sensitivity to manifesting ASB, we
performed association analysis in the subgroups
stratified by social factor. To determine a pos-
sible combined effect of genetic and social pre-
dictors, we performed a series of logistic regres-
sions, which initially included all examined
SNPs and significant environmental factors as
predictors. Subsequently, a procedure of back-
ward elimination was used to select the best
predicting model based on the best Akaike in-
formation criterion (AIC) and p-value in R
(v.4.3.0). A level of statistical significance was
setat p <0.05.

Results

Distribution of allele and genotype frequen-
cies of all examined SNPs in control groups
corresponded to that expected by the Hardy-
Weinberg equilibrium (Table 1). Subsequent
analysis revealed the absence of differences in
allele and genotype frequencies between ethnic
groups comprising the sample (p > 0.05).

Primarily, we checked for the possible im-
pact of social/lifestyle factors on escalating
criminal behavior. A significant influence of
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sex (B = 1.13, p < 0.001), level of education
(B=-2.04, p <0.001), present tobacco smoking
(B=1.10,p <0.001), familial history of mental
diseases (B =1.37, p <0.001), alcohol addiction
(B=6.17, p <0.001), and severe somatic dis-
eases (B =1.53, p < 0.001) on manifesting ex-
aggerated aggression were revealed (Table 2).
Namely, criminal behavior was significantly
more frequent in men, individuals with low ed-
ucation level, with nicotine and alcohol addic-
tion, somatic diseases, with accumulated psy-
chopathologies in families, and in youngest
children in families. Therefore, we performed
logistic regression analyses in the total sample
and in the subgroups split by social parameter.

In the total sample we failed to replicate the
effect of examined genetic loci on escalating
antisocial behavior except for REV3L rs458806
(for allele C: B =2.02, p=0.044) (Table 2). The
same direction of association was observed in
the following subgroups of criminal offenders
with proactive aggression (B =2.11, p=0.035),
non-smoking individuals (f = 2.07, p = 0.038),
with somatic diseases (B = 2.79, p = 0.039),
with family conflicts (B = 2.02, p = 0.005). In
this regard, REV3L C-allele carriers had higher
probability of demonstrating ASB (OR =1.346,
95%CI 1.01 — 1.79 — in the total sample; OR =
=1.376, 95%CI 1.02 — 1.85 — in criminal of-
fenders with proactive aggression; OR = 1.568,
95%CI 1.03 — 2.40 — in non-smoking individu-
als; OR = 1.409, 95%Cl 1.02 — 1.95 — in indi-
viduals with somatic diseases; OR = 1.677,
95%CI 1.17 — 2.41 — in persons with conflicts
in family).

Subgroups analysis revealed that higher risk
of manifesting criminal behavior was associ-
ated with SORCS3 rs11596214 G-allele, which
was prominent for smoking offenders (f =2.06,
p = 0.040, OR = 1.357, 95%CI 1.02 — 1.82),
persons with accumulated mental disorders in
family (B =2.56, p =0.010, OR =1.608, 95%ClI
1.02 — 2.32), and somatically healthy offenders
(B=227,p=0.023, OR = 1.515, 95%CI 1.05
— 2.17) (Table 2). The association of ZIC4
rs2279829 C-allele with higher probability to
develop ASB was observed in low-educated
criminal offenders (B = 2.29, p = 0.022, OR =
=1.610, 95%CI 1.08 — 2.44). Finally, we ob-
served a link between increased risk of devel-
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Table 1
Genotype frequencies and the Hardy-Weinberg equilibrium in antisocial behavior
and control groups
Gene SNP Minor/major allele Group Genotype frequency Prwe
AB 0.037 | 0.428 | 0.535 | 0.047
CADM2 rs993137 CIT

Control 0.093 | 0.418 | 0.489 | 0.878

71C4 ($2279829 TIC AB 0.036 | 0.324 0.64 1
Control 0.041 | 0.376 | 0.583 | 0.368
AB 0.1 0.42 0.48 0.875
REV3L r$458806 CcrT Control | 007 | 037 | 056 | 0731
AB 0.18 0.51 0.31 0.587
XKR6 54240671 AIG Control | 022 | 047 | 031 | 0459
AB 0.15 0.51 0.34 0.489
SORCS3 rs11596214 AIG Control | 022 | 049 | 029 | 0.707
AB 0.04 0.24 0.72 0.125
BDNF 56265 CcrT Control | 0.03 | 023 | 074 | 0.141

Note: Puwe— P-value for Hardy-Weinberg equilibrium.

oping ASB and XKRG6 rs4240671 G-allele only
in individuals with permanent conflict situation
in their families (B = 2.18, p = 0.030, OR =
=1.471, 95%CI 1.04 — 2.08) (Table 2).

In order to estimate a combined effect of
both genetic and social factors on severe ASB,
we used a backward selection procedure to find
a model with the most significant predictors.
The final model (p < 0.001, r? = 0.29) included
sex (B =-2.31, p=1x10%), severe somatic dis-
eases (B = 2.3, p = 5.0 x 107®), and tobacco
smoking (B =2.38, p=2.9 x 10®), while genetic
variants were excluded.

Discussion

The present study is the pioneer one, which
examined the effect of previously determined
genetic loci in the XKR6, SORCS3, BDNF,
CADM2, ZIC4, and REV3L genes on escalating
severe forms of antisocial behavior (homicide)
in Russian cohort within GWAS replication
framework. The main finding is that social/life-
style factors have more prominent impact on
predisposing ASB compared to analyzed ge-
netic variants. We revealed that a combined ef-
fect of such social predictors as sex, severe so-
matic diseases, and tobacco smoking explained
up to 29% of variance in ASB. Hazardous im-

pact of such environmental factors on develop-
ing aggression and externalizing behavior has
been well-established (Fairchild et al., 2019).
With respect to examined genetic variants,
although their impact on developing ASB was
diminished compared to social predictors, we
replicated the effect of REV3L rs458806 on
manifesting antisocial behavior in Russian co-
hort in the total sample and in subgroups. Nota-
bly, the most significant result of REV3L
rs458806 association with ASB was shown in
individuals reporting permanent conflicts in
their families. Our findings on REV3L C-allele
effect on ASB is congruent with large-scale
meta-analysis (Karlsson Linnér et al., 2021),
which also reported a link between this allele
and various externalizing phenotypes (p = 1.3 x
x 102%). The REV3L gene encodes a catalytic
subunit of DNA polymerase zeta, which is in-
volved in DNA synthesis and DNA protection
from damage in mitochondria. Previously, mi-
tochondrial dysfunction was shown to be
caused by stressful life events and childhood
maltreatment (Picard &McEwen, 2018; Eni-
keeva et al, 2022). In this regard, a possible in-
volvement of the REV3L gene in regulation of
emotions, behavioral self-inhibition and self-
control explains our findings. It should be men-
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Logistic regression in the total sample and in the subgroups examining the effect of SNPs on manifesting antisocial behavior

Table 2

CADM2 ZIC4 REV3L XKR6 SORCS3 BDNF
Parameter B (p-value) Group rs993137 rs2279829 rs458806 rs4240671 rs11596214 rs6265
c/T* c/T* c/T* G/IA* G/IA* T/C*
Direction of effect in GWAS meta-analysis** ct ct ct G?T G?T ct
0.081 0.247 0.044 0.528 0.065 0.647
Total sample (N = 227) (0.764) (1.211) (1.346) (1.085) (1.277) (1.080)
Sex (men/women) 1.13 Men 0.119 0.377 0.118 0.766 0.186 0.549
(<0.001) | (N=212) (0.774) (1.166) (1.284) (1.043) (1.203) (1.114)
Women - - - - - -
(N =15)
Education (high/low) -2.04 High 0.313 0.468 0.264 0.580 0.095 0.817
(<0.001) (N =92) (0.818) (0.858) (1.247) (1.098) (1.342) (0.947)
Low 0.081 0.022 0.056 0.699 (1.164) 0.209 0.430
(N =135) (0.727) (1.610) (1.380) (1.211) (1.168)
Aggression type 23.48 Proactive 0.132 0.270 0.035 0.408 0.082 0.782
(proactive/ reactive) (0.985) (N =211) (0.789) (1.205) (1.376) (1.117) (1.269) (1.05)
Reactive - - - - - -
(N =16)
Smoking (yes/no) 1.10 Yes 0.198 0.285 0.173 0.805 0.040 0.497
(<0.001) | (N=160) (0. 804) (1.218) (1.247) (1.035) (1.357) (1.134)
No 0.160 (0.719) 0.573 0.038 0.317 0.570 0.960
(N =67) (1.152) (1.568) (1.218) (1.117) (0.987)
Familial psychopathology 1.37 Yes 0.059 0.288 0.095 0.769 0.010 0.658
(yes/no) (<0.001) (N =88) (0.663) (1.274) (1.395) (0.951) (1.608) (1.108)
No 0.348 0.409 0.155 0.281 0.354 0.601
(N =139) (0.849) (1.174) (1.272) (1.179) (1.153) (1.108)
Alcohol addiction (yes/no) 6.17 Yes 0.094 0.078 0.113 0.963 0.080 0.742
(<0.001) | (N =150) (0.745) (1.406) (1.298) (0.993) (1.305) (0.938)
No 0.335 0.789 0.071 0.170 0.251 0.170
(N=77) (0.813) (0.941) (1.452) (1.290) (1.239) (1.380)




End of table 2

CADM2 ZIC4 REV3L XKR6 SORCS3 BDNF

Parameter B (p-value) Group rs993137 rs2279829 rs458806 rs4240671 rs11596214 rs6265

CIT* CIT* CIT* G/IA* G/IA* T/C*

Direction of effect in GWAS meta-analysis** (6%) (6% ct G?T G? ct

Somatic diseases (yes/no) 1.53 Yes 0.239 0.181 0.039 0.849 0.393 0.199
(<0.001) | (N=136) (0.808) (1.302) (1.409) (1.029) (1.140) (1.276)

No 0.104 0.573 0.321 0.314 0.023 0.254
(N=91) (0.715) (1.135) (1.221) (1.196) (1.515) (0.740)

Suicidal attempts (yes/no) 18.02 Yes 0.157 0.674 0.124 0.954 0.313 0.464
(0.976) (N =43) (0.669) (1.131) (1.479) (1.013) (1.266) (0.779)

No 0.156 0.230 0.110 0.463 0.064 0.369
(N =176) (0.795) (1.237) (1.284) (1.106) (1.302) (0.899)

Conflicts in family (yes/no) 17.37 No 0.150 0.328 0.590 0.371 0.148 0.553
(0.993) (N =122) (0.771) (1.219) (1.101) (0.872) (1.255) (1.127)

Yes 0.230 0.230 0.005 0.030 0.100 0.855

(N =91) (0.782) (1.307) (1.677) (1.471) (1.340) (1.042)

Note: N represents number of subjects with antisocial behavior. P-values (ORs) for additive logistic regression model are shown. Statistically significant p-values
(p < 0.05) are shown in bold. Dashes stand for low sample size groups, which could cause type I and Il errors. *Effect/other alleles of examined SNPs are indicated.

**Arrows indicate a direction of association with ASB. For the parameter a probability to manifest antisocial behavior in the examined group (given in brackets)
compared to reference is given.



tioned that stronger effect of the REV3L gene
variant on ASB was observed under unfavora-
ble social conditions such as the presence of so-
matic diseases and family conflicts. The same
direction of association determined in non-
smoking individuals and unobserved in smok-
ing ones can be explained by a bidirectional in-
fluence of nicotine on emotional states at differ-
ent stages of addiction. A periodic smoking can
be used to diminish negative emotional symp-
toms, while permanent long-term smoking can
promote their increase (Weltens et al., 2021).
Although no other studies determined the effect
of rs458806 on antisocial behavior, several
SNPs in the REV3L gene have been linked to
risky behavior (Baselmans et al.,2021) and
smoking initiation (Brazel et al., 2018; Cai et
al., 2020; Saunders et al., 2022; Pasman et al.,
2021; Erzurumluoglu et al., 2020).

The examined rs458806 represents eQTL of
the REV3L gene in cerebellum and has pre-
dicted regulatory impact on gene expression ac-
cording to RDB and CADD databases. How-
ever, a direction of functional significance ef-
fect of this SNP remains undetermined. In turn,
reduced expression of the REV3L gene in the
brain was linked to rs462779 A-allele, which
was associated with a decreased risk of smok-
ing initiation (Erzurumluoglu et al., 2020) and
is proxy to rs458806 T-allele based on LDLink
(https://ldlink.nci.nih.gov, accessed on 31 Au-
gust 2023, r>=1). According to these results, we
suggest that escalating antisocial behavior can
be attributed to enhanced expression of the
REV3L gene associated with REV3L C-allele.
However, functional studies are required to
confirm this suggestion.

Another association of SORCS3 rs11596214
and ASB in individuals from Russia was repli-
cated only under a moderating effect of tobacco
smoking and mental impairment in the family.
Sortilin-related receptor SORCS3 belongs to
the VPS10P domain receptor family, which is
responsible for trafficking of proteins between
intracellular vesicles and the plasma mem-
brane, and controls neuronal viability and func-
tion (Briederhoff et al., 2013). Interestingly, the
SORCS3 gene is highly expressed in hippocam-
pus — brain region involved in memory storage
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and retrieval. Moreover, SORCS3-deficient
mice were characterized by impaired emotional
behavior and accelerated extinction of fear
memory caused by modified glutamate receptor
trafficking (Briederhoff et al., 2013). In this re-
gard the role of SORCS3 receptor in behavioral
disinhibition and antisocial behavior in humans
is non-surprising. In line with abovementioned
study, a recent research also determined that di-
minished expression of the SORCS3 gene,
which negatively affected synaptic function,
was characteristic for impaired mental states
(Kamran et al., 2023).

In accordance with our findings, previous
GWAS studies also implicated SORCS3
rs11596214 G-allele in higher risk of antisocial
phenotypes (Karlsson Linnér et al., 2021), in-
creased depression risk (Thorp et al., 2021), and
lower Neuroticism (Hill et al., 2020). Recent
GWAS also depicted SNPs in the SORCS3 gene
as linked to ADHD, a disorder frequently ge-
netically overlapping antisocial behavior
(Demontis et al., 2023). Nevertheless, molecu-
lar mechanisms underlying SORCS3-linked
predisposition to escalating aggression have to
be clarified.

The XKR6 gene, which is involved in apop-
totic process, was implicated in the develop-
ment of criminal behavior in the present study.
Although functional studies reporting a link be-
tween its up/downregulation at the molecular
level are absent to date, its partial deletion
within the 8p23.1 microdeletion syndrome is
also accompanied by emotional problems, in-
tellectual disability, and epilepsy (Akcakaya et
al., 2017). Absence seizures accompanying ep-
ilepsy phenotype are attributed to frontal lobe
dysfunction (Hughes, 2009), a region also sig-
nificant for inhibitory control and, thus, for im-
pulsive and aggressive behavior. In turn, 8p23.1
duplication of 3.68 Mb region including the
XKR6 gene manifested as fertility problems
with speech delay in childhood (EIl Karaaoui et
al., 2023) and hyperactivity (Barber et al.,
2013). Our findings also demonstrated a rela-
tion between the XKR6 gene variant and exter-
nalizing behavior, which was evident only in
the case of present stressful conditions in the
family. The last ones are known to be key me-
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diating factors in community violence
(Fairchild et al., 2019). It should be noted that
the direction of effect of XKR6 rs4240671 cor-
responded to that determined in previous meta-
analysis (Karlsson Linnér et al., 2021). Pub-
lished findings also indicate the possible in-
volvement of the XKR6 genetic variants in
smoking initiation (Liu et al., 2019), risky
(Karlsson Linnér et al., 2019) and aggressive
behavior (Baselmans et al., 2021). In addition,
a large-scale multi-trait GWAS meta-analysis
(Amare et al., 2018) identified genetic variant
in the XKR6 gene as one of top eight linked to
SSRI efficacy in major depression and neuroti-
cism.

Another gene, which was also related to so-
cial violence in our study, was the ZIC4 gene
encoding a zinc finger protein of the cerebel-
lum, which regulates the development of brain
motor control region and is involved in neuro-
genesis (Alagoz et al., 2022). A deletion of the
ZIC1 and ZIC4 genes in a heterozygous state
causes so called Dandy-Walker malformation,
which represents a structural birth defect of the
human cerebellum (Aruga & Millen, 2018).
Moreover, the ZIC4 gene is related to the corti-
cal evolution and its coding sequence was pos-
itively selected in mammals (Alagoz et al.,
2022). Therefore, a relation of the ZIC4 gene to
emotional regulation and our findings on the as-
sociation of the ZIC4 gene variant with aggres-
sive behavior seem to be probable. It should be
mentioned that higher risk of manifesting crim-
inal behavior was prominent for low-educated
ZIC4 rs2279829 C-allele carriers, which is con-
gruent with the effect of this allele on various
domains of ASB in GWAS meta-analysis
(Karlsson Linnér et al., 2021). A moderating
role of educational attainment in manifesting
aggression coincides with the existence of neg-
ative genetic correlation between these traits (r
=-0.52) (Tielbeek et al., 2017).

Unfortunately, we failed to replicate the as-
sociation of brain-derived neurotrophic factor
(BDNF) and CADM2 genetic variants in esca-
lating homicide in Russian cohort. Neverthe-
less, previous research evidence in the role of
neurotrophic factors in regulation of emotions

and conduct behavior (Kretschmer et al., 2014,
2015). In turn, CADM2 encodes a member of
the synaptic cell adhesion molecules and its dif-
ferences in gene expression alter neuronal con-
nectivity. The results of a phenome-wide asso-
ciation study conducted in UK Biobank on a
large number of psycho-behavioral traits, re-
vealed the effect of CADM2 genetic variants on
such traits as irritability, nervous/worrier/anx-
ious feelings, addictive behavior, abuse traits,
sex-related risky behavior, and self-control that
usually demonstrate causal relationships with
antisocial behavior (Pasman et al., 2022; Mor-
ris et al., 2019).

Conclusion

The present study is a pioneer one that
sought to replicate the association of genetic
variants in the XKR6, SORCS3, BDNF,
CADM2, ZIC4, and REV3L genes with severe
antisocial behavior (homicide) in Russian co-
hort. The main finding of our study is replicated
association of REV3L rs458806 in the total
sample, while SORCS3 rs11596214, ZIC4
rs2279829, and XKR6 rs4240671 were associ-
ated with an increased risk of escalating crimi-
nal behavior only in the subgroups. Revealed
findings indicate that these associations are rep-
licable under unfavorable social/lifestyle condi-
tions such as tobacco smoking, low education
level, the presence of psychopathologies and
conflict situations in families. It should be noted
that we have observed the same direction of as-
sociation as in GWAS meta-analysis of other
types of externalizing behavior (Karlsson Lin-
nér et al., 2021), thus confirming the existence
of overlapping mechanisms underlying the de-
velopment of different antisocial phenotypes.
Recently, we have also demonstrated a specific
pattern of replicated associations with cognitive
traits in Russian cohort (Kazantseva et al.,
2023) that indicates that GWAS data transfer
from UK Biobank to Russian populations
should be carried out with caution. Although a
collection of study sample of criminal homicide
offenders is rather complicated, future studies
involving larger sample size from Russia as-
sessing all top SNPs or GWAS are required.
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