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Abstract—Schizophrenia is a complex multifactorial disease, in most cases manifested as a result of the inter-
action of genetic and psychological factors, as well as certain environmental conditions. However, genetic
factors certainly play a determining role in the predisposition to schizophrenia. The coefficient of heritability
of schizophrenia is about 80%, which is typical of the most highly inherited multifactorial diseases. This
review presents the results of the latest world studies of genetic factors in the development of schizophrenia,
including epigenetic, genome-wide association studies, and next generation sequencing.
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INTRODUCTION

Schizophrenia is the most severe mental illness
affecting about 0.8—1% of the world’s population. The
disease manifests at a young age and leads to disability
and social disadaptation. Its etiology is not fully
understood. A number of etiological and environmen-
tal factors are known that play a role in pathogenesis
and the results of therapy. Numerous studies demon-
strate a high degree of heritability of schizophrenia,
varying in the range of 65—80% [1], which is charac-
teristic of the most highly inherited multifactorial dis-
eases.

Schizophrenia is also considered to be a complex
genetic disease characterized by the dysfunction of
several neurotransmitter systems such as dopaminer-
gic, serotonergic, and glutamatergic.

GENETIC FACTORS OF SCHIZOPHRENIA
Family Studies

The published data demonstrate the fact of the
aggregation of schizophrenia in families. It is known
that the risk of development of schizophrenia for sib-
lings of the patient is about 9%; for their children, the
risk is 13%; and for their parents, it is only 6%. A lower
risk of development of schizophrenia in parents is
probably due to a decrease in reproductive capacity in
patients with this disease. The genetic contribution to
the development of schizophrenia in relatives of the
second generation varies from 2 to 6%, while in the
general population it is 1% [2].

According to a number of studies, the risk of devel-
opment of schizophrenia can be increased in relatives
of female patients and patients with early onset of the

disease. In addition, relatives of schizophrenic patients
have a higher risk of development of other mental ill-
nesses, such as bipolar psychosis and unipolar depres-
sion [2]. It is believed that the age of onset and course
of the disease, type of onset, and premorbid state are
symptoms of familial accumulation of the disease [2].

Twin Studies

Several studies found that for monozygotic twins
the total concordance rate is 40—65%, and for dizy-
gotic twins it is 0—28% [3]. According to meta-analy-
sis, the heritability of predisposition to schizophrenia
is 81%. The ability of event-related potentials (ERPs)
of the brain is known to reflect the synchronized neu-
ronal activity during the thought processes. In the
study of cognitive impairment in schizophrenia and
other severe neurodegenerative diseases, various ERP
endophenotypes are used. Lack of ERPs accumulates
in families of patients with mental illness [4]. Twin
studies have demonstrated the inheritance of ERP
endophenotypes [5, 6] and a correlation with the
genetic predisposition to schizophrenia [7]. Taking
these data into consideration, one can assume that
disturbances in the ERP can be considered as
endophenotypes of schizophrenia [8].

Study of Foster Families

It was shown that adopted biological relatives of
schizophrenic patients have an increased risk of devel-
opment of this disease. In foster children who have
first-degree schizophrenic relatives, the risk of devel-
opment of schizophrenia is increased 10-fold com-
pared to a healthy control [9]. The risk of development
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Table 1. Genes associated with schizophrenia according to linkage analyses

Gene Chromosomal region Function Reference
DRD2 11923 Dopaminergic system [11]
ERBB4 2q33.3-q34 Tyrosine kinase receptor NRG1 [12, 13]
GARBB2 5q34 GABAergic system [11, 14]
GRIN2B 12p12 Glutamatergic system [11, 15]
HTR24 13q14-21 Serotonergic system [11, 16]
ILIB 2ql14 Immune system [11, 17]
NOTCH4 |6p21.3 Neuronal development [18, 19]
NRXN1 2pl6.3 Synapses [20]
PDE4B 1p31 Synapses [21, 22]
PRODH 22qll Glutamate synthesis [11, 23]
RELN 7922 Synapses [24, 25]

of schizophrenia is observed in children whose moth-
ers suffer from schizophrenia only if they are in a foster
family with mental illnesses. At the same time adopted
children from healthy parents do not have a risk of
development of schizophrenia if they get into a family
where parents suffer from schizophrenia spectrum dis-
orders [10].

The contribution of the genetic component to
schizophrenia is obvious according to family and twin
studies and studies of adopted children [2]. Since the
1980s, a huge amount of data on the genetic predispo-
sition to schizophrenia has been collected.

Studies of genetic risk factors for the development of
schizophrenia include a number of approaches. Widely
used methods of analysis of genetic linkage made it pos-
sible to identify a large number of loci and candidate
genes the polymorphism of which could be associated
with the risk of development of schizophrenia.

The very first approach to study the genetic basis of
schizophrenia was the analysis of linkage in the fami-
lies of schizophrenic patients, which made it possible
to detect genomic regions associated with schizophre-
nia. These analyses began in the late 1980s (Table 1).
It is now well known that linkage analyses are not
entirely good for the study of mental illness. The main
problems to be faced are a small effect of single genes,
a small number of patients in families, incomplete
penetrance, broad diagnostic boundaries, and, thus,
difficulties in determining the phenotype [2].

The first linkage analysis was conducted by Sher-
rington et al. [26] in 1988 in Icelanders and Britons.
They showed the linkage of schizophrenia to a group
of markers on the long arm of the chromosome 5.
Some data from linkage analyses are well known,
which were confirmed later in replicative studies.
Thus, the regions associated with schizophrenia are
1921-q22 [27, 28], 8p21 [29, 30], 13932 [29, 31], and
6p21-p22 [32, 33].

Using meta-analysis for 18 linkage assays, the link-
age to 8p, 13q, and 22q chromosomal regions was con-
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firmed [34]. Another meta-analysis based on 20 link-
age analyses confirmed the linkage of schizophrenia to
the 2p12-q22.1, 2q22.1-923.3, 3p25.3-p22.1, 5923.2-
q34, opter-p2l.1, 8p22-p21.1, 11q22.3-q24.1, 14pter-
ql3.1, 20p12.3-pl1, and 22pter-ql2.3 chromosomal
regions [35].

A large-scale genome-wide association study of
1004 patients, including 12 neurophysiological and
neurocognitive endophenotypes, was conducted by a
consortium on the genetics of schizophrenia. An anal-
ysis of the linkage with 12 endophenotypes revealed
the association of the 3pl4 chromosomal region
(SYNPR, ATXN7, PRICKLE2, and MITF) with the
saccade test and the 1p36 chromosomal region (PAX7,
UBR4, ALDH4A1, NBL1, HTR6, EPHAS, and
EPHB?2) with an emotion recognition test that reached
the genome-wide significance level with LOD score of
4.0 (3p14) and 3.5 (1p36). The linkage of the 2p25 and
16923 chromosomal regions with spatial orientation,
2924 and 2q32 with sensorimotor ability, 5p15 with
prepulse inhibition, 824 with the California word
memorization test, and 10g26 and 12p12 with the abil-
ity to memorize faces of people with a fairly high level
of genome-wide significance with a LOD score greater
than 2.2 was revealed [36].

Epigenetic Studies

Despite the existence of evidence of the involve-
ment of genetic and environmental factors in the
pathogenesis of schizophrenia, to date there is no clear
idea of their interaction. In the last decade owing to
innovative molecular approaches, epigenetic studies
have significantly increased the understanding of
molecular mechanisms that mediate environmental
effects on gene expression and their activity.

MicroRNA is a class of small noncoding RNA that
is capable of inhibiting mRNA translation or is
involved in the degradation of target mRNA. In one of
the postmortem studies of brain samples, an increase
Vol. 54
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in the expression of miR-106b and a decrease in the
expression of miR-24, miR-26b, miR-30e, and miR-92
were found in 16 patients with schizophrenia [37].

There is evidence confirming an increase in the
biogenesis of microRNAs in the dorsolateral prefron-
tal cortex and the upper temporal gyrus in patients
with schizophrenia, resulting in an increase in the
amount of RNA-binding protein Dgcr8 required for
the maturation of primary microRNA [37]. In another
study of postmortem brain samples, an increase in the
amount of miR-181b, miR-15a, miR-15b, miR-195,
and miR-107 was found in patients with schizophre-
nia. Moreover, the target genes of these microRNAs
are the candidate genes of schizophrenia involved in
the pathogenesis of the disease; among them, there are
genes of receptors of glutamate (GRMS5, GRM7,
GRIK2, GRINI, and GRID), serotonin (HTRIB,
HTR2C, and HTR4), gammaaminobutyric acid (GABR1
and GABRAI), dopamine (DRDI), and M-choliner-
gic receptor 1, as well as the genes of brain neuro-
trophic factor (BDNF), neuregulin 1 (NRGI), relin
(RELN), and ataxin 2 (SCA2) [37].

Experiments on animal models have shown that
schizophrenia-like symptoms induced by prenatal
stress in mice are associated with epigenetic modifica-
tions of GABAergic interneurons of the GADI and
RELN genes and metabotropic receptors of glutamate
mGlu2/3[38]. The offspring of females who had stress
showed an increased level of DNA methyltransferases
DNMT and therefore increased expression of DNMT
in GABAergic neurons associated with reduced expres-
sion of GADI and RELN in childhood and adulthood.
Adult mice showed hyperactivity, decreased social inter-
action, and prepulse inhibition, representing a real
model of schizophrenia [2].

Thus, epigenetic regulatory factors in the pathogene-
sis of schizophrenia are of great interest; however, repli-
cation of already obtained data is required. Despite the
fact that the exact nature is largely unknown, epigenetic
changes are undoubtedly involved in the pathophysiol-
ogy of schizophrenia and probably affect individual sen-
sitivity to antipsychotic therapy [2].

The high heterogeneity of the clinical manifesta-
tions of such a complex disease as schizophrenia
depends on several factors. Genetic individual vari-
ability (single nucleotide polymorphisms (SNP) and
copy number variation), environmental factors (such
as early stress events, drug abuse, nutritional compo-
nents, and viral effects), and epigenetic changes inter-
act with each other. In particular, the environment has
a more direct effect on epigenetic control, which in
turn directly affects the expression of genes regardless
ofthe genotype. On one hand, the interaction between
genetic and epigenetic factors mediated by environ-
mental factors contributes to the heterogeneity of phe-
notypes not only observed at the clinical level but also
measurable in the form of neuropsychological and
neurophysiological patterns. On the other hand, such
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factors also influence the neurobiological interface
directly affected by drugs, for example, receptors for
neurotransmitters and synaptic proteins, thus influ-
encing the antipsychotic response. While in the past
the clinical efficacy of an antipsychotic drug was a
guide to its neurobiological mechanisms, a deeper
knowledge of the fundamentals of biomolecules of
schizophrenia and discoveries of new promising tech-
nologies will allow the creation of new drugs based on
the discovered new targets. Animal models play a key
role in testing new targets and drugs and can lead to
the prediction of the clinical course and to therapy
more adapted to the patient [2].

APPROACHES TO THE STUDY
OF GENETICS OF SCHIZOPHRENIA

Investigation of Schizophrenia Candidate Genes

The search for candidate genes based on the etio-
pathogenetic hypothesis is another approach to study-
ing the genetic basis of schizophrenia as a multifacto-
rial disease. These are the genes of components of
neurotransmitter systems—dopamine, serotonin, and
glutamate receptors, as well as neurotrophins and neu-
rexins. The results of association studies on polymor-
phic variants of candidate genes of schizophrenia were
presented by us earlier [39—44]. The advantage of the
search for candidate genes is in its power; however, if
the polymorphic variant has a small effect, it cannot
be reproduced in replicative studies.

Gatt et al. [45] presented a review of meta-analyses
based on the search for candidate genes. Of the 97
polymorphic variants, the most significant association
with schizophrenia was shown for the neuronal devel-
opment genes (AHII, MTHFR, RELN, and TRKA)
and the dopaminergic (COMT, DRD2, DRD3, and
DRD4), glutamatergic (DAOA, GABRB2, and NRG1I),
serotoninergic (HTR2A, SLC6A4, and TPHI), and
immune (/L IB) systems [45].

Genome-Wide Association Studies

Since 2006, genome-wide association studies have
been conducted in various populations of the world.
New genes associated with the development of schizo-
phrenia in Europeans and Asians have been discov-
ered. Replicative and functional studies are performed
to confirm the role of the identified polymorphic vari-
ants of genes in the development of schizophrenia.
Taking into account the results of the studies carried
out so far, genes of predisposition to schizophrenia can
be subdivided depending on their role in the etio-
pathogenesis of this disease.

Genome-wide association studies allow simultane-
ously genotyping several hundred thousand polymor-
phic gene loci and finding each gene in the genome.
Like linkage analysis, GWAS is a method that is free of
hypotheses and thus able to identify genes, revealing
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yet unknown pathogenic mechanisms, possibly play-
ing an important role in the development of schizo-
phrenia. GWAS is the result of colossal technological
advances and is now transforming the way of study of
multifactorial diseases. GWAS really demonstrates the
main advantages, such as high resolution and high
power, to detect small genetic effects. It should be
noted that there is a major nuance in interpreting the
results of GWAS—statistical significance. Since about
one million single nucleotide polymorphisms (SNPs)
are tested simultaneously, it is necessary to introduce
a correction for multiple comparisons with the signif-
icance level p of about 5SE-08 to minimize the risk of
false positive results. However, such a high statistical
threshold value may make it difficult to detect genes
that are truly associated with the disease, but give
small risks. To increase the sample size and thereby
maximize the statistical power, several consortia have
been created and now most studies are being carried
out in collaboration with many centers around the
world.

The first genome-wide association analysis with
schizophrenia revealed the association of the poly-
morphic locus rs752016 of the PLXNAZ2 gene [46]. It is
known that the PLXNAZ2 gene (1q32) is a member of
the semaphorin receptor family and plays an active
role in the development and functioning of the brain
[46]. Proteins of this family are involved in the devel-
opment of axons and neuronal regenerations [47].
Mice showed a decrease in the PLXNAZ2 gene expres-
sion in the cerebral cortex after birth, which is associ-
ated with its participation in the development of neu-
ronal connections [48]. Need et al. [49] conducted
a genome-wide association study on a sample of 871
patients and 863 healthy individuals and a replicative
sample of 1460 patients and 12995 healthy Europeans.
It was shown that the polymorphic locus rs1289726,
located in 1g23.3 region 297 kb from the PBXI gene,
was associated with schizophrenia with a rather high
level of significance of 2E-04 [49].

According to a number of genome-wide associa-
tion studies conducted later, the association of some
polymorphic variants of genes located in the region of the
main histocompatibility complex MHC (6p.22.1-p22.3)
with a predisposition to schizophrenia in European
populations was revealed. The genome-wide study by
Stefansson et al. [18] within the international consor-
tia SGENE, ISC, MGS aimed at the investigation of
the genetics of schizophrenia (the sample of patients
was 12945 and the control was 34591 individuals)
demonstrated the association of seven polymorphic
variants of genes located in the region of the main his-
tocompatibility complex MHC (6p.22.1-p22.3) with
the development of schizophrenia with a genome-
wide significance level for Europeans: rs6913660 of the
HISTIH2Bgene (p = 1.1E-09), rs13219354 (p = 1.3E-10);
rs6932590 (p = 1.4E-12) of the PRSSI6 gene;
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rs12807809 of the NRGN gene (p = 2.4E-09);
rs9960767 of the TCF4 gene (p = 4.1E-09) [18, 50].
Later, the data obtained by Stefansson et al. were con-
firmed in the genome-wide association studies of
European [50, 51] and Japanese [52] populations.
These results indicate that the main histocompatibility
complex is an important region in the formation of the
organism’s response to stress and infection and indi-
cate the importance of considering the influence of
the infectious component for understanding the bio-
logical mechanisms underlying the development of
schizophrenia and other mental illnesses.

Subsequently, an international schizophrenia con-
sortium (ISC) conducted a study involving 3322
patients with schizophrenia and 3587 individuals of a
control group of European origin to test the hypothe-
sis of polygenic inheritance of schizophrenia, accord-
ing to which the interaction of nonallelic genes can
cause schizophrenia as a phenotype [51]. This study
showed that polygenic variants that increase the risk of
development of schizophrenia play the same role for
bipolar disorder [51]. Polymorphic loci rs3130375,
rs13194053, and rs3130297, localized in the region of
the main histocompatibility complex MHC, were
associated with the risk of development of schizophre-
nia [53]. The polymorphic locus rs6904071, localized
in the region of the major histocompatibility complex
MHC, was associated with cognition impairment in
patients with schizophrenia compared with the con-
trol, as well as with episodic memory and a decrease in
hippocampal volume in patients [53]. The largest
association with schizophrenia was shown for the
polymorphic locus in the region of the myosin XVIIIB
gene (MYO18B) located on chromosome 22 (22q12.1)
[51]. The association of this gene with schizophrenia
was not further confirmed in any study. However, a
genome-wide study conducted in 2013 revealed the
association of the MYOS5B gene with the risk of bipolar
disorder. It is known that this MYO5B gene is involved
in the pathogenesis of bipolar disorder through the
dysfunction of the glutamatergic system [53]. The
results of this study were confirmed by replication in
the Chinese population [54].

The Psychiatric Genomic Consortium on Genetics
of Schizophrenia PGC-SZ is the largest consortium
conducting research in biological psychiatry. This
consortium has more than 500 researchers from
25 countries and owns data of 170000 DNA samples,
providing the central base for genome-wide associa-
tion studies in the world [55, 56]. A genome-wide
analysis and subsequent data replication within the
PGC-SZ consortium, involving more than 20000
individuals at each stage, revealed the association of
ten SNPs with the risk of development of schizophre-
nia [55]. Among these SNPs, the association of six
polymorphic loci with the risk of schizophrenia was
established for the first time: rs1625579 in the MIR137

rs13211507 of the PGBDI gene (p = 8.3E-11); gene (1p21.3), known as the neurogenesis and neuro-
rs3131296 of the NOTCH4 gene (p = 2.3E-10); nal development regulator; rs17662626 near the
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PCGEM1 gene (2q32.3) (prostate-specific transcript 1);
rs10503253 in the CSMD1 gene (8p23.2) (CUB and
Sushi multiple domain 1), which is known to be
expressed in all tissues, but the highest level of the
product is found in the brain, and its role in neurode-
generative and neurological diseases may be related to
the fact that proteins involved in regulation of comple-
ment can also control synaptic functions; rs7004633 in
the region of the MM P16 gene (8q21.3) (metallopepti-
dase 16 matrix); rs7914558 in the CNNM2 gene
(10g24.32-g24.3) (cyclin M2); and rs11191580 in the
NT5C2 gene (5'-nucleotidase 2). It is known that the
detected association of two SNPs rs2021722 of the
TRIM26 gene (6p21.32-p22.1) (tripartite motif-con-
taining 26) and rs12966547 of the TCF4 gene (18q21.1)
(transcription factor 4) by the PGC-SZ were also
found in earlier studies. As a result of this study, it was
found that the TCF4 gene contains the MIR137
mRNA binding site and that microRNA mediated
dysregulation can be considered as a new mechanism
for the pathogenesis of schizophrenia [55].

In a combined sample of European patients with
schizophrenia and bipolar disorder, the association of
polymorphic loci of the ITTH4 (rs2239547) (p = 2.5E-08),
ANK3 (1rs10994359) (p = 2.5E-08), and CACNAIC
(rs4765905) (p = 7E-09) genes was found (9394
patients and 12462 healthy individuals) [55].

The previous genome-wide association analysis
and its replication revealed the association of the poly-
morphic variant rs10761482 of the ANK3 gene with
schizophrenia in Norwegians [57]. The gene of
ankyrin 3 encodes a human protein belonging to the
ankyrin family (10g21). It was initially found in the
nodes of Ranvier and neuromuscular junctions. Alter-
native splicing generates several forms of the protein;
they can be expressed in other types of tissues and cells
as well. The ANK3 gene (10g21.2) plays an integrative
role in the regulation of neuronal activity.

The hypothesis of the development of schizophre-
nia, which is based on the dysfunction of the myelin-
ation of nerve fibers, arose as a result of histological
studies and neuroimaging. The reduction of myelin or
the integrity of the axonal membrane in the temporal
lobe in patients with schizophrenia [58], the ultrastruc-
tural changes in myelin sheath platelets in the frontal
cortex of the brain, and the loss of correlation between
neuronal density and the number of axons in the corpus
callosum were described [59, 60]. A decrease in the
expression of neuronal genes and myelination genes in
patients with schizophrenia has been reported [61, 62],
in particular, the ANK3 gene [63].

Roussos and Haroutunian [64] proposed a neuro-
glytic pathogenesis pathway that plays a huge role in
the development of this disease on the basis of the
existence of changes in neurotransmitter systems and
synaptic cytoarchitectonics that contribute to the etio-
pathogenesis of schizophrenia, which is based on dis-
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turbances in Ranvier nodes as one of the functional
units [51, 64].

The ITIH4 glycoprotein (3p21.1) encoded by the
heavy chain inhibitor 4 gene of the inter-alpha trypsin
is secreted into the blood, where it circulates in plasma
and cleaves the kallikrein into smaller fragments.
ITIH4 glycoprotein forms complexes with hyaluronic
acid SHAP-HA, which are supposed to play an
important role in the inflammatory response.

The CACNAIC gene (p13.33) encodes the alpha-1
subunit of potential-dependent calcium channels.
Calcium channels mediate the influx of calcium ions
into the cell during the polarization of the membrane.
The alpha-1 subunit consists of 24 transmembrane
segments and forms pores through which the ions pass
into the cell. The association of the polymorphic locus
rs1006737 of the CACNAIC gene with an increase in
activity of the amygdala in patients with schizophrenia
and bipolar disorder [65], as well as memory processes
in regions of the hippocampus in healthy individuals,
was identified [66]. Huang et al. [67] showed the asso-
ciation of the polymorphic locus rs1006737 of the
CACNAIC gene with a reduction in the gray matter of
the brain in Chinese patients with schizophrenia.

Chen et al. [68] conducted a genome-wide study
on a sample of CATIE (Clinical Antipsychotic Trials
of Intervention Effectiveness) and MGS-GAIN
(13038 patients with schizophrenia and 16636 healthy
individuals) of European origin. Two polymorphic
loci rs3828611 and rs10043986 of the CMYAS5 gene,
nonsynonymous substitutions, were found. In the
combined sample of CATIE and MGS-GAIN, the
polymorphic locus rs4704591 of the CMYA5 gene was
also associated with schizophrenia with a high level of
significance. It was shown that these polymorphic
markers are in linkage disequilibrium with each other
(rs3828611—rs10043986, 7 0.008; 1rs10043986—
rs4704591, 2 = 0.204). In addition, there is an assump-
tion about the interaction of the candidate genes of
schizophrenia DTNBPI and CMYA)5 that is based on
their participation in common pathogenic processes.
These results were confirmed in a meta-analysis of
23 replicative studies (912 families consisting of 4160
individuals, as well as 11380 schizophrenic patients
and 15021 healthy individuals) showing the associa-
tion of polymorphic loci rs10043986 and rs4704591 of
the CMYAS5 gene (rs10043986, OR = 1.11, 95% CI =
1.04—1.18, p = 8.2E-04 and rs4704591, OR = 1.07,
95% CI = 1.03—1.11, p = 3.0E-04) with a risk of devel-
opment of schizophrenia. On the basis of the data
obtained, it can be assumed that the CMYAS5 gene is
associated with a risk of development of schizophre-
nia. Further study of the function of this gene is
required to confirm these results [68].

A genome-wide association study [69] of 795 Chi-
nese patients resistant to schizophrenia therapy (RST)
and 806 healthy individuals revealed the association of
six polymorphic loci with a fairly high level of signifi-

2018



598

cance: rs10218843 (p = 3.04E-07) and rs11265461 (p =
1.94E-07) of the gene encoding a family of proteins
that transmit the signal for activation of the lympho-
cyte molecule member 1 (SLAMFI, 1q23.3);
4699030 (p = 1.94E-06) and 15230529 (p = 1.74E-07)
of the gene encoding the nuclear transcription factor 1
subunit kB (NFKBI, 4q24); 1513049286 (p = 3.05E-05)
and rs3827219 (p = 1.66E-05) of the serine/threonine
kinase gene (RIPK4, 21g22.3). The encoded protein
can also activate NFkappaB and is required for the dif-
ferentiation of keratinocytes. SNP rs739617 (p =
3.87E-05) of the gene of cytokinesis 4 (DOCKH,
7q31.1) was also associated with RST. The association
of the polymorphic locus rs28362691, located in the
promoter of the NFKB1 gene, with the RST was shown
after the resequencing of this region of the chromo-
some (p = 4.85E-06). It was found that the NFKBI*-
94delATTG allele (rs28362691) was associated with a
decreased promoter activity, compared with the
NFKBI1*-94insATTG allele in SH-SYSY cells. This
study suggests that rs28362691 of the NFKBI gene
may be involved in the development of the RST [69].

In a genome-wide association study [70] involving
2454 European patients with schizophrenia with posi-
tive, negative, and general psychopathologic symp-
toms, no SNP reached the 1.67E-08 genomic signifi-
cance level. However, a number of genes and chromo-
somal regions associated with schizophrenia with a
high level of significance were found: with positive
symptoms—18q23 (rs7233060 CTDPI1, p = 2.53E-07),
5q12.3 (rs17206232 ADAMTS6, p = 1.45E-06),
13g21.2 (rs2323266 PCDHZ20, p = 3.13E-06), 10q11.21
(rs10900020 CXCL12, p = 3.46E-06), 5qll.2
(rs10052004, p = 3.62E-06), 4pl6.3 (rs959770
ZFYVE2S8, p = 9.40E-06), and 20q13.31 (rs11699237,
p= 9.96E-06); with negative symptoms—20q13.31
(rs11699237, p = 3.13E-06), 18p11.21 (rs1455244, p =
3.22E-06), 15q22.2 (rs7172342 RORA, p = 3.83E-00),
6p21.32 (rs4530903, p = 4.83E-06), and 8ql3.2
(rs13278432, p = 9.65E-06); with general psycho-
pathologic symptoms—12q24.21 (rs1920592, p =
1.05E-06) and 18923 (rs4798896, p = 3.81E-06) [70].

Within the Irish Schizophrenia Genomics Consor-
tium (ISGC) and the Welcome Trust Case Control
Consortium2 (WTCCC?2) involving 1606 patients with
schizophrenia and 1794 healthy individuals, the
involvement of polymorphic loci of the 6p21 chromo-
somal region (rs204999) of the main histocompatibil-
ity complex and 2p16 (rs2312147 VRK2, p = 4.94E-03),
2q32.1 (rs1344706 ZNF8044, p = 5.56E-03), and
18q21.1 (rs17594526 TCF4, p = 1.05E-03), previously
shown to associate with schizophrenia [18, 51, 71] and
confirmed by a replicative study with 13195 patients
and 31021 healthy individuals, was shown. SNP
1s204999 is in linkage disequilibrium with seven other
SNPs covering the 32.26 Mb region including the
PPT, PRRTI, EGFLS, AGPATI, and RNF5 genes.
None of these genes was associated with schizophrenia
according to previously conducted genome-wide
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studies. The authors suggest the existence of the func-
tional role of 1s204999 in the regulation of these genes.

A genome-wide study in 2012 involving 20000
healthy individuals and 915354 unaffected SNPs
found that 23% of the variations responsible for
schizophrenia were SNPs, which primarily were fre-
quent [72].

As part of the consortium on the genetics of schizo-
phrenia (PGC-SZ), in 2014, another large-scale
genome-wide association study was carried out
involving 36989 patients with schizophrenia and
113075 healthy individuals. It is known that, among
the 108 genes associated with schizophrenia with a
high level of significance, 83 were previously associ-
ated with the disease from previous genome-wide
projects [73]. Associated genes are widely expressed in
the CNS and the immune system, which, by assump-
tion of a number of investigators, is involved in the
pathogenesis of schizophrenia. Thus, the association
of polymorphic loci of genes of dopaminergic (e.g.,
DRD?2 gene) and glutamatergic (GRIN2A, GRIAI and
GRM3) neurotransmission with a risk of development
of schizophrenia with genome-wide significance level
was shown, which is consistent with one of the leading
hypotheses for development of schizophrenia—hypo-
function of the glutamatergic system [73, 74].

A genome-wide association study by Hall et al. [75]
was aimed at finding the association of ERP endophe-
notypes: deficiency of suppression of the potential P50
(DS P50), sensory processing disorder (SPD), and
gamma oscillations (GO). The sample consisted of
271 patients with schizophrenia and 128 healthy indi-
viduals of European origin. As a result of the study, the
association of SNP at 14q31.3 rs10132223, p = 1.27E-09,
with SPD was revealed. The association of this SNP
with affective psychosis is well known according to the
international consortium on genetics of schizophrenia
(PGS-GWAS) [75]. In addition, the association of
a auditory steady-state response (ASSR) was found
with SNP rs181531738, p = 9.77E-08; rs146360492,
p = 9.05E-08; and rs114213960, p = 8.47E-08 of the
serine peptidase CORIN gene, localized in the 4pl2
region 512 bp apart from the ATPI10D gene (ATPase,
class V, type 10D) and 167 kb apart from the gene of
beta-subunit of gamma-aminobutyric acid GABRBI.
These SNPs are in strong linkage disequilibrium with
one another (# > 0.8) [75].

Thus, the advantage of large-scale genome-wide
association studies is that the long lists of polymorphic
loci obtained provide a key to the solution of the etiol-
ogy of schizophrenia; however, the precise use of these
polymorphic markers for the diagnosis or prognosis of
this disease has not yet been determined [76].

Polygenic Risk Score

GWAS studies have provided strong evidence that
mental disorders are highly polygenetic; their genetic
Vol. 54
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architecture consists of many frequent genetic vari-
ants. To achieve the genome-wide level of significance
p, the values must pass a strict threshold. According
to some estimates, when carrying out about one mil-
lion association tests, the significance threshold after
applying the correction for multiple comparisons is
0.05/1000000, or SE-08 [77]. To fulfill this condition,
for alleles with a small effect, samples of very large
sizes reaching tens of thousands of patients and
healthy individuals are required.

Despite the fact that the total number of loci
exceeding the genome-wide level of statistical signifi-
cance is often small, GWAS usually gives much more
random associations with small p values than
expected. This pattern is consistent with the polygenic
genetic architecture and gives a push to the develop-
ment of new biostatistical approaches [78]. The poly-
genic risk score and the estimate of variance explained
by all SNPs are two commonly used methods [78].

Copy Number Variation

In general, genomic studies have shown two broad
classes of genetic markers for the risk of schizophrenia:
multiple SNPs and rare highly penetrant submicro-
scopic chromosomal deletions and duplications,
known as copy number variations (CNV), including
de novo mutations [79]. The size of the CNYV varies
from 1000 bp to more than 100 kb. CNVs are patho-
genic to a number of mental disorders, such as mental
retardation, autism, and schizophrenia [80].

It was found that CNVs at 1g21.1, 15q11.2, 15q13.3,
22ql1.2, 16p11.2, and 16p13.1 occur much more often
in patients with schizophrenia than in control samples.
It is known that CNYV can alter the expression of genes
encoding proteins or families of proteins and lead to
the development of schizophrenia [56]. Since the
development of schizophrenia is obviously due to the
interaction of many factors, the most resultant at pres-
ent is the search for a multitude of genes with little
effect, each of which would increase the risk of schizo-
phrenia, or the search for very rare mutations with sig-
nificant effect [56].

One of the main problems in the search for genes
associated with schizophrenia is a diagnostic defini-
tion, since often the diagnostic criteria have wide
boundaries and can vary from study to study. There-
fore, the determination of a more specific definition of
a trait that would not differ between studies is an
important fundamental task.

The search for genetic markers taking into account
endophenotypes is most preferable. Endophenotypes are
described as genetically inherited internal phenotypes,
detectable by biochemical testing or microscopy [2].

Frequent and rare polymorphic variants do not
explain all cases of schizophrenia. It was estimated
that 10000 frequent polymorphic variants account for
about 32% of predisposition to schizophrenia [81].
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CNVs occur with a much lower frequency; they are
only 2—5% of cases of schizophrenia. A large propor-
tion of unexplained heredity leads to the hypothesis
that de novo mutations could explain the portion of
lost heredity and as a result has become the subject of
intensive study.

Next Generation Sequencing.
De novo Mutations and Schizophrenia

Exome-wide and genome-wide sequencing tech-
nologies can be used for case-control studies or search
for de novo mutations by sequencing of the genomes of
healthy parents and their sick child (trio). In the study
by Xu et al. [82], exomes of 53 trios with a sporadic
form of the disease were sequenced, as well as of 20
individuals of the control group. A total of 40 de novo
mutations were found in 27 schizophrenic patients,
including a potentially destructive mutation in the
DGCR2 gene located in the 22qll.2 microdeletion
region, which is known to have a significant genetic
factor in the development of schizophrenia [82]. The
results of the exome sequencing of genomic DNA in
399 individuals, including 105 probands with schizo-
phrenia, 84 healthy siblings, and 210 healthy parents,
suggest that a disturbance of neurogenesis in the pre-
frontal cortex of embryos can play a decisive role in the
pathophysiology of schizophrenia [83]. Exome
sequencing of 57 trios with sporadic or familial disease
showed a 3.5-fold increase in the proportion of de novo
nonsense mutations in the case of sporadic schizo-
phrenia. Moreover, mutations were found in the genes
also involved in autism (AUTS2, CHDS, and MECP2)
and mental retardation (HUWEI and TRAPPC9) and
demonstrate the common genetic etiology of these
diseases. Functionally the CHDS, MECP2, and
HUWE]I genes participate in epigenetic regulation of
transcription, which presumably can be an important
risk mechanism [84]. The most wide-ranging exome-
wide studies have confirmed the cross of not only
genes, but even mutations with similar functional
effects for schizophrenia, autism spectrum disorders,
and mental retardation [85, 86]. According to another
UKI10K multicenter study involving a total of 4264
patients with schizophrenia, 9343 healthy individuals,
and 1077 trios, a genome-wide significance level (p =
E5.6-09) was achieved with a rare polymorphic vari-
ant in the gene encoding the histone-methyltransfer-
ase complex SETDIA [87]. The same group showed
the involvement of this SETDIA gene also in the
pathogenesis of other mental diseases and established
a crossover of schizophrenia with other diseases of
neuronal development [87].

Genetic studies over the past decade have contrib-
uted to a fundamental understanding of the nature of
schizophrenia with the identification of the first unde-
niable loci and risk genes and the discovery that rare
gene variants also contribute to the genetic predisposi-
tion to this disease. The results begin to reveal the
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main gene networks and biochemical pathways, to
work out the design of neurobiological studies of the
disease, and to influence the strategy of pharmaco-
therapeutic studies and (although this was not dis-
cussed in this review) are close to the impact on clini-
cal and diagnostic practice. Together with these dis-
coveries, there comes a sobering realization that the
genetic basis of schizophrenia was in many ways even
more complex than anticipated. Discovering the loci
and genes responsible for the development of schizo-
phrenia is a triumph, but this is only the beginning of
a long process toward a significant biological under-
standing, as well as the improvement of therapy for
this disease. Genetics complements, but does not
replace, other key elements in the development of
medicines and also does not remove many other bar-
riers. But at least genetic data provide a solid founda-
tion on which to build the next generation of studies,
the integration of genomics with other “omics,” the
development of new analytical and bioinformatic
tools, the discovery of mechanisms for the interaction
of genes with each other and with the surrounding
environment, and clarifying how genes and their vari-
ants are actually involved in the pathophysiology of
the disease. It is to be hoped that these opportunities
will stimulate further scientific and pharmaceutical
investments.
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