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ABSTRACT
Master Thesis
EFFECT OF GENE METHYLATION STATUS ON SCHIZOPHRENIA
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Supervisor: Assoc. Prof. Dr. Ceren ACAR

Schizophrenia is a neuropsychiatric disorder caused by disease in brain development
in which genetic and environmental factors play a role. Despite neurobiological, clinical and
genetic studies, the interactions and pathogenic mechanisms of the two main etiological
factors are not fully understood. Although genetic factors alone have an important effect on
the development of the disease, the presence of environmental factors on the genes that play
a role in schizophrenia may explain the risk factors of the disease.

Therefore, studies have focused on the effects of genetic and environmental factors
on the development of schizophrenia. As environmental factors can cause changes in gene
expression through epigenetic mechanisms, it is thought to alter gene expression networks
involved in neuronal regulation. Genes are epigenetically activated or silenced in response
to environmental factors during or after gametogenesis and embryogenesis. In general,
methylation of 5'cytosine in the DNA sequence on gene promoters prevents binding of
transcription factors and reduces gene expression. Studies conducted in this direction
confirm the results of both postmortem human brain and peripheral blood samples
examining changes in DNA methylation in candidate gene promoters.

For this purpose, differences in DNA methylation pattern of Matrix
metalloproteinase-9 (MMP-9), which has recently been associated with glutamate regulation
and contribute to pathological synaptic plasticity in schizophrenia, were investigated. Pyro-
sequencing method was used to determine DNA methylation of MMP-9 at positions CpG7-
1, CpG7-2, CpG7-3, CpG7-4, CpG7-5 in peripheral blood cells from 40 schizophrenic
patients and 32 healthy samples. MMP-9 methylation changes were compared with the mean
MMP-9 methylation of healthy subjects. Significant differences were found in the position
of CpG7-3, CpG7-4, CpG7-5 and the mean methylation pattern.

Keywords: DNA methylation, epigenetics, MMP-9, schizophrenia
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Sizofreni, genetik ve c¢evresel faktorlerin rol oynadigi beyin gelisimindeki
bozukluklarin neden oldugu noropsikiyatrik bir hastaliktir. Norobiyolojik, klinik ve genetik
calismalara ragmen iki ana etiyolojik faktoriin etkilesimleri ve patojenik mekanizmalari tam
olarak anlasilamamustir. Hastaligin gelisiminde genetik faktorlerin tek basimna 6nemli bir
etkisi olmasma ragmen, sizofrenide rol oynayan genler ilizerinde cevresel faktorlerin
etkisinin bulunmasi hastaligin risk faktorlerini agiklayabilir. Bu nedenle ¢aligmalar genetik
faktorlerin ve cevresel faktorlerin sizofreni gelisimindeki etkilerine odaklanmistir.

Cevresel faktorlerin epigenetik mekanizmalar yoluyla gen ekspresyonunda
degisikliklere neden olabileceginden, ndronal regiilasyonda yer alan gen ekspresyon aglarini
degistirdigi diisiiniilmektedir. Genler, gametogenez ve embriyogenez sirasinda veya
sonrasinda ¢evresel faktorlere yanit olarak epigenetik olarak etkinlestirilir veya susturulur.
Genel olarak, gen promotdrleri lizerindeki DNA dizisindeki 5'sitosinin metilasyonu,
transkripsiyon faktorlerinin baglanmasini onler ve gen ekspresyonunu azaltir.

Bu dogrultuda yiiriitilen ¢alismalar, aday gen promotorlerinde DNA
metilasyonundaki degisiklikleri inceleyen hem 6liim sonrasi insan beyni hem de periferik
kan orneklerinin sonuglarini dogrulamaktadir. Bu amacla, son zamanlarda glutamat
regililasyonu ile iliskilendirilen ve sizofrenide patolojik sinaptik plastisiteye katkida bulunan
Matrix metalloproteinaz-9'un (MMP-9) DNA metilasyon paternindeki farkliliklar arastirildi.
40 sizofreni hastasindan ve 32 saglikli numuneden alinan periferik kan hiicrelerinde CpG7-
1, CpG7-2, CpG7-3, CpG7-4, CpG7-5 pozisyonlarinda MMP-9'un DNA metilasyonunu
belirlemek i¢in pyrosekanslama yontemi kullanildi. MMP-9 metilasyon degisiklikleri,
saglikli kontrollerin ortalama MMP-9 metilasyonu ile karsilastirildi. CpG7-3, CpG7-4,
CpG7-5 pozisyonunda ve ortalama metilasyon modelinde 6nemli farkliliklar bulundu.

Anahtar kelimeler: DNA metilasyonu, epigenetik, MMP-9, sizofreni



1. INTRODUCTION
1.1. Schizophrenia

Schizophrenia (SZ) is defined as a complex behavioral and cognitive neuropsychiatric
disorder caused by disorders related with genetic and environmental factors in development
of brain [1]. Early neurodevelopmental factors, imbalances in neurotransmitter signaling,
obstetric complications, infections, stress and exposure to any trauma are among the main
causes of the pathology of the disease [2]. Among the neuropsychiatric disorders, SZ is a
mysterious subject for researchers, as it is the disease that most negatively affects human life
[3]. SZ affects approximately 1% of the world's population [4]. Most of the individuals with
SZ are isolated from the social environment over time and cannot continue their work and
school life [5].

Similar behaviors that define SZ are found in written documents from ancient
Mesopotamia, ancient Greece and Rome, the Middle Ages, the time of the ancient Egyptian
Pharaoh and Europe from the fifteenth to the seventeenth centuries [3, 6] . In the early 19th
century, knowledge of the mind increased and psychiatry took its place in the medical world
[6]. In the 1890s, German psychiatrist Emil Kraepelin divided patients with severe mental

disorders into two categories: manic-depressive illness (bipolar) and dementia praecox (SZ)
[7].

The term SZ was first used by Eugen Bleuler (1857-1939) at the beginning of the
twentieth century. SZ consists of two words of Greek origin. It is formed by combining the
words "schizo™ meaning split and "phren™ meaning mind. The word SZ means mental and
emotional splitting of the person [3]. According to Bleuler, SZ has four symptoms. These
include; Assocation disorder (thought flow disorders), Affect Disorder (affective disorders),

Autism (autism), Ambivalence [8].

With the 20th century, the use of the criteria in the 5th edition of the Diagnostic and
Statistical Manual of Mental Disorders and the World Health Organization (WHO)
International Classification of Diseases provided a reliable approach to psychiatric diagnoses
[1, 8].

1.1.1. Epidemiology

Describing the epidemiology of a disease can help us understand the causes of disease
development [9]. The spread of SZ differs in each society. According to researches, it affects

approximately 1% of the world's population and causes a lifelong disability [4]. The
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prevalence of SZ, which is considered to be the most detailed study conducted in Finland,
was 0.87. Prevalence rates vary geographically and range up to five times [10]. According
to the data of the WHO, there are approximately 20 million SZ patients in the world [7].

The prevalence of SZ was 1.4-4.6 per 1000 and the incidence 0.16-0.42 per 1000.
In a systematic review conducted in Turkey, the lifetime prevalence of SZ was found to be
8.9 per 1000 people [11]. The life expectancy of patients with SZ is 15-20 years shorter than
the general population. Deaths due to cardiovascular diseases were recorded more in female
patients and deaths due to suicide in male patients. The main causes of high mortality in
patients SZ are the prevalence of comorbid medical disorders and low overall healthcare
quality [12].

1.1.2. Symptoms of schizophrenia

In SZ, the first episode of psychosis is usually seen in the early twenties, but is
possible to be seen in the early adolescence or early forties. SZ has been characterized by
various symptoms. The severity and frequency of symptoms may vary from patient to
patient, depending on the course of the disease. We can divide these symptoms into four
groups as positive, negative, cognitive, and mood symptoms [1, 12].

Positive symptoms consist of hallucinations, delusions, and speech disorders and
behavioral disorders. Negative symptoms refer to the decrease or loss of mental functions
[5]. These are weakened emotions, poverty of speech, and loss of interest and motivation.
Negative symptoms tend to become more chronic. Cognitive symptoms consist of
disruptions and deficiencies in working memory, attention, and executive functions such as

organization and abstraction [1, 13]. The main clinical features are shown in Table 1.1.



Table 1. 1: Clinical features of SZ [1].

Main features Delusions, hallucinations, impaired motivation, decreased
speech

Additional features Cognitive impairment, episodes of elated and/or depressed
mood

Heritability estimate Roughly 80%

Average age of onset 16-30 years

Drug treatment Antipsychotics

1.1.3. Schizophrenia risk factors
Season of birth (seasonality of birth)

According to studies conducted for many years, patients with SZ are more likely to
be born in late winter and early spring. This is because the second trimester (14.-27. weeks)
of pregnancy coincides with the period when influenza is at its highest. It is explained by the

increased risk of SZ in offspring due to maternal infections during this period [14].
Birth complications

According to the studies, it divides birth complications into three categories. These
are pregnancy complications, abnormal fetal growth and development, and delivery
complications [15]. Complications during and after delivery have been reported as a risk
factor for schizophrenia. Causes such as emergency cesarean section, bleeding during
pregnancy, pregnancy poisoning and low birth weight have been associated with SZ. In
addition, the use of forceps and low birth weight suggest that psychosis is associated with

an earlier age of onset [16].
Sex differences

Sex difference plays an important role in SZ [17]. According to the researches, it has
been concluded that the incidence of SZ is higher in men than women [18]. According to
psychiatrists, the age of development of SZ in women is later than men, and the course of
the disease is less severe than in men. In the early stages of the disease, negative symptoms

are more common in male patients. In some studies, positive symptoms such as
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hallucinations were observed with a higher rate in female patients. In studies of structural
brain abnormalities in female and male SZ patients, greater abnormalities were found among
males [17].

Parental age

Recent studies have shown that advanced parental age is a high risk for SZ [14]. In
particular, paternal age is a risk factor. Epidemiological studies have revealed that children
of fathers aged 35 and over are 3 fold more likely to develop SZ than fathers at a younger
age. Because spermatogonia reproduce much more than oocytes throughout life, and fathers'
age is an important risk factor for some autosomal dominant diseases due to new mutations
[19, 20]. At the same time, advanced paternal age is probably related to the accumulation of
de novo mutations or the bridging of impaired epigenetic regulation with genetic factors
[21].

Infections and the immune system

In recent years, the number of studies on infection as a risk factor for SZ has
increased. Although SZ is a neurodevelopmental disorder, infection is a possible candidate
risk factor since it has been known for a long time that microbial pathogens cause brain
abnormalities during pregnancy [22].

It shows that mothers exposed to an influenza epidemic in the second trimester of
pregnancy are in a higher risk group for the development of SZ [14]. Rubella in the prenatal
period is the cause of some childhood psychiatric disorders. A study was conducted with the
assumption that rubella passed during pregnancy may also increase the risk of SZ during
adulthood. In the study conducted by Brown in New York, the risk of SZ in children born to
pregnant mothers who were diagnosed with rubella was examined. And as a result, it was

found that 20% of individuals with prenatal measles were diagnosed with adult SZ [23].

Toxoplasma gondii (T.gondii), an intracellular parasite, is a major cause of
miscarriage and stillbirth after primary infection in pregnant women [24]. In the Child Health
and Development Study cohort, maternal serum testing showed a two-fold higher risk of SZ
among individuals exposed to high maternal T.gondii immunoglobin G (IgG) antibody in
utero [25]. Even though these findings provide the strongest evidence to date that prenatal
infection contributes to the risk of SZ, the mechanisms by which infections may cause SZ

are not adequately explained [23].



Ethnicity

Ethnicity defines shared history such as religion, race and country. Ethnic origin,
which is affected by biological, social and cultural factors, is not an indicator of genetic
differences alone [14, 26]. In fact, people from ethnically disadvantaged groups are more
likely to be exposed to different environmental toxins, such as heavy metals or dangerous
chemicals. Similarly, disadvantaged ethnic groups have life in lower socioeconomic groups,
conditions more conducive to the spread of infections, and difficulty accessing medical

systems. Still, the data linking these factors to schizophrenia are unclear at best [27].
Cannabis

Cannabis is the most widely used illegal drug [28]. Studies show that SZ patients are
more likely to use cannabis. Lifetime cannabis use was observed in 64.4% of SZ patients.
People who use cannabis are 2 to 25 times more likely to develop SZ than non-users [14,
29]. According to Arsenault et al., people who used cannabis during adolescence were found
to have twice the risk of schizophrenic disorder later on [30].

Cannabis use is a risk factor for SZ as it will affect brain function through
biochemical changes. Therefore, it may also have an effect on cognitive functioning in
patients with SZ. Cannabis use can precipitate or even cause an episode of SZ [14, 29].
According to some studies, there is evidence that SZ symptoms will decrease when cannabis

use decreases [28].
Urban and rural life

There is evidence that urban life is associated with SZ compared to rural life [18].
According to research conducted in Chicago in the 1930s, applications for SZ came mostly
from downtown. These and similar results have shown that people with SZ tend to migrate
to the city. Individuals born in urban centers have a 2 to 4 times higher risk of developing
SZ than in rural areas [14]. In a Danish study, there is evidence that the number of years

spent in childhood in an urban area increases the risk of developing SZ [18].
Migration

Studies on immigrant populations have found high incidence rates of SZ. Examples
include people of African Caribbean descent in the UK, Surinams in the Netherlands, people
of Dutch Antilles and Moroccan descent, and several immigrant groups in Denmark. This

hypothesis, proposed by Odegaard in 1932, showed that the admission of Norwegian
5



immigrants to the United States for initial SZ was twice that of Native Americans and

Norwegians living in Norway [9].

1.1.4. Role of genetic factors in schizophrenia

The diagnosis of SZ is not made by any laboratory test but by clinical observation
[19]. Once diagnosed with SZ, medical follow-up is important to understand any problems
that may develop with the disease. Since there are many factors affecting the etiology of SZ,
it is difficult to attribute a single cause of the disease [31]. It is not surprising to us that SZ
has a mixed foundation. Because the brain is the most complex of all organs and our
knowledge about brain functions is limited [32].

SZ has long been known to have a genetic component with non-Mendelian
inheritance [33]. The inheritance rate of SZ is estimated to be approximately 80%. When we
examine the family histories of the patients, the risk of SZ is higher than the general
population. Studies have shown that biological relatives of these patients have a risk of SZ.
Especially in monozygotic twins and first degree relatives, this rate was seen as 50%. When
we look at these rates, the importance of inheritance is high in SZ. This strong and consistent
evidence leads researchers to investigate the genetic basis of SZ [31, 34].

Genetic risk factors are affected by external factors and create genetic susceptibility
that will trigger the symptoms of the disease [35]. However, the pathological architecture of
SZ is not explained by genetic abnormality. Understanding how genetic factors influence the
development of SZ is important to better understand the role of environmental factors in
disease [36].

The effect of genetic and environmental risk factors on the etiology of SZ can also
be examined using adoption studies [37]. In all adoption studies, the risk of SZ has increased
in biological relatives of patients with SZ. For example, in 361 families in Finland, 4.9% of

the adopted children of schizophrenic mothers were found to have SZ [38].

There are genetic risks in the genetic makeup of SZ caused by different DNA
sequence variations. The most studied and known are single nucleotide polymorphism and
copy number variants [33]. Findings from recent studies have shown that differences in DNA
methylation patterns may be the cause of monozygotic twin mismatch. It has been thought

that there may be a mechanism for various environmental risk factors for SZ [19].



It is unlikely that the disease is associated with a single gene. It is believed that there
IS more than one gene, and the effect of each gene is low. Interactions between genes and
between gene products as well as interactions with environmental risk factors are likely to
contribute to disease risk [32, 39].

1.2.  Epigenetic

The term epigenetics was first used in 1942 by Conrad Waddington, an embryologist
and developmental biologist. Epigenetics is a combination of the words genetics and
epigenesis and means on top of the genes [40, 41]. Holiday and Pugh first described DNA
methylation, one of the epigenetic modifications, in the 1970s [42]. With the discovery of
the regulation of X inactivation and genomic imprinting in mammals by epigenetic
mechanisms some time after these definitions, the hereditary structure of epigenetic gene
editing mechanisms has been emphasized. Thus, in the 1990s, epigenetics was defined as
the study of inherited changes in gene expression that occur without a change in DNA
sequence, including modification of DNA methylation and remodeling of chromatin [43,
44].

Epigenetic mechanisms are an inherited way of regulating a variety of genomic
functions, including gene expression, by covalent modifications of DNA, histones, and non-
coding RNAs (ncRNAs). [45]. Several different epigenetic regulation mechanisms are
known. The nature of these different mechanisms is not fully understood. Each of the

mechanisms interacts with each other. These are:
(a) DNA methylation;

(b) modification of histone molecules by a series of chemicals (eg methylation, acetylation,

ubiquitination);
(c) exchange of histone molecules with the corresponding isoforms;

(d) regulation of access to DNA by manipulation of chromatin by nucleosome reshapers
[46].

The best known modifications of these epigenetic mechanisms are DNA methylation,
histone modification, and non-coding RNAs. One feature of epigenetic modifications is that
they can be inherited. Nutritional style and environmental factors may cause cells with the
same DNA to differ phenotypically [47]. Understanding how epigenetic mechanisms are

initiated, maintained, and inherited is an important issue in biological research [48]

7



Although all cells in an organism contain the same genetic information, not all genes
are expressed by all cell types at the same time and at the same rate. Epigenetic mechanisms
mediate diversified gene expressions in various cells and tissues in multicellular organisms
[43]. Among the epigenetic mechanisms, DNA methylation and histone modifications play

an important role in gene regulation and carcinogenesis [49].

Epigenetic mechanisms tell the cell to correctly interpret genes and signals from the
environment. During cell division epigenetic modifications are chemically stable and
preserved, thus the phenotypic compatibility with the daughter cell is maintained. This
modifications take part in chromatin packaging and depending on the modification they

either alow or inhibit inhibit the accessibility of genes to regulatory proteins [41].

Researching the effects of environmental factors on human health is one of the
important research topics of biological sciences [50]. According to the evidence obtained
from many studies, it is accepted that both genetic and environmental factors play an

important role in the pathogenesis of SZ [51].

Obstetric
Complication

Infections (Hypoxic Damage)

Environmental
Factors

Involvement in
SZ

Substance
Abuse

(Alcohol, Cannabis)

Figure 1. 1: Environmental factors involved in pathogenesis of SZ [52].

Environmental risk factors are the mechanism that affects cells during the formation
and development of the disease in individuals at risk of SZ [53]. Regulation of gene
expression in the nervous system is not only controlled by transcriptional mechanisms. Many
epigenetic mechanisms play a role in the regulation of gene expression [54]. Epigenetic
mechanisms are involved in regulating important functions related to the brain, such as

neurogenesis, neurodegeneration, neuronal activity, and cognition. Epigenetics is an
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important factor in understanding the genesis and development of SZ and other psychotic
disorders. Environmental risk factors for SZ are active in critical periods for early
neurodevelopment, where significant neurogenic reprogramming processes lead to cell
replication and tissue differentiation. Environmental factors may continue to shape

epigenetics throughout adulthood and lifetime [55].

Epigenetic processes are dynamic and regulate cell type-specific gene programs,
enabling cells to respond to environmental factors. Epigenetic changes over time indicate
familial clustering. This may explain the clustering of some common diseases in families,
so the epigenetic model may play a critical role in transmitting ‘susceptibility’ across

generations [2].

Most environmental factors appear to affect brain development in general without
specificity to SZ [56]. Increasing genetic studies and a large number of epidemiological data
in recent years show that environmental factors are important in causal investigation of major

psychological disorders [20].

Genetic factors Environmental factors
For example, For example,
COMT stress

DTNBP1 GXxE? viral infection
NRG1

Epigenetic alterations

For example,
hypermethylation of RELN
hypermethylation of SOX10
hypomethylation of COMT

Figure 1. 2: A schematic view of the possible relationship between SZ symptoms,
epigenetic modifications and other factors. Genetic and environmental factors may
influence epigenetic status independently or through interactions with each other, and in
this case some epigenetic changes may lead to SZ symptoms. Epigenetic modifications
may also be the way to partially explain gene-environment interactions (G x E). [57].



1.2.1. Psychiatry and epigenetics
The importance of epigenetics in psychiatric diseases increased after the discovery
of mutations in genes involved in the epigenetic mechanism in neurodevelopmental

disorders such as Rett and fragile X syndromes [41, 57].

Aside from changes in DNA sequence, there is growing evidence that epigenetic
modifications of DNA and histone proteins can contribute to complex phenotypes.
Epigenetic factors are stable and have regulatory roles in a large number of genomic
activities. Therefore, epigenetic psychiatric disease makes it a promising way of research in
etiological studies [45].

SZ is generally thought to result from the coexistence of genetic risk polymorphisms
or mutations that interact with dangerous environmental factors. In order to understand the
etiology of SZ, genetic relationship and linkage studies have been carried out in recent years.
However, these studies resulted in poor replication and risk alleles with small effect sizes.
The association of psychiatric diseases with epigenetics is based on two main findings. First,
the evidence we have obtained from research shows that epigenetic regulation is below
normal cognition and cognitive dysfunction occurs as a result of misregulation of the
epigenetic mechanism. Second, epigenetic research provides new insights into the inherited

and non-inherited factors of psychiatric disorders [45].

Considering that epigenetic modifications are sensitive to environmental factors and
reversible, epigenetic research gain importance in the area of psychiatry [41]. Recent studies
have revealed that epigenetic mechanisms, especially DNA methylation, generate and
sustain behavioral changes in animal models. Therefore, it is very important to characterize
basic signaling and neuronal circuit processes. Experimental and clinical studies are needed
to understand the molecular mechanisms of gene-environment interaction that increase the
risk of SZ [58].

We know that epigenetic modifications can be involved in some of the molecular
changes associated with SZ, but there are some difficulties in this area. These are: there is
no clear link between SZ and epigenetic changes, lack of cell-specific chromatin analysis
that prevents identification of epigenetic changes in specific cell populations and insufficient

knowledge of the stability or rotation of epigenetic markers on certain chromatin loci [59].
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1.2.2. DNA methylation

We know that DNA methylation occurs in mammals ever since DNA was identified
as genetic material. In 1948, Rollin Hotchkiss discovered the modified cytosine using paper
chromatography and suggested that the modified cytosine naturally existed in DNA. Until
the 1980s, there were not many studies showing that DNA methylation plays a role in gene
regulation and cell differentiation. However, we now know that DNA methylation is one of
the most important epigenetic mechanisms regulating gene expresion [43]. Especially, DNA
methylation ensures that the life-long and normal expression pattern in multicellular

organisms is maintained [60].

Hypomethylation —
increases MRNA or protein

Promoter expression

Hypermethylation —
decreases mRNA or protein

Figure 1. 3: Effect of DNA methylation on promoter regions.

DNA methylation is the best known epigenetic mechanism. It is the addition or
removal of a methyl group to a cytosine nucleotide in a DNA sequence by covalent bonds
[47]. Although different species have been found in prokaryotes and some eukaryotes, the
DNA methylation process usually takes place in specific dinucleotide regions called CpG

(cytosine- phosphate-guanine) islands (CpGs) [61].

Some methylation patterns are inherited and are dynamically reshaped at different
reprogramming stages throughout an organism's life cycle. DNA methylation acts as a
suppressor signal in gene transcription. Methylated DNA regions inhibit the binding of
transcription factors and initiate chromatin compression leading to gene silencing [62]. DNA
methylation is a more stable epigenetic modification compared to histone tail modifications,
which are generally readily reversible [63]. Like DNA sequences, DNA methylation patterns
are transferred from maternal chromatids to daughter chromatids during mitosis, and this is

called the epigenetic inheritance system [64].

Changes in the amount and distribution of 5-methylcytosine (5mC) in human DNA

are of great importance for development and diseases [65].
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Figure 1. 4: Epigenetic regulation of A) gene repression and B) gene expression [66].

1.2.3. Enzymes involved in DNA methylation mechanism

DNA methylation is catalyzed by a family of enzymes called DNA
methyltransferases (DNMTSs). The DNMT family includes DNMT1, DNMT3 (3a and 3b)
and the newly recognized DNMT 3L. DNMTL is considered to be the main enzyme that
catalyzes methylation. It is involved in the maintenance of DNA methylation during cell
division. DNMT1 is ubiquitously expressed in somatic tissues [60, 61]. DNMT1 is
approximately 1620 amino acids long [67]. DNMT2 shows weak DNA methyltransferase
activity in vitro [68]. DNMT3A/3B performs de novo DNA methylation during embryonic
development and determination of cell fate [60, 61]. DNMT3a and DNMT3b have
substantial primary structural homology. However, they are encoded by different genes that
are mapped to different chromosomes. DNMT3 enzymes have architectural features similar
to DNMT1, with a large N-terminal regulatory region attached to a C-terminal catalytic
domain. DNMT3a has a lower level of methyltransferase activity than DNMT1. DNMT3b
and DNMT 3a, which have different expression patterns, do not perform de novo methylation

at the same degree [67].

1.2.4. CpG islands and patterns of DNA methylation across the genome

More than half of the genes in vertebrate genomes contain regions rich in short CpG
known as CpG islands (CGl). Most of the recent studies on DNA methylation has been done
on CGls at transcriptional start sites (TSSs) and attempts to unravel the general function of
DNA methylation [69]. 60% of human genes have CGI promoters and 70% of these
promoters are methylated. Genes with tissue-specific transcribed CGI promoters are
expressed in early embryos and later in somatic cells [69, 70].
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Figure 1. 5: CGls are regions of high CpG density [71].

To briefly summarize what we know about DNA methylation in mammals: Most
CGl are not methylated when found at TSSs. The methylation that takes place on the CGI
of TSSs is associated with silencing in long term. Although non-CGI methylation is more
dynamic and more tissue-specific than CGI methylation, its function in mammals is currently

unknown [69].

1.2.5. DNA methylation in schizophrenia

Epigenetic mechanisms have an important place in neurodevelopment. Neuroscience
research has shown its important role in brain development, synaptic flexibility, learning,
and memory. For these reasons, epigenetic research within psychiatry has recently gained
traction [72]. DNA methylation has important functions in the brain. There are two important
processes in neurogenesis that occur during development and in adults. These are: forming
the fates of cells in the central nervous system and regulating gene expression programs

depending on the signals received by the cell [73].

The fact that the SZ genetic risk locus is located in non-coding regions such as introns
and promoter regions suggests that gene regulation plays a critical role in the development
of the disease [74]. However, most of the SZ risk loci are associated with gene expression
and these epigenetic modifications have shown that genetic risk is important in the
pathogenesis of SZ [75]. Many genetic susceptibility loci associated with SZ have been
identified, but these alone are insufficient to explain the high heritability estimates of
schizophrenia. SZ is characterized by gene expression levels in the cerebral cortex and other
brain regions. Genes with irregular expression in the brain are expected to show epigenetic
changes in their regulatory regions [2]. To date, it is supported by a postmortem human brain
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study focusing mainly on changes in DNA methylation in candidate gene promoters [63].
Among these studies, RELN, GAD1, COMT and BDNF were the most investigated genes
[75].

Matrix metalloproteinase 9 (MMP-9) is another gene that plays an important role in
schizophrenia, and DNA methylation studies on this gene are limited. In this study, we aimed
to examine the DNA methylation model of the MMP9 gene and bring it to the literature.

1.3.  Matrix Metalloproteinase-9 (MMP-9)

Proteases are one of the five main catalytic classes (metalloproteinases and serine,
cysteine, threonine, and aspartic proteinases), and metalloproteinases are the largest class
[76]. Matrix metalloproteinases (MMPs) are a large group of zinc-dependent proteases
tasked with separating and rebuilding connective tissue components such as collagen,
elastin, gelatin, and casein. The extracellular matrix plays a role in the organization and
differentiation of cells, and acts as a barrier against microorganisms and information
exchange between cells. MMPs play an important role in the degradation of the extracellular
matrix (ECM) during developmental steps such as growth and morphogenesis [76, 77].
MMPs also play a role in processing bioactive molecules such as cell surface receptors,
neurotrophic factors, chemokines, and cytokines. Consequently, MMPs participate in cell
signaling and remodeling of the pericular microenvironment through the release or
processing of cell surface receptor ligands [78]. MMPs are a family of zinc-dependent
enzymes that are active at pH 5, primarily secreted as proenzymes (inactive zymogens) or

pro-MMPs in their latent form, and require proteolytic activation [79].

MMP-9 is found in cells in vesicles dispersed throughout microtubules and

microflaments, and is secreted in a Golgi-dependent pathway in vesicles [80].

MMPs are mosaic proteins containing an N-terminal prodomain, C-terminal hemopexin-like
domain, and catalytic Zn?* protease domain [81]. ECM remodeling plays a role in many
physiological (eg, embryogenesis, tissue remodeling, wound healing, angiogenesis) and
pathophysiological (eg, atheroma, arthritis, metastasis, fibrosis, heart disease) processes [80,
82]. MMPs do not only degrade extracellular matrix (ECM) proteins related to nervous
system physiology. It is known to also activate growth factors and their receptors, cytokines
and ECM receptors [83].
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MMP-9 is encoded by a gene located on chromosome 20 (20g13.12) in the human
genome and also encodes a signal peptide. It is a type 1V collagenase and 92-kDa protein
belonging to the family of zinc and calcium-dependent endopeptidases. It is also known as

gelatinase B as it can cleave down gelatin [76, 83].

MMP-9 plays a crucial role in synaptic plasticity underlying brain pathologies [84].
Investigation of MMP-9's roles in physiology and pathology in the brain is critical for new

therapeutic and diagnostic methods [76].

MMP-9 mRNA and protein expression was detected at low levels in various regions
of the brain, mainly in neurons, such as the hippocampus, cerebellum, and cerebral cortex.
Levels of MMP-9 mRNA and protein increase as a result of various stimuli. These increase
may result from brain infiltration of both MMP-9 originating from brain cells and leukocytes
if the blood-brain barrier is compromised [76]. MMP-9 activity and mRNA is present near

synapses [80].

MMP-9 is the most well characterized matrix metalloproteinase in the central
nervous system. It is expressed by neurons in adult brain and glial cells. It is released in

response to increased neuronal activity under physiological and pathological conditions [78].
1.3.1. MMP-9 in schizophrenia

Evidence from studies on the genetic basis of SZ targets an important role region that
was not suspected until recently: the extracellular matrix (ECM). Evidence of genetic
susceptibility to abnormalities affecting ECM and ECM-related factors further supports
ECM abnormalities in SZ [85]. Adult brain ECM consists of hyaluronic acid, glycoproteins
and chondroitin sulfate proteoglycans (CSPGs) predominantly belonging to the lectic
family. Some components of the ECM can express a variety of basic biological functions on
proteolysis. Degradation of ECM components by MMPs can alter cellular behavior and

phenotypes [86].

SZ is thought to be associated with changes in neuronal circuits, disruption of
synaptic connectivity, and changes in dendritic spines [78]. In recent studies, we know of
MMP-9 as a molecule that contributes to pathological synaptic plasticity in SZ, but the
mechanisms affecting the underlying SZ pathology still remain unclear [84]. MMP-9 plays
an important role in brain disorders with its ability to process and activate various cytokines

and chemokines involved in immune and inflammatory responses [87].
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MMP-9 has been seen as a potential risk factor in recent studies examining the
pathology of SZ. MMP-9 is widely found in neurons, astrocytes and glia, albeit at low levels
in the brain under normal physiological conditions. MMP-9 plays an important role in the
development and maturation of neural circuits and homeostatic regulation of their integrity
in the normal brain. Therefore, the dysregulation of MMP-9 expression may contribute to
the onset of SZ by disrupting neurodevelopmental processes. Deficiencies of synaptic
connections between neural circuits are thought to be an essential pathophysiological feature
of SZ. It has been suggested that these deficiencies are the result of abnormal developmental
synaptic pruning. In this case, it causes the onset of the disease in late adolescence and early
adulthood. Increasing evidence suggests that MMP-9 is involved in postnatal fine tuning of

brain circuit maturation by regulating synaptic pruning [88].

Mental health disorders occur when homeostasis is lost or impaired and with
abnormalities in thoughts, perceptions, feelings, behaviors, and relationships with others.
The increase in the number of individuals with mental disorders in populations has become

an important and increasing research interest [80].

MMP-9 concentrations in patients diagnosed with SZ are higher than healthy controls
in most published studies [88-90]. MMP-9blevels were found to be higher in patients with
SZ not taking medication than controls, and previous use of antipsychotics was associated
with higher MMP-9 concentrations [91]. MMP-9 levels were higher in resistant SZ groups
who were on clozapine treatment compared to healthy controls [92].

The study conducted by Gao et al. in 2018 is the first DNA methylation analysis
performed in the MMP-9 gene in patients with SZ. This study showed that the epigenetic
pattern and gene expression of MMP-9 of peripheral blood mononuclear cells were different
between SZ and its groups [93]. More studies are needed on the specific, mechanical role
of MMP-9 in neuropsychiatric disorders that may help develop new groups of psychiatric
drugs [94].

1.4.  Analysis of DNA Methylation by Pyrosequencing

DNA sequencing is one of the most important platforms for molecular biology
studies. As a result of increasing biological studies, the need for alternative DNA sequencing
methods has increased and studies have been carried out by different research groups to

develop new methods [95].
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Many DNA sequencing methods have been found from the past to the present.
However, Sanger and pyrosequencing are more preferred among these methods today. In the
Sanger method, DNA fragments of different lengths are synthesized by including both
nucleotides and dideoxy terminators. Approximately 800 bases can be read by the Sanger
sequencing method [96]. In addition to its many advantages, the Sanger sequencing method
has some limitations. As a result of increasing biological studies, the need for alternative
DNA sequencing methods has increased and studies have been carried out by different
research groups to develop new methods. The Pyrosequencing method is a new DNA
sequencing technology first developed at the Royal Institute of Technology (KTH) and is
the first alternative to the Sanger method for de novo DNA sequencing [95].

CpG Methylation Detection Via Pyrosequencing

a Cytosine Uracil 5-methylcytosine

NH2

o NH2
HiC
E\N + H,0 ﬁN \E\N
A : B — !
-NH
N o = N o} N o
H H H

ACTTG*CGGAAAAAC ——— > AUTTG*"CGGAAAAAU —> ATTTGCGGAAAAAT
+ NaHSO; PCR
ACTTGCGGAAAAAC ——> AUTTGUGGAAAAAU —> ATTTGTGGAAAAAT

Figure 1. 6: Deamination of cytosine via sodium bisulfide conversion.
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2. MATERIALS AND METHODS

2.1.  Collection of Samples

We investigated the methylation status of the MMP-9 gene in a group of SZ patients
and individuals without SZ symptoms (healthy controls) in the population of Malatya-
Turkey. The case group consisted of 40 individuals diagnosed with SZ, and the control group
consisted of 32 individuals without SZ symptoms. Patient samples were provided by Malatya
Indnii University Faculty of Medicine Department of Psychiatry faculty member Prof. Dr.
Siikrii Kartalc1. Relatives of the patients were not included in this study. The samples in the
control group samples were selected from individuals who did not have a history of
psychiatric illness in themselves or in their families. Blood samples were collected after
informed consent was signed by the participants. Our study was approved by the Inénii
University Malatya Clinical Research Ethics Committee (research protocol code: 2020-96).

The patient samples were given a code number.
2.2.  DNA Isolation

Blood samples were isolated with a commercial DNA isolation kit according to the
manufacturer's protocol. This protocol consists of four basic steps; blood lysate, DNA
binding, DNA washing and DNA elution.

The protocol steps are as follows:

1. 20 pl of proteinase K was pipetted to the bottom of a sterile 1.5 ml microcentrifuge tube

and 200 ul of whole blood sample was added to the microcentrifuge tube.

2. 200 pl Buffer AL was added to sample and vortexed for 15 seconds to obtain a

homogeneous solution.
3. Sample was incubated at 56 ° C for 10 minutes.

4. After incubation, the tubes were centrifuged to remove drops from the inside of the lid of

the microcentrifuge tube.

5.200 pl of ethanol (96-100%) was added to the sample and mixed by pulsing vortexing for

another 15 seconds.

6. After mixing, the tubes were centrifuged to remove the drops inside the cap.
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7. The mixture from the blood lysate was transferred to the QIAamp Mini Spin column

without wetting the rim.
8. The samples were centrifuged at 6000 x g (8000 rpm) for 1 minute.

9. The spin columns were placed in a clean collection tube and the tube containing the

precipitate discarded.

10. 500 pl of Buffer AW1 was added and the tube was centrifuged at 6000 x g (8000 rpm)

for 1 minute.

11. The spin column was placed in a clean collection tube and the collection tube.
12. 500 pl of Buffer AW2 was added without wetting the rim.

13. The samples were centrifuged at full speed for 3 minutes.

14. The spin column was placed in a clean 1.5 ml microcentrifuge.

15. 150 pl of Buffer AE or distilled water was added and incubated at room temperature for
1 minute and then centrifuged at 6000 x g (8000 rpm) for 1 minute.

16. In a second elution step, 50 ul of Buffer AE or distilled water was added and incubated

at room temperature for 1 minute, and then centrifuged at 6000 x g (8000 rpm) for 1 minute.
17. The obtained DNA was stored at +4 ° C.

2.3. DNA Quantification
The concentrations of the DNA samples were measured by reading the absorbances
below 260 nm and 280 nm. The concentrations of all DNA samples were adjusted to 10 ng

/ uL. The DNA was stored at 4 ° C for methylation analysis.

2.4.  DNA Methylation Analysis
EpiTect Bisulfite procedure basic steps steps:

¢ Dbisulfite-mediated conversion of unmethylated cytosines,

e binding the transformed sSDNA to the membrane of an EpiTect spin column,
e washing,

e desulfonation of membrane-bound DNA,

e washing the membrane-bound DNA to remove the desulfonation agent,
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and elution of pure, transformed DNA from the spin column.

2.4.1. Sodium bisulfite conversion of unmethylated cytosines in DNA
Bisulfite DNA Conversion

1. DNAs to be used in bisulfite reactions were solved. By adding 800 ul of RNase-free
Water to each part, required number of Bisulfite Mixture was dissolved. The Bisulfite
Mixture was vortexed until completely dissolved.

2. Bisulfite reactions were prepared in 200 pl PCR tubes. Order of the components added
is listed in the Table 2.1 bellow.

Table 2. 1: Bisulfite reaction components
Component Volume per reaction (ul)
DNA solution (1 ng — 2 pg) Variable* (maximum 20 pl)
RNase-free water Variable*
Bisulfite Mix (dissolved), see step 1 85
DNA Protect Buffer 35
Total volume 140

3. PCR tubes were capped and the bisulfite reactions mixed well. Tubes were stored at
room temperature (15-25 ° C).

4. Bisulfite DNA conversion was performed in a thermal cycler. The program used thermal

cycler is given in Table 2.2.
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Table 2. 2: Bisulfite conversion thermal cycler conditions

Step
Denaturation
Incubation
Denaturation
Incubation
Denaturation
Incubation

Hold

Time

5 min

25 min

5 min

85 min

5 min

175 min

Indefinite*

Temperature
95°C
60°C
95°C
60°C
95°C
60°C

20°C

5. PCR tubes containing the bisulfite reactions were placed in the thermal cycler and the

thermal cycle incubation was initiated.

2.4.2. Cleanup of Bisulfite Converted DNA

1. 560 pl of freshly prepared Buffer BL containing 10 pg / ml carrier RNA was added to

each sample. The solutions were vortexed and then centrifuged briefly.

Buffer BL is prepared according to the Table 2.3.

Table 2. 3: Carrier RNA and Buffer BL volumes

Number of samples 1 4 8 16 24 48
Volume of Buffer BL* | 620 ul | 2.5 ml 5ml 10 ml 15 ml 31 ml
Volume of carrier | 6.2 ul | 25 pl 50 pul 100 pl 150 310
RNA solution**

2. Therequired number of EpiTect spin columns and collection tubes were placed in a rack.

The entire mixture from each tube in step 1 was transferred to the corresponding EpiTect

spin column.
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10.

The spin columns were centrifuged for 1 minute at maximum speed. The flow was

discarded and the spin columns were placed back in the collection tubes.

500 pl of Buffer BW was added to each spin column and centrifuged for 1 minute at
maximum speed. The flow was discarded and the spin columns were placed back in the
collection tubes.

500 pl of Buffer BD was added to each spin column and incubated for 15 minutes at

room temperature.

The spin columns were centrifuged for 1 minute at maximum speed. The flow was

discarded and the spin columns were placed back in the collection tubes.

500 pl of Buffer BW was added to each spin column and centrifuged for 1 minute at
maximum speed. The flow was discarded and the spin columns were placed back in the

collection tubes.
Step 7 was repeated once.

The spin columns were placed in the new 2 ml collection tubes and the spin columns
were centrifuged for 1 minute at maximum speed to remove residual liquid.The spin
columns were placed in clean 1.5ml microcentrifuge tubes with open caps and the spin

columns were incubated for 5 minutes at 56 ° C in a heating block.

Spin columns were placed in clean 1.5 ml microcentrifuge tubes. 20 pl of EB Buffer was
dispensed into the center of each membrane. The purified DNA was eluted by

centrifugation at approximately 15,000 xg (12,000 rpm) for 1 minute.

2.4.3. Polymerase chain reaction

1.

A master mix was prepared by adding 12.5 pl PyroMark PCR Master Mix, 2.5 pl
CoralLoad Concentrate, 2.5 ul PyroMark test primers A and B and 5.5 ul Molecular
Biology Grade Water per reaction. Each volume delivered was multiplied by the number
of reactions determined in step 2 to determine the volumes to collect.

23 ul of the prepared mixture was divided into the appropriate number of 0.2 ml (PCR)
tubes.

2 ul of Molecular Biology Grade Water was added to NTC tubes and 2 pl of bilsulfite

converted DNA to the remaining tubes.
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4. Tubes are centrifuged and load into a thermal cycler. Programmed the thermal cycler
according to Table 2.4.

Table 2. 4: PCR cycles

Step Time Temperature
Initial 15 min 95°C
Denaturation 30s 94 °C
Annealing 45 cycles 30s 55°C
Extension 30s 72 °C

Final Extension 10 min 72 °C

Hold 0 4 °C

5. When PCR is complete, the tubes were removed and stored at —20°C.
2.4.4. Pyrosequencing

1. The bead mix was prepared by adding 40 pl of binding buffer, 29 ul of Molecular
Biology Grade Water and 1 pl of beads per reaction.

2. 70 pl of this mixture was added to 22 wells of a 24-well PCR plate. The last two wells

were left empty for negative controls and no beads mixtures were added into these wells.
3. 10 ul of PCR products was added into the corresponding well of the 24-well PCR plate.
4. A strip was used to close the wells and mixed up at 1400 rpm for at least 15 min.

5. 20 ul of 1x sequencing primer in annealing buffer was added to 22 wells on the PyroMark
Q24 plate.

6. The last two wells were reserved for the primer controls. The sequencing primer was
added into one well, and a mixture of biotinylated PCR primer (2 pl) and sequencing

primer (20 pl) was added into the other well.

7. PyroMark Q24 plate was placed on the vacuum preparation workstation and filled all the

trays of the station with the corresponding solutions.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Template for the plate was prepared on the PyroMark Q24 Advanced software.

The volumes checked to add to the cartridge for each nucleotide, enzyme mix and
substrate mix and added the volumes to the cartridge and place it on the PyroMark Q24

Advanced instrument.

Switch on the vacuum was switched in the suction probe, and place it on the prime tray

with distilled water, aspirating approximately 70 ml.

The 24-well PCR plate removed from agitation and the lids off and placed in the vacuum

preparation workstation.

The suction probe was placed into the PCR plate wells with the vacuum switched on,

captured all the solution from the wells for about 15 s.
The beads/samples were washed with 70% ethanol for 5 s.
Continued to the tray with Denaturing solution, flushed for 5 s.

Aspirated for 10 s on the Washing Buffer tray and tilt the suction probe to beyond vertical

90° for a few s.

The vacuum suction was placed probe on top of the PyroMark Q24 plate without
touching the liquid.

The vacuum was switched off and the handle was lowered on the PyroMark Q24 plate.

The suction probes were shaken gently from side to side for 30 s to 1 min, to release the

beads on the PyroMark Q24 plate containing sequencing primers.

The vacuum suction probe was rinsed on the rinse tray containing distilled water, by

agitating for 10 s.
70 ml of distilled water was aspirated in the preparation tray

The suction probe was moved vertically beyond 90° for a few seconds and its vacuum

was removed.
The plate was placed on the metal tray and heated at 80 °C for 5 minutes.

Within a 30 second interval, the sequencing plate was placed in the PyroMark Q24
Advanced, the lid was closed, and the run was started.
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24. When run was complete, the PyroMark Q24 plate and unused contents of the cartridge
were discarded by inversion and the cartridge was rinsed with deionized water.

25. Each well of the cartridge was filled with water and cleaned by pressing the top with

your fingers, forcing the water to pass through the small needles at the bottom.
26. The previous step was repeated at least 3 times for each well.
27. It was left to dry at room temperature.

28. All trays were removed from the vacuum preparation workstation and rinsed with

deionized water. It was dried at room temperature.
2.5. Data analysis

PyroMark Q24 Advanced software performed percent methylation analysis at each
variable CpG site and data displayed as a Pyrogram®. Percent methylation value was taken
for each variable position and an Excel® spreadsheet containing values for all tissues tested

for each primer set was made.

2.6. Statistical analysis

The conformity of the data to the normal distribution was examined using the
Shapiro-Wilk test. Numerical data were summarized with median, minimum and maximum
values. In group comparisons, Mann Whitney U test was used for two independent groups
and Kruskal-Wallis test was used for three independent groups. Relationships between
numerical variables were analyzed using the Spearman rank correlation coefficient. The

significance level was accepted as 0.05 in all tests.
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3. RESULTS
Region containing exon 7 using Hs MMP9 05 PM PyroMark CpG assay (
PMO00194768). Analyzes the 5'-
TCGACGGTGATGGGGGGCAACTCGGCGGGGGAGCTGTGCG -3' sequence. The
mean methylation values of the CpG-containing sequence of exon 7 were calculated. In total,
5 CpG sites were included, designated as CpG7-1, CpG7-2, CpG7-3, CpG7-4, CpG7-5.
MMP-9 methylation changes of schizophrenia patients were compared with the mean MMP-

9 methylation of healthy controls.

We screened the methylation patterns of the CpG7 (CpG7-1, CpG7-2, CpG7-3,
CpG7-4, CpG7-5) locus in the MMP-9 gene in a SZ patient group and a control group
selected from the Malatya-Turkey population. As a result of pyrosequencing, a significant
difference was found in the mean methylation status and methylation position at position 3,
position 4 and position 5. Statistical analysis of MMP-9 methylation in SZ and healthy

control group is shown in Table 3.1.

Table 3. 1: Methylation of MMP-9 in SZ and healhty control group.

Control Schizophrenia

(n=32) (n=40) .
Position 1 Meth (%) 46.5(19-89)  54.5(5-65) 0.147
Position 2 Meth (%) 100(44-100)  100(10-100) 0.256
Position 3 Meth (%) 61.5(13-100)  73(7-95) 0.042
Position 4 Meth (%) 100(58-100)  100(100-100) 0.049
Position 5 Meth (%)  45.5(6-92) 72(17-96) 0.002
Average 67.7(51-87)  80.7(32.4-90.8)  0.002

An example of the pyrosequencing result of the SZ patient and the HC group is shown
in Figure 3.1 and Figure 3.2. The methylation percentages of all SZ patients and the HC
group are presented in Table 3.2 and Table 3.3.
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ES GTCGTCATGAGATTCGTCGAGTGTTAGTATCGTCG
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Figure 3. 1. Pyrosequencing result of E1 coded schizophrenia patient

Figure 3. 2: Pyrosequencing result of A83 coded healthy control
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Table 3. 2 : Pyrosequencing results of patients with schizophrenia

Sample | Position 1| Position 2 | Position 3| Position 4 | Position 5
ID Meth (%0) Meth (%0) Meth (%) Meth (%) | Meth (%)
2 54 100 69 100 53
6 39 100 21 100 51
12 49 100 S7 100 77
17 64 100 71 100 72
22 49 100 53 100 33
27 56 100 49 100 31
56 39 100 45 100 35
58 45 100 46 100 20
74 45 91 40 100 17
3 5 100 10 100 36
15 6 10 7 100 39
48 47 100 57 100 58
5 40 100 70 100 70
24 44 100 73 100 69
57 28 100 66 100 58
28 37 100 68 100 85
34 47 100 62 100 61
El 61 100 95 100 83
E2 59 100 84 100 79
E3 57 100 81 100 86
E4 64 100 94 100 96
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ES 60 100 90 100 77
E6 64 100 94 100 76
E7 63 100 87 100 82
E8 62 100 73 100 82
E9 60 100 83 100 83
E10 63 100 77 100 72
Ell 50 100 86 100 81
E12 60 100 75 100 78
E13 57 100 73 100 70
El4 63 100 92 100 71
E15 56 100 77 100 79
El6 55 100 73 100 80
E1l7 53 100 90 100 78
E18 59 100 69 100 62
E19 57 100 78 100 77
E21 45 100 83 100 84
E22 50 100 78 100 64
E23 46 100 58 100 51
E25 65 100 83 100 81
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Table 3. 3 : Pyrosequencing results of patients with schizophrenia

Sample | Position 1 | Position 2 | Position 3 | Position 4 | Position 5
ID Meth (%0) Meth (%0) Meth (%0) Meth (%) | Meth (%)
A22 59 S57 67 58 14
A79 47 100 48 100 36
A80 33 100 42 100 32
A8l 46 100 40 100 27
A82 36 100 40 100 27
A83 19 100 13 100 30
A88 40 100 42 100 25
A93 45 100 42 100 32
A95 69 64 66 63 15
A23 55 100 62 100 56
A98 41 100 39 100 39
A24 56 100 58 100 50
A29 71 85 53 94 92
A20 40 100 46 100 49
A78 45 100 70 100 25
A40 37 100 36 100 26
A99 43 100 47 100 42
T3 25 100 41 100 35
T11 46 100 86 100 56
T12 44 100 91 100 74
A37 89 100 86 100 6
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T9 62 100 64 100 60
A97 o1 100 33 100 38
EK1 47 100 68 100 63
EK2 59 100 68 100 75
EK3 59 100 92 100 84
EK4 23 44 100 100 70
EKS 53 100 79 100 78
EK6 43 100 83 100 81
EKY 57 100 83 100 79
EKS8 55 100 77 100 76
EK9 60 100 61 100 66
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The relationship between SANS, SAPS and methylations was analyzed with
Spearman's rho correlation coefficient and no significant difference was found. The results

are shown in Table 3.4.

Table 3. 4: The relationship between SANS, SAPS and methylations

Correlations

SAPS SANS
Spearman's rho  Position 1 Meth  Correlation
(%) Coefficient ~155 063
Sig. (2-tailed) ,340 ,699
N 40 40
Position 2 Meth  Correlation
(%) Coefficient ~033 +256
Sig. (2-tailed) ,841 111
N 40 40
Position 3 Meth  Correlation
(%) Coefficient ~163 083
Sig. (2-tailed) ,315 ,611
N 40 40
Position 4 Meth  Correlation
(%) Coefficient
Sig. (2-tailed) . .
N 40 40
Position 5 Meth  Correlation
(%) Coefficient ~198 038
Sig. (2-tailed) ,220 ,817
N 40 40
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The relationship between age and age of onset of psychosis and methylations
was analyzed with Spearman's rho correlation coefficient and no significant

difference was found. The results are shown in Table 3.5.

Table 3. 5: Relationship between age, age of onset of psychosis and methylations

Correlations

Age of onset
Age | of psychosis
Spearman’'s rho  Position 1 Meth  Correlation
i (%) Coefficient 042 - 134
Sig. (2-tailed) 797 411
N 40 40
Position 2 Meth  Correlation
(%) Coefficient ~088 ~195
Sig. (2-tailed) ,588 ,228
N 40 40
Position 3 Meth  Correlation
(%) Coefficient -1t ~231
Sig. (2-tailed) 291 ,151
N 40 40
Position 4 Meth  Correlation
(%) Coefficient
Sig. (2-tailed) : :
N 40 40
Position 5 Meth  Correlation
(%) Coefficient n212 »241
Sig. (2-tailed) ,090 ,134
N 40 40
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The relationship between age and age of onset of psychosis and SANS SAPS values
was analyzed with Spearman'’s rho correlation coefficient and no significant difference was

found. The results are shown in Table 3.6.

Table 3. 6: The relationship between age, age of onset of psychosis and SANS, SAPS

Correlations

Age of onset of
Age psychosis
Spearman’'s rho SAPS Correlation
i Coefficient 1055 ~011
Sig. (2-tailed) ,7135 ,949
N 40 40
SANS Corre!aFlon 068 209
Coefficient
Sig. (2-tailed) 677 ,196
N 40 40
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The relationship between antipsychotic drug type and methylation values was
summarized with median, minimum and maximum values. The results are shown in Table
3.7.

Table 3. 7: The relationship between antipsychotic drug types and methylation

Case Summaries

Antipsychotic Drug Types
Atypical (n=29 +1 typical) Typical+Atypical
N [ Median | Minimum | Maximum | N [ Median | Minimum | Maximum|] p

Position

1 Meth |30 50 5 64 (10 56 40 65]0,315
(%)

Position

2 Meth |30 100 10 100|110 100 91 100]0,770
(%)

Position

3 Meth |30 74 7 95(10 72 40 9211,000
(%)

Position

4 Meth |30 100 100 100|110 100 100 100]1,000
(%)

Position

5Meth |30 77 20 96 (10 71 17 81]0,379
(%)
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median, minimum, and maximum values. The results are shown in Table 3.9.

Table 3. 9: Relationship between gender and SANS SAPS

Case Summaries

The relationship between gender and SANS SAPS values was summarized with

Gender
Male Female
Std. Std.
Mean Deviation Mean Deviation
SAPS 26 48,42 17,03 14 50,79 18,23 0,685
SANS 26 60,81 19,07 14 56,07 21,80 0,480
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The relationship between antipsychotic drug type and methylation values is
summarized with median, minimum and maximum values. The results are shown in Table
3.7.

Table 3. 12: Relationship between antipsychotic drug types and methylation

Case Summaries

Antipsychotic Drug Types
Atypical (+1 typical) Typical+Atypical

N [ Median | Minimum | Maximum | N [ Median | Minimum | Maximum|] p
Position
1 Meth |30| 50,0 5 64 10| 55,5 40 65 0,315
(%)
Position
2 Meth |30( 100,0 10 100 10( 100,0 91 100 0,770
(%)
Position
3 Meth |30 74,0 7 95 10( 72,0 40 92 1,000
(%)
Position
4 Meth |30( 100,0 100 100 10( 100,0 100 100 1,000
(%)
Position
5Meth |30 76,5 20 96 10 70,5 17 81 0,379
(%)
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4.DISCUSSION

SZ is a common and debilitating illness characterized by chronic psychotic symptoms
and psychosocial deterioration [97]. SZ is a multifactorial disease and the biggest risk factor
is the individual's family history. While the risk of disease is about 1% in the general
population, it is 6.5% in first-degree relatives of patients and over 40% in monozygotic twins
of affected individuals [39]. Although genetic factors are important risk factors for
schizophrenia, they alone have failed to explain the high heritability estimates of
schizophrenia. Some environmental factors are thought to affect the onset of the disease and
have been proposed as a mechanism to explain the risk of SZ [51].

Recent work in epigenomics has increased the understanding of gene-environment
interaction by identifying molecular mechanisms that mediate environmental effects on gene
expression and activity. These epigenetic findings are important for understanding the causes

of not only SZ but also complex multifactorial psychiatric disorders such as autism [51].

To date, DNA methylation patterns have been the most studied epigenetic mechanism
in SZ. Recent studies report differences in DNA methylation patterns between schizophrenia
patients and control subjects in both peripheral blood and postmortem brain tissue. The first
studies investigating the relationship between DNA methylation changes and SZ started in
the early 2000s with the examination of COMT, RELN, GAD1 and SOX10 genes. Among
these genes, RELN and GAD1 most showed aberrant methylation in SZ patients [98]. In
another study conducted in 2010, it was observed that the FOXP2 methylation level in the
left parahippocampal area was higher in the postmortem brain tissues of SZ patients than in
the right parahippocampal area [99]. A study of the FAM63B gene in SZ samples revealed
that it was significantly hypomethylated [100]. In a study on synaptic plasticity, it was shown
that GRIN-2B is hypomethylated in SZ patients [101]. In another study examining EGR-1
methylation patterns, there was no significant difference in methylation patterns between SZ
patients and controls [102]. BDNF, which is the main regulator of the function and plasticity
of neurons, is one of the genes that play an important role in the pathology of schizophrenia.
Results from postmortem brain samples from SZ patients who committed suicide showed
greater methylation at the BDNF promoter 1\VV[103].

Also, the first epigenome-wide study to examine DNA methylation in major psychosis
investigated 12,000 GC-rich regions, including CpG islands, in the brain's prefrontal cortex.

Evidence for psychosis-related DNA-methylation differences has been found at multiple loci
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in the frontal cortex, including glutamatergic and GABAergic neurotransmission, brain

development, and other processes functionally linked to disease etiology [104].

Recent research indicates changes in glutamate signaling in schizophrenia that lead to
abnormal synaptic plasticity. MMP-9 has been shown to regulate glutamate receptors and
modulate physiological and morphological synaptic plasticity [78]. Accordingly, in a study
conducted in the Chinese population, 51 patients with deficit schizophrenia (DS), 53 patients
with non-deficit schizophrenia (NDC), and 50 healthy controls (HC).When comparing NDS
patients with DS patients, significantly lower DNA methylation was found in the CpG
regions in exon 4 and exon 5 of MMP-9. A positive correlation was found between MMP9

expression and negative symptoms in SZ patients [93].

In this study, we examined the DNA methylation pattern at 5 positions in the CpG7
region of the MMP-9 gene in 40 SZ patients and 32 HC samples selected from Malatya
Turkey population. The mean methylation levels of the 5 regions in MMP-9 were
significantly different between the SZ and HC groups. No significant difference was found
at positions CpG7-1 and CpG7-2, but significant difference was found at positions CpG7-
3, CpG7-4 and CpG7-5.

In addition, different statistical analyzes were made for criteria such as SANS SAPS
values, methylation percentages, age of onset of psychosis, type of antipsychotic drug, urban
rural life, gender, marital status, but a significant difference was found only between SANS

SAPS values and antipsychotic drug type.

This study provided evidence for DNA methylation differences of MMP-9 in peripheral
blood samples from SZ patients in the Turkish population, and results were obtained that
supported previous studies. In the continuation of the study, gene expression should be
examined and evaluated together with methylation patterns. Also this study, which we have

done using peripheral blood samples, can be supported by post mortem brain samples.

Understanding the interactions of DNA-epigenetic modifications and investigating
gene expression together can provide a better understanding of the mechanism of gene
regulation in psychiatric disorders and is a hot area for gaining a different perspective in
elucidating disease pathology. Additionally, "Is DNA methylation a cause or consequence
of schizophrenia?" The question still remains a mystery. Large-scale studies involving

family members are needed to answer this question.

42



REFERENCES

[1] M. J. Owen, A. Sawa, and P. B. Mortensen, "Schizophrenia,” Lancet, vol. 388, no.
10039, pp. 86-97, Jul 2 2016, doi: 10.1016/S0140-6736(15)01121-6.

[2] B. Rukova, R. Staneva, S. Hadjidekova, G. Stamenov, t. Milanova, and D. Toncheva,
"Genome-wide methylation profiling of schizophrenia,” Balkan J Med Genet, vol. 17, no. 2,
pp. 15-23, Dec 2014, doi: 10.2478/bjmg-2014-0070.

[3] E. Walker, L. Kestler, A. Bollini, and K. M. Hochman, "Schizophrenia: etiology and
course,  Annu  Rev  Psychol, vol. 55, pp. 401-30, 2004, doi:
10.1146/annurev.psych.55.090902.141950.

[4] C. Montano et al., "Association of DNA Methylation Differences With
Schizophrenia in an Epigenome-Wide Association Study,” JAMA Psychiatry, vol. 73, no. 5,
pp. 506-14, May 1 2016, doi: 10.1001/jamapsychiatry.2016.0144.

[5] N. C. Andreasen, "Schizophrenia: the fundamental questions,” Brain Res Brain Res
Rev, vol. 31, no. 2-3, pp. 106-12, Mar 2000, doi: 10.1016/s0165-0173(99)00027-2.

[6] T. C. Kyziridis, "Notes on the history of schizophrenia,” German Journal of
Psychiatry, vol. 8, no. 3, pp. 42-48, 2005.

[71  T. M. Laursen, M. Nordentoft, and P. B. Mortensen, "Excess early mortality in
schizophrenia,” Annu Rev Clin Psychol, vol. 10, pp. 425-48, 2014, doi: 10.1146/annurev-
clinpsy-032813-153657.

[8] N. C. Andreasen, "The evolving concept of schizophrenia: from Kraepelin to the
present and future,” Schizophr Res, vol. 28, no. 2-3, pp. 105-9, Dec 19 1997, doi:
10.1016/s0920-9964(97)00112-6.

[91 A. S. Brown, "The environment and susceptibility to schizophrenia,” Prog
Neurobiol, vol. 93, no. 1, pp. 23-58, Jan 2011, doi: 10.1016/j.pneurobio.2010.09.003.

[10] R. S. Kahn et al., "Schizophrenia," Nat Rev Dis Primers, vol. 1, p. 15067, Nov 12
2015, doi: 10.1038/nrdp.2015.67.

[11] T. Binbay, H. Ulas, H. Elbi, and K. Alptekin, "[The psychosis epidemiology in
Turkey: a systematic review on prevalence estimates and admission rates]," Turk Psikiyatri
Derg, wvol. 22, no. 1, pp. 40-52, Spring 2011. [Online]. Available:
https://www.ncbi.nIm.nih.gov/pubmed/21360355. Turkiye'de Psikoz Epidemiyolojisi:
Yayginlik Tahminleri ve Basvuru Oranlari Uzerine Sistematik Bir Gozden Gecirme.

[12] R. Tandon, H. A. Nasrallah, and M. S. Keshavan, "Schizophrenia, "just the facts" 4.
Clinical features and conceptualization,” Schizophr Res, vol. 110, no. 1-3, pp. 1-23, May
2009, doi: 10.1016/j.schres.2009.03.005.

[13] M. N. Perkovic, G. N. Erjavec, D. S. Strac, S. Uzun, O. Kozumplik, and N. Pivac,
"Theranostic Biomarkers for Schizophrenia,” Int J Mol Sci, vol. 18, no. 4, Mar 30 2017, doi:
10.3390/ijms18040733.

[14] E. L. Messias, C. Y. Chen, and W. W. Eaton, "Epidemiology of schizophrenia:
review of findings and myths," Psychiatr Clin North Am, vol. 30, no. 3, pp. 323-38, Sep
2007, doi: 10.1016/j.psc.2007.04.007.

43


https://www.ncbi.nlm.nih.gov/pubmed/21360355

[15] S. J. Leask, D. J. Done, and T. J. Crow, "Adult psychosis, common childhood
infections and neurological soft signs in a national birth cohort,” Br J Psychiatry, vol. 181,
pp. 387-92, Nov 2002, doi: 10.1192/bjp.181.5.387.

[16] S. A. Stilo and R. M. Murray, "Non-Genetic Factors in Schizophrenia,” Curr
Psychiatry Rep, vol. 21, no. 10, p. 100, Sep 14 2019, doi: 10.1007/s11920-019-1091-3.

[17] K. M. Abel, R. Drake, and J. M. Goldstein, "Sex differences in schizophrenia,” Int
Rev Psychiatry, vol. 22, no. 5, pp. 417-28, 2010, doi: 10.3109/09540261.2010.515205.

[18] J. McGrath, S. Saha, J. Welham, O. El Saadi, C. MacCauley, and D. Chant, "A
systematic review of the incidence of schizophrenia: the distribution of rates and the
influence of sex, urbanicity, migrant status and methodology,” BMC Med, vol. 2, p. 13, Apr
28 2004, doi: 10.1186/1741-7015-2-13.

[19] P. V. Gejman, A. R. Sanders, and J. Duan, "The role of genetics in the etiology of
schizophrenia,” Psychiatr Clin North Am, vol. 33, no. 1, pp. 35-66, Mar 2010, doi:
10.1016/j.psc.2009.12.003.

[20] B.P. Rutten and J. Mill, "Epigenetic mediation of environmental influences in major
psychotic disorders,” Schizophr Bull, vol. 35, no. 6, pp. 1045-56, Nov 2009, doi:
10.1093/schbul/sbp104.

[21] H. Jaaro-Peled and A. Sawa, "Neurodevelopmental Factors in Schizophrenia,”
Psychiatr Clin  North Am, wvol. 43, no. 2, pp. 263-274, Jun 2020, doi:
10.1016/j.psc.2020.02.010.

[22] A. S. Brown and E. J. Derkits, "Prenatal infection and schizophrenia: a review of
epidemiologic and translational studies,” Am J Psychiatry, vol. 167, no. 3, pp. 261-80, Mar
2010, doi: 10.1176/appi.ajp.2009.09030361.

[23] A. S. Brown, "Prenatal infection as a risk factor for schizophrenia,” Schizophr Bull,
vol. 32, no. 2, pp. 200-2, Apr 2006, doi: 10.1093/schbul/sbj052.

[24] E. F. Torrey and R. H. Yolken, "Toxoplasma gondii and schizophrenia,” Emerg
Infect Dis, vol. 9, no. 11, pp. 1375-80, Nov 2003, doi: 10.3201/eid0911.030143.

[25] A.S.Brown, C. A. Schaefer, C. P. Quesenberry, Jr., L. Liu, V. P. Babulas, and E. S.
Susser, "Maternal exposure to toxoplasmosis and risk of schizophrenia in adult offspring,”
Am J Psychiatry, vol. 162, no. 4, pp. 767-73, Apr 2005, doi: 10.1176/appi.ajp.162.4.767.

[26] R. Mallett, J. Leff, D. Bhugra, D. Pang, and J. H. Zhao, "Social environment,
ethnicity and schizophrenia. A case-control study,” Soc Psychiatry Psychiatr Epidemiol, vol.
37, no. 7, pp. 329-35, Jul 2002, doi: 10.1007/s00127-002-0557-4.

[27] W. Eaton and G. Harrison, "Ethnic disadvantage and schizophrenia," Acta Psychiatr
Scand Suppl, no. 407, pp. 38-43, 2000, doi: 10.1034/j.1600-0447.2000.00007.x.

[28] B. C. McLoughlin et al., "Cannabis and schizophrenia,” Cochrane Database Syst
Rev, no. 10, p. CD004837, Oct 14 2014, doi: 10.1002/14651858.CD004837.pub3.

[29] E. M. Loberg and K. Hugdahl, "Cannabis use and cognition in schizophrenia,” Front
Hum Neurosci, vol. 3, p. 53, 2009, doi: 10.3389/neuro.09.053.20009.

44



[30] L. Arseneault, M. Cannon, J. Witton, and R. M. Murray, "Causal association between
cannabis and psychosis: examination of the evidence," Br J Psychiatry, vol. 184, pp. 110-7,
Feb 2004, doi: 10.1192/bjp.184.2.110.

[31] S. Singh, A. Kumar, S. Agarwal, S. R. Phadke, and Y. Jaiswal, "Genetic insight of
schizophrenia: past and future perspectives,” Gene, vol. 535, no. 2, pp. 97-100, Feb 10 2014,
doi: 10.1016/j.gene.2013.09.110.

[32] P. V. Gejman, A. R. Sanders, and K. S. Kendler, "Genetics of schizophrenia: new
findings and challenges,” Annu Rev Genomics Hum Genet, vol. 12, pp. 121-44, 2011, doi:
10.1146/annurev-genom-082410-101459.

[33] P. J. Harrison, "Recent genetic findings in schizophrenia and their therapeutic
relevance,” J Psychopharmacol, vol. 29, no. 2, pp. 85-96, Feb 2015, doi:
10.1177/0269881114553647.

[34] S. K. Schultz and N. C. Andreasen, "Schizophrenia,” Lancet, vol. 353, no. 9162, pp.
1425-30, Apr 24 1999, doi: 10.1016/s0140-6736(98)07549-7.

[35] M. Alaerts and J. Del-Favero, "Searching genetic risk factors for schizophrenia and
bipolar disorder: learn from the past and back to the future,” Hum Mutat, vol. 30, no. 8, pp.
1139-52, Aug 2009, doi: 10.1002/humu.21042.

[36] M. J. Owen, "Genomic approaches to schizophrenia,” Clin Ther, vol. 27 Suppl A, pp.
S2-7, 2005, doi: 10.1016/j.clinthera.2005.07.014.

[37] C. McDonald and K. C. Murphy, "The new genetics of schizophrenia,” Psychiatr
Clin North Am, vol. 26, no. 1, pp. 41-63, Mar 2003, doi: 10.1016/s0193-953x(02)00030-8.

[38] B.RileyandK.S. Kendler, "Molecular genetic studies of schizophrenia,” Eur J Hum
Genet, vol. 14, no. 6, pp. 669-80, Jun 2006, doi: 10.1038/sj.ejhg.5201571.

[39] M. M. Picchioni and R. M. Murray, "Schizophrenia,” BMJ, vol. 335, no. 7610, pp.
91-5, Jul 14 2007, doi: 10.1136/bmj.39227.616447.BE.

[40] C.H. Waddington, "The epigenotype. 1942," Int J Epidemiol, vol. 41, no. 1, pp. 10-
3, Feb 2012, doi: 10.1093/ije/dyr184.

[41] L. Kularand S. Kular, "Epigenetics applied to psychiatry: Clinical opportunities and
future challenges,” Psychiatry Clin Neurosci, vol. 72, no. 4, pp. 195-211, Apr 2018, doi:
10.1111/pcn.12634.

[42] R.Holliday and J. E. Pugh, "DNA modification mechanisms and gene activity during
development,” Science, vol. 187, no. 4173, pp. 226-32, Jan 24 1975. [Online]. Available:
https://www.ncbi.nlm.nih.gov/pubmed/1111098.

[43] L. D. Moore, T. Le, and G. Fan, "DNA methylation and its basic function,"”
Neuropsychopharmacology, vol. 38, no. 1, pp. 23-38, Jan 2013, doi: 10.1038/npp.2012.112.

[44] D.C. Dolinoy, J. R. Weidman, and R. L. Jirtle, "Epigenetic gene regulation: linking
early developmental environment to adult disease," Reprod Toxicol, vol. 23, no. 3, pp. 297-
307, Apr-May 2007, doi: 10.1016/j.reprotox.2006.08.012.

45


https://www.ncbi.nlm.nih.gov/pubmed/1111098

[45] V. Labrie, S. Pai, and A. Petronis, "Epigenetics of major psychosis: progress,
problems and perspectives,” Trends Genet, vol. 28, no. 9, pp. 427-35, Sep 2012, doi:
10.1016/j.tig.2012.04.002.

[46] M. Focking, B. Doyle, N. Munawar, E. T. Dillon, D. Cotter, and G. Cagney,
"Epigenetic Factors in Schizophrenia: Mechanisms and Experimental Approaches,” Mol
Neuropsychiatry, vol. 5, no. 1, pp. 6-12, Mar 2019, doi: 10.1159/000495063.

[47] J. P. Hamilton, "Epigenetics: principles and practice,” Dig Dis, vol. 29, no. 2, pp.
130-5, 2011, doi: 10.1159/000323874.

[48] S. L. Berger, T. Kouzarides, R. Shiekhattar, and A. Shilatifard, "An operational
definition of epigenetics,” Genes Dev, vol. 23, no. 7, pp. 781-3, Apr 1 2009, doi:
10.1101/gad.1787609.

[49] J. C. Chuang and P. A. Jones, "Epigenetics and microRNAs," Pediatr Res, vol. 61,
no. 5 Pt 2, pp. 24R-29R, May 2007, doi: 10.1203/pdr.0b013e3180457684.

[50] A. Baccarelli and V. Bollati, "Epigenetics and environmental chemicals,” Curr Opin
Pediatr, vol. 21, no. 2, pp. 243-51, Apr 2009, doi: 10.1097/mop.0b013e32832925c¢c.

[51] N. P. Maric and D. M. Svrakic, "Why schizophrenia genetics needs epigenetics: a
review," Psychiatr Danub, vol. 24, no. 1, pp. 2-18, Mar 2012. [Online]. Available:
https://www.ncbi.nlm.nih.gov/pubmed/22447077.

[52] M. Khojasteh-Fard, M. Tabrizi, and M. M. Amoli, "Is DNA methylation responsible
for immune system dysfunction in schizophrenia?," Med Hypotheses, vol. 77, no. 4, pp. 573-
9, Oct 2011, doi: 10.1016/j.mehy.2011.06.034.

[53] A. M. Vitale et al., "DNA methylation in schizophrenia in different patient-derived
cell types," NPJ Schizophr, vol. 3, p. 6, 2017, doi: 10.1038/s41537-016-0006-0.

[54] J. Feng, S. Fouse, and G. Fan, "Epigenetic regulation of neural gene expression and
neuronal function,” Pediatr Res, vol. 61, no. 5 Pt 2, pp. 58R-63R, May 2007, doi:
10.1203/pdr.0b013e3180457635.

[55] L. Smigielski, V. Jagannath, W. Rossler, S. Walitza, and E. Grunblatt, "Epigenetic
mechanisms in schizophrenia and other psychotic disorders: a systematic review of empirical
human findings,” Mol Psychiatry, vol. 25, no. 8, pp. 1718-1748, Aug 2020, doi:
10.1038/s41380-019-0601-3.

[56] H. Verdoux, "Perinatal risk factors for schizophrenia: how specific are they?," Curr
Psychiatry Rep, vol. 6, no. 3, pp. 162-7, Jun 2004, doi: 10.1007/s11920-004-0060-6.

[57] M. Nishioka, M. Bundo, K. Kasai, and K. Iwamoto, "DNA methylation in
schizophrenia: progress and challenges of epigenetic studies,” Genome Med, vol. 4, no. 12,
p. 96, 2012, doi: 10.1186/gm397.

[58] D. Ibi and J. Gonzalez-Maeso, "Epigenetic signaling in schizophrenia,” Cell Signal,
vol. 27, no. 10, pp. 2131-6, Oct 2015, doi: 10.1016/j.cellsig.2015.06.003.

[59] N. T. Popov, V. K. Stoyanova, N. P. Madzhirova, and T. I. Vachev, "Epigenetic
aspects in schizophrenia etiology and pathogenesis," Folia Med (Plovdiv), vol. 54, no. 2, pp.
12-6, Apr-Jun 2012, doi: 10.2478/v10153-011-0082-x.

46


https://www.ncbi.nlm.nih.gov/pubmed/22447077

[60] O. Aguilera, A. F. Fernandez, A. Munoz, and M. F. Fraga, "Epigenetics and
environment: a complex relationship,” J Appl Physiol (1985), vol. 109, no. 1, pp. 243-51,
Jul 2010, doi: 10.1152/japplphysiol.00068.2010.

[61] D. Chen, L. Meng, F. Pei, Y. Zheng, and J. Leng, "A review of DNA methylation in
depression," J Clin Neurosci, vol. 43, pp. 39-46, Sep 2017, doi: 10.1016/j.jocn.2017.05.022.

[62] X. Zong, M. Hu, Z. Li, H. Cao, X. Chen, and J. Tang, "DNA methylation in
schizophrenia: progress and challenges,” Science Bulletin, vol. 60, no. 2, pp. 149-155, 2015.

[63] E.J. Nestler, "Epigenetic mechanisms of drug addiction,” Neuropharmacology, vol.
76 Pt B, pp. 259-68, Jan 2014, doi: 10.1016/j.neuropharm.2013.04.004.

[64] G. Oh and A. Petronis, "Environmental studies of schizophrenia through the prism
of epigenetics,” Schizophr Bull, vol. 34, no. 6, pp. 1122-9, Nov 2008, doi:
10.1093/schbul/sbn105.

[65] M. Ehrlich, "DNA hypermethylation in disease: mechanisms and clinical relevance,”
Epigenetics, vol. 14, no. 12, pp. 1141-1163, Dec 2019, doi:
10.1080/15592294.2019.1638701.

[66] B. E. Paluch, A. R. Nagash, Z. Brumberger, M. J. Nemeth, and E. A. Griffiths,
"Epigenetics: A primer for clinicians,” Blood Rev, vol. 30, no. 4, pp. 285-95, Jul 2016, doi:
10.1016/j.blre.2016.02.002.

[67] J.Fengand G. Fan, "The role of DNA methylation in the central nervous system and
neuropsychiatric disorders,” Int Rev Neurobiol, vol. 89, pp. 67-84, 2009, doi:
10.1016/S0074-7742(09)89004-1.

[68] R.J.KloseandA.P.Bird, "Genomic DNA methylation: the mark and its mediators,"
Trends Biochem Sci, vol. 31, no. 2, pp. 89-97, Feb 2006, doi: 10.1016/j.tibs.2005.12.008.

[69] P. A. Jones, "Functions of DNA methylation: islands, start sites, gene bodies and
beyond,” Nat Rev Genet, vol. 13, no. 7, pp. 484-92, May 29 2012, doi: 10.1038/nrg3230.

[70] G. Strathdee, A. Sim, and R. Brown, "Control of gene expression by CpG island
methylation in normal cells,” Biochem Soc Trans, vol. 32, no. Pt 6, pp. 913-5, Dec 2004,
doi: 10.1042/BST0320913.

[71] E. Liand Y. Zhang, "DNA methylation in mammals,” Cold Spring Harb Perspect
Biol, vol. 6, no. 5, p. a019133, May 1 2014, doi: 10.1101/cshperspect.a019133.

[72] E.S.Ovenden, N. W. McGregor, R. A. Emsley, and L. Warnich, "DNA methylation
and antipsychotic treatment mechanisms in schizophrenia: Progress and future directions,"”
Prog Neuropsychopharmacol Biol Psychiatry, vol. 81, pp. 38-49, Feb 2 2018, doi:
10.1016/j.pnpbp.2017.10.004.

[73] E. M. Jobe and X. Zhao, "DNA Methylation and Adult Neurogenesis," Brain Plast,
vol. 3, no. 1, pp. 5-26, Nov 9 2017, doi: 10.3233/BPL-160034.

[74] I. Mendizabal et al., "Cell type-specific epigenetic links to schizophrenia risk in the
brain,” Genome Biol, vol. 20, no. 1, p. 135, Jul 9 2019, doi: 10.1186/s13059-019-1747-7.

47



[75] T. Magwali, K. B. Shangase, F. O. Oginga, B. Chiliza, T. Mpofana, and K. R. Xulu,
"DNA Methylation and Schizophrenia: Current Literature and Future Perspective,” Cells,
vol. 10, no. 11, Oct 26 2021, doi: 10.3390/cells10112890.

[76] B. Vafadari, A. Salamian, and L. Kaczmarek, "MMP-9 in translation: from molecule
to brain physiology, pathology, and therapy,” J Neurochem, vol. 139 Suppl 2, pp. 91-114,
Oct 2016, doi: 10.1111/jnc.13415.

[77] O. Zitka et al., "Matrix metalloproteinases,” Curr Med Chem, vol. 17, no. 31, pp.
3751-68, 2010, doi: 10.2174/092986710793213724.

[78] K. Lepeta and L. Kaczmarek, "Matrix Metalloproteinase-9 as a Novel Player in
Synaptic Plasticity and Schizophrenia,” Schizophr Bull, vol. 41, no. 5, pp. 1003-9, Sep 2015,
doi: 10.1093/schbul/sbv036.

[79] C. Amalinei, I. D. Caruntu, and R. A. Balan, "Biology of metalloproteinases,” Rom
J Morphol Embryol, vol. 48, no. 4, pp. 323-34, 2007. [Online]. Available:
https://www.ncbi.nlm.nih.gov/pubmed/18060181.

[80] A.Beroun, S. Mitra, P. Michaluk, B. Pijet, M. Stefaniuk, and L. Kaczmarek, "MMPs
in learning and memory and neuropsychiatric disorders,” Cell Mol Life Sci, vol. 76, no. 16,
pp. 3207-3228, Aug 2019, doi: 10.1007/s00018-019-03180-8.

[81] H. Cha, E. Kopetzki, R. Huber, M. Lanzendorfer, and H. Brandstetter, "Structural
basis of the adaptive molecular recognition by MMP9," J Mol Biol, vol. 320, no. 5, pp. 1065-
79, Jul 26 2002, doi: 10.1016/s0022-2836(02)00558-2.

[82] M. Fahling et al., "Role of nucleolin in posttranscriptional control of MMP-9
expression,” Biochim Biophys Acta, vol. 1731, no. 1, pp. 32-40, Oct 15 2005, doi:
10.1016/j.bbaexp.2005.08.005.

[83] S.Rivera, M. Khrestchatisky, L. Kaczmarek, G. A. Rosenberg, and D. M. Jaworski,
"Metzincin proteases and their inhibitors: foes or friends in nervous system physiology?," J
Neurosci, vol. 30, no. 46, pp. 15337-57, Nov 17 2010, doi: 10.1523/JNEUROSCI.3467-
10.2010.

[84] K. Lepeta et al., "A normal genetic variation modulates synaptic MMP-9 protein
levels and the severity of schizophrenia symptoms,” EMBO Mol Med, vol. 9, no. 8, pp. 1100-
1116, Aug 2017, doi: 10.15252/emmm.201707723.

[85] S. Berretta, "Extracellular matrix abnormalities in  schizophrenia,”
Neuropharmacology, vol. 62, no. 3, pp. 1584-97, Mar 2012, doi:
10.1016/j.neuropharm.2011.08.010.

[86] K. Chopra, A. Baveja, and A. Kuhad, "MMPs: a novel drug target for schizophrenia,”
Expert Opin Ther Targets, vol. 19, no. 1, pp. 77-85 Jan 2015, doi:
10.1517/14728222.2014.957672.

[87] Q. R. Xia, C. Zhang, J. Liang, and Y. Y. Xu, "The association of functional
polymorphism of matrix metalloproteinase-9 gene (rs3918242) with schizophrenia: a meta-
analysis,"” Int J Psychiatry Clin Pract, vol. 23, no. 3, pp. 207-214, Sep 2019, doi:
10.1080/13651501.2019.1581895.

48


https://www.ncbi.nlm.nih.gov/pubmed/18060181

[88] B. K. Y. Bitanihirwe and T. W. Woo, "A conceptualized model linking matrix
metalloproteinase-9 to schizophrenia pathogenesis,” Schizophr Res, vol. 218, pp. 28-35, Apr
2020, doi: 10.1016/j.schres.2019.12.015.

[89] E. Domenici et al., "Plasma protein biomarkers for depression and schizophrenia by
multi analyte profiling of case-control collections,” PLoS One, vol. 5, no. 2, p. e9166, Feb
11 2010, doi: 10.1371/journal.pone.0009166.

[90] S. H. Chang et al., "Expression of anti-cardiolipin antibodies and inflammatory
associated factors in patients with schizophrenia,” Psychiatry Res, vol. 187, no. 3, pp. 341-
6, May 30 2011, doi: 10.1016/j.psychres.2010.04.049.

[91] S. Devanarayanan, H. Nandeesha, S. Kattimani, and S. Sarkar, "Relationship
between matrix metalloproteinase-9 and oxidative stress in drug-free male schizophrenia: a
case control study,” Clin Chem Lab Med, vol. 54, no. 3, pp. 447-52, Mar 2016, doi:
10.1515/cclm-2015-0212.

[92] H. Yamamori et al., "Plasma levels of mature brain-derived neurotrophic factor
(BDNF) and matrix metalloproteinase-9 (MMP-9) in treatment-resistant schizophrenia
treated with clozapine,” Neurosci Lett, vol. 556, pp. 37-41, Nov 27 2013, doi:
10.1016/j.neulet.2013.09.059.

[93] J. Gao et al., "DNA Methylation and Gene Expression of Matrix Metalloproteinase
9 Gene in Deficit and Non-deficit Schizophrenia," Front Genet, vol. 9, p. 646, 2018, doi:
10.3389/fgene.2018.00646.

[94] D. Strzelecki, O. Kaluzynska, J. Szyburska, and A. Wysokinski, "MMP-9 Serum
Levels in Schizophrenic Patients during Treatment Augmentation with Sarcosine (Results
of the PULSAR Study)," Int J Mol Sci, vol. 17, no. 7, Jul 9 2016, doi: 10.3390/ijms17071075.

[95] M. Fakruddin, A. Chowdhury, M. N. Hossain, K. Mannan, and R. Mazumda,
"Pyrosequencing-principles and applications,” Int J Life Sci Pharma Res, vol. 2, no. 1, pp.
L-65-L-76, 2012.

[96] C. T. Harrington, E. I. Lin, M. T. Olson, and J. R. Eshleman, "Fundamentals of
pyrosequencing,” Arch Pathol Lab Med, vol. 137, no. 9, pp. 1296-303, Sep 2013, doi:
10.5858/arpa.2012-0463-RA.

[97] A. H. Wong and H. H. Van Tol, "Schizophrenia: from phenomenology to
neurobiology,” Neurosci Biobehav Rev, vol. 27, no. 3, pp. 269-306, May 2003, doi:
10.1016/s0149-7634(03)00035-6.

[98] D.R. Graysonand A. Guidotti, "The dynamics of DNA methylation in schizophrenia
and related psychiatric disorders," Neuropsychopharmacology, vol. 38, no. 1, pp. 138-66,
Jan 2013, doi: 10.1038/npp.2012.125.

[99] A. Tolosa, J. Sanjuan, A. M. Dagnall, M. D. Molto, N. Herrero, and R. de Frutos,
"FOXP2 gene and language impairment in schizophrenia: association and epigenetic
studies,” BMC Med Genet, vol. 11, p. 114, Jul 22 2010, doi: 10.1186/1471-2350-11-114.

[100] H. Sugawara et al., "DNA methylation analyses of the candidate genes identified by
a methylome-wide association study revealed common epigenetic alterations in
schizophrenia and bipolar disorder,” Psychiatry Clin Neurosci, vol. 72, no. 4, pp. 245-254,
Apr 2018, doi: 10.1111/pcn.12645.

49



[101] H. A. Fachim et al., "GRIN2B promoter methylation deficits in early-onset
schizophrenia and its association with cognitive function,” Epigenomics, vol. 11, no. 4, pp.
401-410, Feb 2019, doi: 10.2217/epi-2018-0127.

[102] T. M. Hu, S. J. Chen, S. H. Hsu, and M. C. Cheng, "Functional analyses and effect
of DNA methylation on the EGR1 gene in patients with schizophrenia,” Psychiatry Res, vol.
275, pp. 276-282, May 2019, doi: 10.1016/j.psychres.2019.03.044.

[103] S. Keller et al., "DNA methylation state of BDNF gene is not altered in prefrontal
cortex and striatum of schizophrenia subjects,” Psychiatry Res, vol. 220, no. 3, pp. 1147-50,
Dec 30 2014, doi: 10.1016/j.psychres.2014.08.022.

[104] J. Mill et al., "Epigenomic profiling reveals DNA-methylation changes associated
with major psychosis,” Am J Hum Genet, vol. 82, no. 3, pp. 696-711, Mar 2008, doi:
10.1016/j.ajhg.2008.01.008.

50



CURRICULUM VITAE

Name Surname: Ezgi KARAASLAN
Undergraduate: Department of Molecular Biology and Genetics, Cumhuriyet University
(2013-2017)

Presentations From The Thesis Work

Ezgi Karaaslan, Siikrii Kartalc1 , Harika G. Go6ziikkara Bag M.Mert Sozen, Ceren Acar
Sizofrenide MMP9 Geni Metilasyon Patterni Degisiklikleri. 10. Ulusal Molekiiler Biyoloji
ve Biyoteknoloji Kongresi. 18 Aralik 2021, Online

51





