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ABSTRACT

Sporadic colorectal cancer (CRC) is a common disease with complex aetiology and diverse
molecular phenotypes. Failure of DNA repair systems is one of the leading determinants of
cancer onset and development. The efficiency of these systems and susceptibility to cancer can be
affected by genotype variations, including common single nucleotide polymorphisms (SNPs).

In this work, an association between SNPs and haplotypes of DNA mismatch repair (MMR)
genes, SNPs and their combinations in other DNA repair genes, and a risk of sporadic CRC was
investigated in a hospital-based case-control study. As result of our study, certain MMR SNPs
and haplotypes altered CRC risk, as demonstrated for the first time in the Czech population.
Individual SNPs in DNA repair genes seem to have a limited effect on CRC risk, with possible
modification by age or smoking. Several of the associations observed were site-specific,
confirming the molecular heterogeneity of CRC.

DNA repair capacity varies significantly between individuals, between different tissues of the
same organism, and also between malignant and normal cells. To assess the background level of
this variability, the association between SNPs in DNA repair genes and the individual DNA
repair capacity in healthy individuals was investigated. Several polymorphisms in base-excision
repair genes and their binary combinations affected either irradiation-specific DNA repair or
oxidative DNA repair rates; smoking and occupational status play an important role.

Air pollution negatively affects acute and chronic morbidity, including cancer. The analysis of
the polymorphisms in metabolizing gene EPHX1 was a part of the research on relationships
between occupational exposure to carcinogenic polycyclic aromatic hydrocarbons, chromosomal
aberrations (CA), DNA adducts, and DNA polymorphisms. The EPHX1 diplotype affected the

frequency of CA, suggesting a protective role in metabolism of environmental carcinogens.



ABSTRAKT

Sporadicky kolorektalni karcinom (colorectal cancer, CRC) je casté naddorové onemocnéni s
komplexni etiologii a variabilitou molekularnich fenotypt. Poruchy reparativnich systémi DNA
jsou jednim z hlavnich faktorti ovliviiujicich vznik a vyvoj rakoviny. Uginnost téchto systémii a
nachylnost k rakoviné mulze byt ovlivnéna individudlni genetickou variabilitou, vcetné
jednonukleotidovych polymorfismt (SNP).

Tato doktorskd prace zkouma souvislost mezi SNP a haplotypy genlt DNA mismatch reparace
(MMR) a SNP v dalsich genech DNA reparace, a rizikem sporadického CRC v ramci asocia¢ni
case-control studie typu. Vysledky ukazuji, Ze nékteré MMR SNP a haplotypy mohou ménit
riziko CRC, jak bylo prokdzano poprvé u ceské populace. Jednotlivé SNP v genech DNA
reparace maji omezeny vliv na riziko CRC, s moznou interakci s vékem nebo faktory zivotniho
stylu. N¢které z pozorovanych asociaci byly specifické pro urCitou lokalizaci nadort, coz
potvrzuje molekularni heterogenitu CRC.

Kapacita DNA reparac¢nich systémii se li§i mezi jednotlivci, v rlznych tkanich stejného
organismu a také mezi malignimi a normdlnimi bunikami. Pro posouzeni bazalni urovné této
variability se zkoumal vztah mezi SNP v genech DNA reparace a individudlni DNA reparacni
kapacitou u zdravych jedinct. Nékolik polymorfismi v genech bazové excisni reparace a jejich
binarnich kombinaci ovliviiovaly ucinnost opravy poSkozeni DNA vyvolaného y-ozafovanim
nebo oxidaéniho poSkozeni DNA; koufeni a pracovni expozice hraji dileZitou roli.

Znecisténi ovzdusi negativné ovliviiuje akutni a chronickou nemocnost. Analyza polymorfismu v
metabolickém genu EPHX1 byla soucasti vyzkumu o vztazich mezi expozici karcinogennimi
polycyklickymi aromatickymi uhlovodiky, chromozomalnimi aberacemi, DNA adukty a DNA
polymorfismy. EPHX1 diplotyp ma vliv na frekvenci chromosomalnich aberaci, coz naznacuje

jeho ochrannou roli v metabolismu environmentalnich karcinogend.
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INTRODUCTION

The determination of phenotypic differences in cancer on the grounds of an individual’s
genotype is currently a paradigm and, simultaneously, a major challenge in the modern molecular
biology of cancer. Until now, phenotypic variability of cancer initiation and development often
precludes a clear identification of a given tumor type. The presence of millions of polymorphic
gene variants in the human genome provides extensive variations affecting physiological and
pathogenic mechanisms (15 million single nucleotide polymorphisms (SNPs), 1 million short
insertions and deletions, and 20,000 structural variants) (The 1000 Genomes Project Consortium,
2010). It refers, in particular, to polymorphisms in genes participating in DNA damage response
and repair. As accepted, the higher levels of DNA damage and insufficiency of protective
mechanisms may predispose individuals to cancer (Win et al, 2013b; Shilpa and Lakshmi, 2014;
lyama and Wilson, 2013). Thus, any polymorphism that affects cellular response to DNA damage
may modulate tumor occurrence, growth, histological features, metastatic spread, and response to
therapeutic interventions (Huhn et al, 2014; Joost et al, 2014; Stigliano et al, 2014; Zhang et al,
2014a). Haploinsufficiency of those genes and intense physical and functional interaction
between components of DNA repair systems allow distinct polymorphisms to affect phenotypic
outcomes through multiple pathways (Fridley and Biernacka, 2011; Mooney et al, 2014; Huang,
2015).

Initially considered as very promising biomarkers, coding and non-coding SNPs in
candidate genes then outlasted the sharp recession of scientific enthusiasm due to a vast amount
of false positives and false negatives and the low statistical power of results. However, genome-
wide association studies (GWAS) revived the interest of these variants in the human genome as

potential cancer modulators (Manolio, 2010; Win et al, 2013a; Mooney et al, 2014; Zhang et al,
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2014a; Huang, 2015).

Some systems of the human organism are more prone to external and internal DNA-
damaging insults, and in some cases, consequently, to cancer. The gastrointestinal tract is one of
the major natural areas affected by such insults. Colorectal cancer (CRC) represents a complex
disease with strong evidence of the involvement of both macro- and micro-environmental and
genetic / epigenetic factors into the etiology of the disease (Suchanek et al, 2011; Boleij and
Tjalsma, 2012). Diet, smoking, and drinking habits are among the most relevant environmental
factors affecting the CRC risk (Ezzati et al, 2012; Alexandrova et al, 2014; Barrow and Michels,
2014). For many years, the Czech Republic has had one of the highest incidences of CRC in the
world (Ferlay et al, 2013).

It appeared that CRC, considered for a long time as a homogeneous entity, consists in fact
of several molecular subtypes. These subtypes give rise to CRC with different locations,
histology behaviour, and pharmacogenomic aspects etc. Consequently, environmental and
genetic factors will be involved in a different extent (Esteban-Jurado et al, 2014; Valle, 2014).

In the current work, we would like to consider how SNPs, representatives of individual
genetic background, can affect individual CRC risk and some corresponding phenotypes (for
example, tumor localization). Another important aspect necessary for the understanding of basic
pathophysiological mechanisms would be assessment of several gene-gene and gene-environment

interactions in CRC patients, as well as in healthy individuals.
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1. BACKGROUND

1.1. Human DNA mismatch repair system

1.1.1. DNA mismatch repair: main functions and mechanisms

The maintenance of the integrity of the information in DNA molecules is essential to the
survival of a particular organism, as well as to the survival of the species (Lindahl and Wood,
1999). The mismatch repair (MMR), a highly conserved DNA repair system, greatly determines
the maintenance of genomic stability and possesses the widest spectrum of function. The MMR
system is involved in the correction of errors introduced by replicative DNA polymerases 6 and ¢
during DNA replication, including DNA base-base mispairing and insertion/deletion loops
(IDLs), and in editing heteroduplexes occurring during genetic recombination. IDLs arise through
slippage of the polymerase during the replication of microsatellites, resulting in a change in the
length of oligonucleotide repeats. Different DNA-derived aberrant base pairs, such as those
containing O6-methylguanine, 8-oxoguanine, carcinogen adducts, and UV photoproducts damage
are also substrates of MMR machinery. MMR improves the fidelity of DNA biosynthesis by 100-
1000-fold, complementing the intrinsic error-free and proofreading properties of replicative DNA
polymerases and lowering the overall mutation rate to one error per 10° nucleotides synthesized
(Fukui, 2010; Jiricny, 2013).

At least six different MMR proteins are required to correct the mismatched DNA (Fig. 1).
MMR system response is considered to be comprised of two major components: protein
complexes Mutator S (MutS) and Mutator L (MutL). In eukaryotes, the MMR system includes
two functional equivalents of E. coli MutS. The main MMR pathway in humans is initiated by

the recognition of a mismatch by the heterodimer consisting of the human MutS homolog 2
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(hMSH2) and human MutS homolog 6 (hMSH6) or human MutS homolog 3 (hnMSH3?) proteins
(MutS, o and B respectively) depending on the type of lesion to be repaired. These complexes are
responsible for the recognition of base mismatches and IDLs in mono- to tetranucleotide repeats
(Hsieh and Yamane, 2008; lyama and Wilson, 2014). A complex of hMSH6 and hMSH2
performs the correction of single-base mispairs, whereas both hMSH3 and hMSH2 may
contribute to the correction of IDLs of two or more bases (lyama and Wilson, 2014). The MutS
dimer has a general shape of two “opposing commas” or “praying hands” joined by interactions
at a single, composite ATP-binding site on one side, and at the bound mispared/unpaired DNA on
the opposite side. The dimer encircles two channels, one of which is occupied by the mismatched
DNA (Shilpa and Lakshmi, 2014).

After the substrate recognition by one of the MutS complexes, the eukaryotic MutL
homologs are required to help other proteins to organize. The MutL equivalent in humans exists
in three heterodimeric forms: MutLa (human MutL homolog 1 (hMLH1) and human Post
Meiotic Segregation (hPMS2)), MutLp (hMLH1 and human MutL homolog 3 hMLH3), and
MutLy (hMLH1 and hPMS1) (lyama and Wilson, 2014). The hPMS2 is required for the
correction of single-base mismatches; hPMS2 and hMLH3 both contribute to the correction of
IDLs, while the role of hPMS1 in MMR awaits further research (Shilpa and Lakshmi, 2014).
Upon DNA mismatch detection, the repair process proceeds with the participation of the MutLa,
the major MutL homolog participating in MMR. It acts as an endonuclease and coordinates the
interplay between the mismatch recognition complex and other proteins necessary for MMR:
exonuclease 1 (hEXO1), a helicase(s), proliferating cell nuclear antigen (PCNA), single-strand
DNA-binding protein (RPA) and DNA polymerases & and € (Iyama and Wilson, 2014; Shilpa and

Lakshmi, 2014).

1 In this work, we use a following formate: genes names are written in Italic font and protein names in normal font.
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Upon DNA mismatch detection, the repair process proceeds with the participation of the
MutLo, the major MutL homolog participating in MMR. It acts as an endonuclease and
coordinates the interplay between the mismatch recognition complex and other proteins necessary
for MMR: exonuclease 1 (EXO1), a helicase(s), proliferating cell nuclear antigen (PCNA),
single-strand DNA-binding protein (RPA) and DNA polymerases 6 and € (Iyama and Wilson,
2014; Shilpa and Lakshmi, 2014). MutL has a conserved C-terminal region that mediates
constitutive dimerization, and the N-terminal region undergoes ATP/ADP-regulated dimerization
during MMR (Shilpa and Lakshmi, 2014). For leading strand synthesis, bound PCNA determines
the orientation of MutLa incision while enhancing its endonuclease activity. PCNA coordinates
with exonuclease EXOL1, carrying out subsequent mismatch-provoked DNA excision directed by
strand breaks located either 5° or 3’ to the mispair (Hsieh and Yamane, 2008; Iyama and Wilson,
2014). Both MutS and MutL have an ATP-driven verification mechanism, by which the ATP-
bound forms coordinate the downstream events in MMR, like EXO1 binding and nuclease

activity (Jiricny, 2013).

1.1.2. Other functions of MMR system

The components of DNA MMR machinery are also involved in numerous cell processes:

e cell cycle arrest and induction of apoptosis in response to different types of DNA damage

(O’Brien and Brown, 2006; Noonan et al, 2012, Lin et al, 2014);

e anti-recombination function: suppression of homologous recombination (Schofield and
Hsieh, 2003; Tay et al, 2010);

e DNA-damage signaling (lyer et al, 2006; Li, 2008; Edelbrock et al, 2013)

e meiotic recombination (as confirmed in studies on yeasts and mice) (Martini et al, 2011,

Jiricny, 2013);
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e mitotic recombination and maintenance of mitotic stability (Harfe and Jinks-Robertson,

2000; Schofield and Hsieh, 2003; Bak et al, 2014);
e somatic hypermutation (lyer et al, 2006; Bak et al, 2014; Chen and Furano, 2015);

e cell aging (Conde-Perezprina et al, 2012).

1.1.3. Interaction of MMR system with other DNA repair mechanisms

Except for a direct role in MMR, mammalian MMR proteins can be involved in
transcription-coupled repair (TCR) — as one of the nucleotide excision repair (NER) pathways,
base excision repair (BER), and also recombination and meiosis. NER is responsible for the
removal of UV light-induced pyrimidine dimers in adducts generated by benzo[a]pyrene and
cisplatin. TCR is a NER pathway that preferentially corrects lesions in the transaction template
strand of genes transcribed by RNA polymerase Il. As detected in yeasts, MMR protein MSH2
can interact with NER proteins during the process of the recognition of a stalled RNA polymerase
on the transcription template strand at sites of DNA damage or in the form of an MSH2-MSHG6
heterodimer to bind to particular lesions repaired by NER (Shilpa and Lakshmi, 2014).

BER repairs oxidative lesions caused by reactive oxygen species, and also lesions, such as
alkylation of purines and formation of adducts. The MutY homolog (MUTYH) protein is a DNA
glycosylase involved in the excision of bases from the DNA, removing A from 8-oxo-G:A base
pairs that generate apurinic/apyrimidinic (AP) sites in the DNA. It has been recently
demonstrated that the MUTYH protein interacts with the MMR protein MSH6. Apparently,
MutSa stimulates the DNA binding and glycosylase activities of MUTYH, showing a possible
connection between the MMR system and the BER pathway (Niessen et al, 2006; David et al,
2007; Khan, 2015). Another link between MMR and BER is the MLH1 protein interacting with

endonuclease Mediator complex subunit 1 (MED1) (Shilpa and Lakshmi, 2014).
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The MMR system is also suggested to participate in protection against mammalian DNA
damage induced by DNA alkylating agents, in this case interacting with O8-methylguanine DNA
methyltransferase (MGMT). The exact mechanism is not yet known; however, accumulation of
O°®-methylguanine lesions could lead to interrupted transcription, recognition by the MMR

system, and apoptosis (Iyama and Wilson, 2013).

1.1.4. Implication of MMR in carcinogenesis

MMR deficiency causes a reduction of DNA damage-induced apoptosis, an increase in
mitotic recombination frequency, and an inefficient recombination, as well as increase in cell
survival, which can consequently lead to an increase of the cancer susceptibility (Modrich and
Lahue, 1996; Schofield and Hsieh, 2003; Shilpa and Lakshmi, 2014).

Genes involved in the DNA MMR system are considered as “high penetrance” genes of
significant importance in hereditary nonpolyposis colon cancer (HNPCC) or Lynch syndrome
and other forms of familial cancer in various organs (Martin-Lopez and Fishel, 2013; Guillotin
and Martin, 2014). Lynch syndrome patients have an increased risk of developing cancer,
including an 80% risk of developing CRC. Inactivation of the MMR genes seems to be important
in 15-20% (or even more) incidence of some sporadic cancers, especially concerning cancer in
different organs of the “HNPCC spectrum”: colon and rectum, uterine endometrium, stomach,
and ovaries (Peltomaki, 2003).

There are two major mechanisms of MMR inactivation in the process of carcinogenesis:

1) epigenetic gene silencing by promoter hypermethylation,

2) germline and/or somatic mutation in MMR gene (Guillotin and Martin, 2014).

Methylation is a central epigenetic mechanism involved in the regulation of gene

expression. Epigenetic inactivation, mainly due to methylation of the promoter of DNA repair
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genes, has been reported in several DNA repair pathways related to cancer (Shilpa and Lakshmi,
2014). A range of studies showed that in the majority of microsatellite unstable sporadic CRC,
and in sporadic endometrial carcinomas, MMR appears to be inactivated via hypermethylation of
the hMLH1 promoter (Cunningham et al, 1998; Esteller et al, 1998; Kuismanen et al, 2000;
Kamory, 2003; Valo et al, 2015).

Other MMR genes are also controlled by promoter methylation. Aberrations of hMSH6 and
hMSH3 methylation were found in sporadic CRC (Shilpa and Lakshmi, 2014). Very high levels
of hMSH3 promoter methylation were observed in oesophageal cancer tissues (Vogelsang et al,
2014). Germline 3’-end deletions affecting the epithelial cell adhesion molecule (EPCAM) gene
located upstream of hMSH2 were identified as a novel mechanism causing Lynch syndrome by
epigenetic inactivation of the respective hMSH2 allele (Ligtenberg et al, 2009). An explanation
for the epigenetic transgenerational inheritance is that the loss of polyadenylation signals via
deletions could result in an aberrant promoter methylation of neighbouring tumor suppressor
genes (Yamamoto and Imai, 2015).

A range of studies showed that germline mutations in the MMR genes, in particular
hMLH1, hMSH2, hMSH6 or hPMS2, lead to predisposition to the autosomal dominant condition
in Lynch syndrome (Martin-Lopez and Fishel, 2013). In this case, only one mutated allele of an
MMR gene is inherited. Loss of the second allele occurs somatically, either by loss of
heterozygosity (LOH), mutation, or methylation. The rare case where both inherited alleles are
mutated is called the constitutional MMR deficiency syndrome, and this leads to cancer during
childhood (Guillotin and Martin, 2014; Yamamoto and Imai, 2015). One-allelic inherited
germline mutation in hMSH1 and hMLH1 cause Muir-Torre syndrome, a rare autosomal
dominant disorder characterized by the predisposition to numerous malignancies (Conde-

Perezprina et al, 2012).
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Less is known about the effect of mutations in hMSH3. It is suggested, however, that they
can determine the onset of the tumor in association with the weak mutations in hMLH1 and
hMSH2 due to a synergistic effect (Duraturo, 2011).

MMR deficiency leads to a mutator phenotype, which is characterized by accumulation of
mutations in the DNA, primarily due to microsatellite instability (MSI) — a hallmark of abnormal
MMR functioning. Microsatellites are short tandem (1-6 base pairs) repeats present through the
whole genome with high susceptibility for replication errors. DNA polymerases slip over the
tandem repeats, leading to replication length errors. These errors are normally repaired by the
MMR pathway, therefore they remain fixed in deficient MMR cells. A deficient DNA MMR
results in the widespread mutations to nucleotide repeats, some of which occur within the coding
regions of cancer-related genes such as transforming growth factor beta receptor (TGFfR2),
insulin-like growth factor Il receptor (IGFIIR), Bcl-2 associated X protein (BAX) and DNA
double-strand break (DSB) repair genes, including metal response element Il (Mrell) and

RADS50 gene homolog (Rad50) (lyama and Wilson, 2014; Guillotin and Martin, 2014).

The MSI status of CRC is considered an extremely useful marker for population-based
screening programs that aim to identify individuals and families with the Lynch syndrome
(lacopetta et al, 2010). MSI is commonly tested at five loci (BAT 25, BAT 26, D2S123, D5S346
and D17S250). Tumors are classified as having high frequency microsatellite instability (MSI-H)
in case if >30% of the markers show instability of markers, low-frequency microsatellite
instability (MSI-L) - <30% of the instability of markers, or as microsatellite stable (MSS) if there

is no apparent instability (Boland et al, 1998).

Obviously, the above mentioned mechanisms are not the only ones causing MMR
deficiency in cancer: for instance, an important MMR protein hMSH3 can be physically removed
from the nucleus as a result of inflammation and oxidative stress, probably mediated by cytokines
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like interleukin 6, thus falling out of the MMR process (Tseng-Rogenski et al, 2015).

Functional gene variants can also be involved in predisposition to the development of
MMR deficiency. For example, the recently detected unique single nucleotide variant at the
codon 204, within the exon 2 of hMLHL1, was predicted to decrease the activity of the MLH1
protein (Vodicka et al, 2015a). MicroRNAs (miRNAs) are also playing an important role in de-
and reactivation of MMR. The molecule miR-155, which is frequently upregulated in MSI CRCs,
is responsible for the silencing of hMLH1, hMSH2 and hMSH®. Inhibition of miR-155 could thus
be a method to reactivate MMR and to reverse the MSI phenotype (Valeri et al, 2010; Guillotin
and Martin, 2014; Vymetalkova et al, 2014a). Downregulation of miR-422a and miR-16
expression in CRC tissues or serum as a possible consequence of reduced MutLa expression was
demonstrated. In humans, miR-21 is also significantly overexpressed in CRC tissues with MSI
compared to non-CRC mucosa, and this overexpression is associated with reduction of MSH2

and MSHG6 protein levels (Li and Martin, 2016).

It is necessary to mention that, except for the role in cancer occurrence and different stages
of development, MMR s also of importance in the organism response to cancer treatment. The
MMR system takes part in the response to many drugs used in anti-cancer treatment. In
particular, adducts of platinum compounds, alkylating and fluoropyrimidine agents are processed
by the MMR system (lyer et al, 2006). MMR deficient tumors can evolve resistance to these
chemotherapeutic substances. The majority of studies suggest that, for example, MMR deficient
colorectal tumors are more resistant to 5-FU than MMR proficient ones. The role of the MMR
pathway in ionizing radiation response is not completely understood, and this issue is particularly
important for the treatment of MMR deficient endometrial and rectal cancers. It was observed
that MMR deficient cells become resistant after a high-dose of ionizing radiation compared to

MMR proficient cells. These differences could potentially be explained by the role of the MMR

20



pathway in the regulation of cell cycle and homologous recombination pathway (Guillotin and

Martin, 2014).

Cells with suppressed MLH1 protein function are more sensitive to ganciclovir, thus
targeting MMR-deficient tumors may, for example, increase efficacy of a suicide gene therapy
approach with the herpes simplex virus thymidine kinase and ganciclovir to cancer treatment
(O’Konek et al, 2009). These findings confirm that MMR status is an important prognostic factor

for colorectal tumors, and could help guide selection of an appropriate anti-cancer therapy.

1.2. Sporadic colorectal cancer: molecular phenotypes

Colorectal cancer (CRC) is one of the most frequently diagnosed cancers worldwide (Fig.
2, Fig. 3), with over one million diagnosed cases (9.8% of cancer diagnoses, cumulative lifetime
risk of 2%) and ~600 000 deaths (8.1% of all cancer deaths). The CRC incidence rose in parallel
with economic development, and the majority of cases occur in industrialized countries (Teixeira
et al, 2014). For a long time, Czech Republic has been keeping one of the highest positions in
CRC incidence and mortality (third place in the world in total according to Globocan 2012
study). At that rate, even if mortality has been relatively stabilized, the CRC incidence and
prevalence are steadily growing in the Czech Republic during recent years (Dusek et al, 2014).

Initiation and progression of CRC is determined by complex interactions between a range
of macro- and microenvironmental and genetic / epigenetic factors. Smoking, overweight, lack of
physical activity, higher alcohol consumption, and diet poor in fiber and vitamins (elements of
the so-called Western lifestyle), especially in combination, play an important role in different
stages of CRC occurrence and development (Ezzati et al, 2005; Huxley et al, 2009).
Microenvironmental agents have recently attracted more attention as important etiological factors

in CRC, since the human intestine permits growth of over 500 different species of bacteria, as
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well as the range of pathogenic and non-pathogenic viruses (JC virus, human papillomavirus),

with the highest concentration of bacteria found in the colon.
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Fig. 2. Distribution of CRC incidence in the world (http://globocan.iarc.fr).
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Fig. 3. Distribution of CRC incidence in Europe (http://globocan.iarc.fr).
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Among them, Helicobacter pylori, Bacteroides fragilis and Streptococcus bovis may have
association with CRC (Burnett-Hartman et al, 2008; Wu et al, 2009). Mechanical damage and
inflammation of gut tissues are of importance in transformation of normal epithelium into
malignancy as well (Desprat et al, 2008). All these factors are interrelated: inflammation in the
colon can be triggered by the gut microbiota and their metabolites or byproducts. In general,
modern research confirms a link between microRNAs, inflammation, the gut microbiota and
tumorigenesis (Li and Martin, 2016). Mechanical pressure can alter gene expression, and in
particular activate the avian myelocytomatosis viral oncogene homolog (Myc) and
transcriptionally induced by activation of STAT3 (Twist) oncogenes, which are implicated in the
early stages of colon cancer (Desprat et al, 2008).

Depending on the stage and progression state of the disease, treatment regimens for CRCs
include (Gustavsson et al, 2015):

1. Colectomy, surgical resection (stages 0, | and early stage Il), up to date the most
effective treatment.

2. Postoperative adjuvant chemotherapy (stage 111 and some stage I1).

3. Chemotherapy, cytotoxic treatment with multi-drug therapy including 5-FU and
leucovorin and CapeOx (capecitabine and oxaliplatin) (stage I11).

4. Radiation therapy (recurrent or advanced disease).

Over past decades, significant progress has been achieved in the cytotoxic treatment of
CRC by the use of fluoropyrimidines, irinotecan and oxaliplatin (Gustavsson et al, 2015).
Another chemotherapeutic agent, imnotecan (CPT-11) has been shown to improve efficacy in
CRCs (Mundade et al, 2014). Currently the evaluation of new methods of treatment using
concurrent technologies, such as genetically engineered monoclonal antibodies and recombinant

vaccines, is ongoing (Mundade et al, 2014).
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Approximately 75% of colorectal cancer cases are sporadic, and the remaining are familial
diseases. Hereditary syndromes are mostly transmitted as autosomal dominant traits, and are
usually caused by highly penetrant mutations in single genes (Abdel-Rahman et al, 2006;
Stigliano et al, 2014).

Currently, it is suggested that the following genetic pathways can lead to consequent

transformation of normal gut mucosa to cancer through adenoma step (Fig. 4):
1) Chromosomal instability (CIN)
2) Microsatellite instability (MSI)

3) Serrated pathway

1) CIN pathway is observed in 65-70% of sporadic colorectal cancers. The
complete mechanism of CIN still remains unclear, but it is characterized by defects in
chromosomal segregation, telomere stability and the DNA damage response (Pino and Chung,
2011). CIN suggests that CRC appears as a result of stepwise mutational activation of oncogenes
(e.g., Kirsten rat sarcoma viral oncogene homolog (KRAS), c-Src, avian myelocytomatosis viral
oncogene homolog (c-Myc)) and the inactivation of tumor suppressor genes (Adenomatous
polyposis coli (APC) gene, TP53) as well as heterozygosity for the long arm of the chromosome
18 (18q LOH) (Mundade et al, 2014).

2) MSI pathway (10-15% of sporadic CRC). Overall, MMR deficiency is associated
with 10-15% of CRC tumors either due to a germline mutation in one of the mismatch
repair genes (hMLH1, hMSH2, hMSH6 and hPMS2), especially in younger patients, or due to
epigenetic silencing of hMLH1 — in elder patients (Pino and Chung, 2011). According to this

parameter, CRCs can be clinically classified as MSI-H, MSI-L or MSS as mentioned above.
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Fig. 4. Genetic pathways in CRC pathogenesis (Mundade et al, 2014).

Loss of hMLHL1 is identified in 60% of sporadic MMR deficient tumors, mainly due to
hypermethylation of the promoter (Guillotin and Martin, 2014). Somatic hMSH2
hypermethylation was present in 24% of Lynch syndrome CRCs with hMSH2 deficiency
(Nagasaka et al, 2010; Yamamoto and Imai, 2015). Finally, immunohistochemical studies
demonstrated a rare phenomenon of heterogenous MMR status in CRC due to heterogenous
expression of MMR molecules within a tumor (Joost et al, 2014). Loss of the APC product also
happens on early in the MSI-dependent CRC progression (Mundade et al, 2014).

3) Serrated pathway (around 30% of CRC; named due to the morphologically serrated
appearance of the precursor lesions), characterized by the presence of BRAF (protein kinase B-

raf, v-Raf murine sarcoma viral oncogene homolog B) mutation and epigenetic silencing of genes
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involved in cell differentiation, DNA repair and cell-cycle control. The APC loss is not typical for
this phenotype. A hallmark of serrated way is inactivation of tumor suppressor gene p16 (cyclin-
dependent kinase inhibitor 2A, multiple tumor suppressor 1) through promoter hypermethylation
— the so-called CpG island methylator phenotype (CIMP) (O'Brien et al, 2015).

A global DNA or LINE-1 hypomethylation (global loss of methylated cytosines) should
also be mentioned as another genome-wide epigenetic mechanism leading to increase of
mutability, aneuploidy and CIN, and, as result, to colon cancer (Figueiredo et al, 2009). The
LINE-1 hypomethylation inversely correlates with MSI and CIMP status in CRC suggesting that
this phenotype represents separate pathway in CRC (Ogino et al, 2008).

Some phenotypical difference as well as differences in chemotherapy response and
prognosis can be observed between tumors developing by different pathways. The CIN
phenotype was associated with a less favourable outcome for patients, compared with tumors
with MSI: patients with CIN tumors had a decreased overall and progression-free survival,
irrespective of ethnic background, tumor localization and adjuvant treatment with 5-FU (Walther
et al, 2008).

A deficient MMR system has been detected in about 20% of right-sided colon cancers and
5% of left-sided colon and rectal cancers. Features of MSI-H CRC include a tendency to arise in
the proximal colon, poor differentiation, lymphocytic infiltration, fast adenoma-adenocarcinoma
progression and mucinous or signet-ring histology. Patients with MSI-H tumors appear to have a
better prognosis than those with MSS tumors and can possibly have better response to irinotecan
chemotherapy and poorer responses to 5-FU (Pino and Chung, 2011).

CIMP is independently associated with significantly worse prognosis of the disease-free
survival and overall survival in CRC patients. The data on CIMP's value as a predictive factor for

survival benefit due to adjuvant 5-FU therapy are still unclear (Juo et al, 2014).
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In recent studies on the association of phenotypical differences and molecular
characteristics of CRC, the following classification was also based on the CIMP and MSI status
(lacopetta, 2010):

I.  CIMP —high, MSI-H, BRAF mutation

Il. CIMP - high, MSI-L or MSS, BRAF mutation

I1l. CIMP — low, MSS or MSI-L, KRAS mutation

IV. CIMP — negative, MSS

V. CIMP - negative, MSI-H (Lynch syndrome).

Compared to patients with type IV tumors (the most predominant), the patients with type 11
tumors had the highest overall and disease-specific mortality; subjects with type 11l tumors also
have higher disease-specific mortality. The lowest disease-specific mortality was observed in
patients with type V tumors (Phipps et al, 2015).

Discovery of heterogeneous molecular pathways in CRC pathogenesis lead to the advent of
“molecular pathologic epidemiology* as a multidisciplinary research direction investigating the
interplay between exogenous and endogenous factors, molecular phenotypes, and cancer
initiation and progression (Ogino et al, 2011). New molecular classifiers and biomarkers are
being discovered continuously - for instance, numerous miRNA which can act to promote or
inhibit tumorigenesis, thus affecting cell growth, proliferation, invasion and metastasis in CRC as
well as outcomes of CRC chemotherapy and prognosis (Schetter et al, 2012; Aherne et al, 2015;

Pardini et al, 2015).
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1.3. Single nucleotide polymorphisms (SNPs) as modulators of individual cancer
susceptibility

1.3.1. SNP analysis and its application for association studies

Given the substantial inter-individual differences in CRC initiation and consequent
neoplastic events, researchers have been looking for the more abundant sources of genetic
variations in the human genome for a long time (Mitchell et al, 2005). Common SNPs - single
base pair polymorphisms with an abundance of the least frequent allele of 1% or greater in the
given population - fall into this group.

Approximately 99.5% of the genome DNA sequence is identical among humans. The 0.5%
sequence (15 million bps) accounts for all individual differences, including predisposition to
diseases. SNPs are the most simple form and most common source of genetic polymorphism in
the human genome. It was estimated that SNPs account for over 80% of all human individual
phenotypic differences, as well as population diversity and disease predisposition (Roberts et al,
2010).

SNPs altering amino acids of protein-coding genes can drastically affect protein function
and play an important role in molecular pathogenesis. By contrast, regulatory SNPs (rSNPs) were
supposed to show modest effects that might modify gene function more subtly. Functions of
rSNPs can involve gene expression regulation through the effect on RNA spicing, transcription
factor binding, DNA methylation and miRNA recruitment. Different from simple Mendelian
diseases that result from an individual variant, primarily in coding regions, the vast majority of
SNPs that have been identified for common complex diseases map to non-coding intergenic and
intronic regulatory regions, are enriched for expression of quantitative trait loci (eQTLs), DNase |
hypersensitive sites sequencing (DHSseq) peaks, and chromatin immunoprecipitation sequencing

(ChIP-seq) peaks (Huang, 2015). A number of computational tools, as well as in vitro assays, are
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developed nowadays to assess possible functional effects of different types of SNPs (Table 1).

To explore mechanisms underlying common diseases, two main strategies have been
applied: family-based linkage studies across the entire genome, and population-based association
studies of individual candidate genes. Similar strategies were applied in discovering the role of
SNPs in pathogenesis. Using this approach, substantial progress has been achieved; however, due
to limitations of the methods, the progress was slower to some extent. Linkage analysis has low
power, except when a single locus explains a substantial fraction of disease, and association
studies of one or a few candidate genes allow evaluating only subtle part out of immense
individual genotype variation (The International HapMap Consortium, 2005).

Development of SNP-detecting technologies and decreasing costs of analysis enabled wide
SNP studies. SNP analysis largely contributed to various GWAS, in which large numbers of
SNPs are tested for association with a disease in hundreds or thousands of persons. GWAS
allowed us to identify thousands of genes and genetic variants involved in the complex diseases

in humans: 11 912 SNPs associations with P < 10®° have been reported by 2013 (Welter et al,

2014).
Functional category =~ Computational tool Experimental approach
RNA splicing ESE finder, RESCUE-ESE = RNA-seq
Transcription TRANSFAC, JASPER, EMSAs ChIP, eQTL,
factor binding MAPPER?2 reporter assays
DNA methylation MethDB, EpiGraph, MeDIP-seq, MRE-seq,
ENCODE methylation array,
bisulphate sequencing
nmiRNAs-mRINA miRNASNP, mrSNP, Reporter assays,
inferaction SNPinfo, MirSNP, Westemn blot,
miRdSNP RNA1
LncRNA expression  LincSNE, LncRNASNP RNA-seq, RIP,
or structure 3dRNA microarray

Table 1. Functional classification of SNPs (Huang, 2015).
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Genes with polymorphisms that have been previously associated with a particular disease
can be grouped to form a disease biomarker (Mooney et al, 2014).

It stands to reason that the greatest challenge is to understand the functional consequences
of detected SNPs and to accurately elucidate the biological mechanisms, by which they act
(Huang, 2015). Most cancer-associated SNPs identified in GWAS are located outside protein-
coding regions, their isolated effects are weak and can explain only a small proportion of the
familial clustering of a particular disease trait. However, such SNPs can mark a region that is
very important in cancer, for instance, containing a really high penetrance mutation (Manolio,
2010). Secondary analysis of GWAS data can be done by using a gene set analysis approach as
well as whole-genome sequencing and association studies to clarify “missing” genetic heritability
(Fridley and Biernacka, 2011). Modern sequencing technique allow detailed following of all
stages of cancer. Some of the most important findings including fusions of essential genes were
done using whole genome sequencing. Massively parallel sequencing using the PARE
(personalized analysis of rearranged ends) is another powerful approach which facilitate the
development of personalized biomarkers for clinical practice (Mundade et al, 2014).

Concerning the results of the modern association studies, which remain a necessary tool in
cancer research, the accumulation of small effects of many genetic variants into a single analysis
is expected to be more powerful than tests of individual SNP effects (Fridley and Biernacka,
2011). Multiple SNPs within the same gene can be used to calculate a gene-level effect by
statistical combining of individual SNP P-values or multi-SNP modelling (Mooney et al, 2014).

Haplotype studies represent another powerful approach in the assessment of disease-
related risk and mechanisms. Each allele is initially associated with the other alleles present on
the particular chromosomal background on which it arose. The specific set of alleles observed on

a single chromosome, or part of a chromosome, is called a haplotype (The International HapMap
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Consortium, 2005). It is usually inherited as a single unit from parents, ultimately covering the
variability within a gene. Haplotype inference is an important part of human disease studies.
Sequencing-based discovery and direct or inferential phasing of alleles in a subset of tested
patients enables us to fill in missing genotypes of the remaining patients on the basis of
haplotype-block sharing, thereby increasing the power of association studies. If SNPs are close
together in the genome, alleles will tend to be inherited as haplotypes more often than SNPs,
which are further apart. Haplotype analysis can be especially useful for studies of populations, in
which an individual founder mutation accounts for a substantial percentage of all cases, or for
any population with a susceptibility allele in a region of very low recombination (Naccarati et al,
2007). Haplotype information substantially improves the power of GWAS with the support of
reference panels of phased haplotypes. Haplotype data are commonly applied to studies of
biological mechanisms. In application to cancer research, haplotypes can help in linkage
evaluation while using the phasing of distant somatic variants from the same haplotype during

tumor development (Snyder et al, 2015).

1.3.2. SNPs affecting susceptibility to cancer: an example of SNPs in MMR genes

Amino acid changes in genes coding components of MutS or MutL may affect mismatch
recognition, matchmaking, ATPase cycling, and EXO1 binding and nuclease activity (Jiricny,
2013). The location in a regulatory element can allow even weak SNPs to play a decisive role in
tumorigenesis; in some instances, an effect of such SNPs can be elevated due to epistatic
interaction with other gene variants (Sur et al, 2013).

Here we mention some mechanisms, which show how SNPs located within MMR genes

can affect carcinogenesis processes:
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1) Regulation of the MMR gene transcription.

Epigenetic silencing of hMLH1 has been found to underlie most MMR defective sporadic
cancer cases (Gazzoli and Kolodner, 2003; Valle, 2014), some of these processes can be affected
by polymorphisms in regulatory regions. SNP in the hMLH1 core promoter region -93G>A was
shown to have an association with sporadic CRC (Nizam et al, 2013), and also with an increased
risk of lung cancer (Park et al, 2004), breast (Lee et al, 2005), and endometrial cancer (Beiner et
al, 2006). Since this polymorphism is located 93 nucleotides upstream of the transcription start
site in the putative consensus sequence for the binding of transcription factor AP-4, it possibly
influences the activity of the hMLH1 promoter (Shin et al, 2002). The -93G>A polymorphism
allele was associated with a protective effect and reported as a determinant of CRC risk (Muniz-
Mendosa et al, 2012; Nassiri et al, 2013).

A C to G nucleotide substitution at position -107 adjacent to the hMLH1 gene translation
initiation site reduced transcriptional activity and impeded the promoter-binding capacity of
nuclear proteins. The effect of -107G on hMLH1 gene transcription and nuclear protein binding
to the promoter sequence implicates the site, including -107C, as a crucial element interacting
with the activator that maintains hMLH1 gene expression (Zhong et al, 2007).

The hMSH2 -118T>C polymorphism is located in the core promoter region, 118
nucleotides upstream of the transcription start site in a potential transcription binding site. Strong
association was observed between hMSH2 -118T>C and family history of CRC, especially
among female patients. It is possible that this SNP plays a role in the MSH2 response to sex
hormones (Mrkonjic et al, 2007; Nassiri et al, 2013).

The SNP does not have to be physically located in the regulatory region to affect its
function. For example, the hMSH3 polymorphism Ex23+3G>A is in a haplotype block with a distal

enhancer of this gene which was found to have aberrant methylation in the tumor tissues of
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patients with oesophageal cancer (Vogelsang et al, 2014). Some researchers suggest that
methylation of distal DNA regulatory regions (e.g., enhancers) has more reliable correlation with
expression levels of the corresponding genes than promoter methylation (Aran and Hellman
2013; Aran et al. 2013).

2) Synthesis of functionally different splicing variant.

It has been estimated that nearly 90% of protein coding genes are subject to alternative
splicing in humans. In general, splicing of mRNA can be regulated by rSNPs occurring within
branch sites, 5° and 3’ splice sites, and intronic and exonic splicing enhancers and silencers.
Disruption of normal splicing has been implicated in disease pathophysiology (Huang, 2015).
Synthesis of functionally different splicing variants can be a reason for insufficient activity of
MMR genes carrying intronic SNPs, for example, hMSH2 IVVS12-6T>C, which has been found to
be associated with an increased risk of non-Hodgkin’s lymphoma and sporadic CRC (Goessl et
al, 1997; Paz-y-Mino et al, 2002). Intronic SNPs include 1VS14-19A>G located 19 nucleotides
upstream from the exon 15 splice acceptor site can potentially affect MMR function (Nassiri et
al, 2013).

The unclassified gene variants discovered in hMLH1 and hMSH2 genes can cause defects
in pre-mRNA splicing, either by altering degenerate positions of splice site sequences or by
affecting intronic or exonic splicing regulatory sequences (Tournier et al, 2008). It is currently
suggested that noncoding variants affecting RNA splicing of corresponding genes through eQTLs
on a post-transcriptional level may be about the same importance in disease traits as variants

modulating the gene expression (Li et al, 2016).

3) Modulation of interaction between elements of MMR machinery
SNPs located in the regions encoding interaction domains of MMR proteins can have a

significant effect on the functioning of the MMR system (Fig. 6). SNPs with a similar potential
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Fig. 6. Regions of interaction between MMR proteins (Martin-Lopez and Fishel, 2013)

and association with the risk of different types of cancer have been found in several MMR genes.
Two polymorphisms in the hMSH6 exon 4, codon 389 and codon 396, are assumed to affect
MMR efficiency, since these SNPs fall in the contact domain of hMSH6 and hMSH2 genes (Parc
et al, 2000). A functional effect of the hMSH3 Ex23 + 3G>A polymorphism is determined by
Alal045Thr amino acid change in ATP-binding domain. The polymorphism Ex12 +49C>T in
hEXOL1 gene coding Thr439Met substitution may influence the interaction between hEXO1 and
hMLH1 proteins (Schmutte et al, 2001). The coding polymorphism Ex6+23G>A in the hMSH2
gene may have a putative influence on MMR function due to its location in a region stabilizing
this gene’s interaction with the hEXO1 protein (Schmutte et al, 2001). This was considered as
affecting breast cancer susceptibility (Poplawski et al, 2005), with no significant association with
CRC risk (Schafmayer et al, 2007). Once again, polymorphisms affecting interaction of MMR

proteins are not always located in the corresponding gene domains. For instance, it is the case of
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three missense alterations in hPMS2 gene, which cause defective protein-protein interactions with
hMLH1 (Yuan et al, 2002).

4) Tissue-specific mechanisms

MMR genes are widely expressed in different types of cells. There is extensive natural
heritable variation in levels of gene expression. Genetic linkage and association mapping have
identified cis- and trans-acting DNA variants that influence expression levels of human genes in
an organ-specific or tissue-specific manner (Sanli and Feil, 2015). DNA repair can be induced or
inhibited by external or internal factors in various manners in exposed tissues. For example, -
93G-A polymorphism in the hMLH1 promoter was found to be associated with lung squamous
cell carcinoma, but not with adenocarcinoma or small cell carcinoma (Park et al, 2004). The same
polymorphism was associated with colon but not rectal localization in CRC (Campbell et al,
2009). Further investigations are necessary to recognize additional mechanisms responsible for
the effect of SNPs of MMR genes on pro-carcinogenic biological processes in different tissues.

In this subchapter, we mentioned only a few putative mechanisms of the regulation of
MMR activity by SNPs located in MMR genes. Obviously, there is an abundance of targets and
points in a range of other cancer-related mechanisms (acting through numerous metabolic and
regulatory pathways, gene-gene and gene-environment interactions etc.), where common
polymorphisms can contribute to tumorigenesis or to affect cancer progression, metastasis,

treatment outcome and prognosis. These mechanisms still need to be explored.
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2. AIMS OF THE STUDY

The work was focused on realization of the following tasks:

1. to investigate a tentative association of polymorphisms in DNA MMR genes with
the risk of sporadic CRC by means of a hospital-based case-control study on an ethnically
homogeneous population from the Czech Republic;

2. to evaluate a possible influence of haplotypes of MMR genes constructed using
tagging SNPs in MMR genes on sporadic CRC risk;

3. to assess an association of SNPs and their binary combinations in genes involved
in DNA BER, NER and DSB repair and sporadic CRC risk;

4. to determine the differential distribution of colorectal adenocarcinomas by tumor
localization in association with individual’s genotype;

5. to assess the association between selected SNPs in DNA BER and DSB repair
genes and the capacity to repair DNA damage induced by y-irradiation and by base oxidation in a
healthy population;

6. to assess an association of a diplotype in epoxide hydrolase 1 (EPHX1) gene and a
level of chromosomal aberrations and polycyclic aromatic hydrocarbons (PAH)-DNA adducts in

occupationally exposed policemen in Prague.
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3. METHODS USED

SNP selection and genotyping

Selection of SNPs for genotyping and haplotype reconstruction (Hapmap database
www.hapmap.org; SNP500 Cancer database
http://variantgps.nci.nih.gov/cgfseq/pages/snp500.do);

Peripheral blood lymphocytes (PBL) DNA isolation using the phenol/chloroform extraction
method (Vodicka et al, 2001);

SNP genotyping by real-time PCR (Tagman assays for allelic discrimination (Assay-on-
demand, Applied Biosystems, Foster City, USA: numbers of assays are listed in Table 2);

SNP genotyping using PCR-RFLP (primer sequences and restriction enzymes are listed in
Table 2);

Primer design for genotyping the hMSH6 Ex1-145 G>A polymorphism (Primer3 software
v.0.4.0 http://frodo.wi.mit.edu).

Statistical analyses (genotypes distribution - SPSS 13.0, Statgraphics 7; haplotype
distribution - SAS/Genetics; linkage disequilibrium — Haploview

(www.broad.mit.edu/mpg/haploview/documentation.php).

Other methods

Individual DNA repair capacity - y-irradiation DNA repair test (Alapetite et al, 1999;
Collins et al, 2001; Vodicka et al, 2003).

Analysis of repair capacity of PBL extracts towards repairing 8-oxoguanine (Collins et al,

1996)
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Personal exposure monitoring using personal samplers for collection of PM2.5 particles
(Binkova et al, 1998).

Lymphocyte cultures (PBL) for conventional cytogenetic analysis (CCA) (Carrano and
Natarajan, 1988; Rossner et al, 2002)

Chromosomal aberrations - CCA (Carrano and Natarajan, 1988; Rossner et al, 2002)

Chromosomal aberrations - fluorescent in situ hybridization (FISH) analysis for
chromosomes #1 and #4 (commercial whole chromosome painting probes (Cambio, UK)
according to the manufacturer’s protocol (Rubes et al, 1998).

Bulky-aromatic DNA adducts in lymphocytes - a 32P-postlabeling assay (Philips and
Castegnaro, 1999; Binkova et al, 2003).

Urinary cotinine level by radioimmunoassay (Langone and van Vunakis, 1982)

Plasma level of vitamin C (Kiyoh and Megumi, 1993)

Plasma levels of vitamin E (alpha-tocopherol) and vitamin A (Driskell et al, 1982)

Folates level in plasma (CEDIA folate kit, Roche Diagnostics)

Plasma levels of triglycerides, total cholesterol, LDL and HDL cholesterol

(spectrophotometry, Sigma diagnostic Kits)
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Table 2. Nomenclature of the SNPs studied, Tagman assays and PCR-RFLP conditions

Gene, position of SNP | db number Amino acid Tagman assay ID | Primers sequence for PCR-RFLP (5'—3") | Annealing | Restriction
and nucleotide change change temperature enzyme
,’C
Mismatch repair
hMLH1 -93G>A rs1800734 - C 7535141 1 - 60 -
hMLH1 IVS9 C>T rs4647269 - C_29968609_10 - 60 -
hMSH2 IVS12-6T>C | rs2303428 C 11804019 1 - 60 -
hMSH2 Ex6+23G>A | rs4987188 Gly322Asp - F: GTTTTCACTAATGAGCT Touch- Hinfl
R: AGTGGTATAATCATGTGGGT down
hMSH3 Ex4-100G>A | rs1805355 Pro231Pro C_11434406_10 - 60 -
hMSH3 Ex23+3G>A | rs26279 Alal045Thr C_800002_1_ - 60 -
hMSH6 -556G>T rs3136228 - C 28985526 10 - 60 -
hMSH6 Ex1-145G>A | rs1042821 Gly39Glu - F: AGATGCGGTGCTTTTAGGAG Touch- Smal
R: CCCTCCGTTGAGGTTCTTC down
hMSH6 IVS4 G>C rs2072447 - C_22273199 10 - 60 -
EXO1 Ex12+49C>T rs4149963 Thr439Met C 25762095 10 - 60 -
Base-excision repair
XRCC1 Ex6-22C>T rs1799782 Arg194Trp - F GCC CCG TCC CAG GTA 63 Mspl
R AGC CCC AAG ACCCTTTCACT
XRCC1 Ex9+16G>A | rs25489 Arg280His - FTTG ACC CCC AGT GGT GCT 57 Rsal
R CCC TGA AGG ATC TTC CCC
AGC
XRCC1 Ex10-4A>G | rs25487 Arg399Gin - F GCC CCT CAG ATC ACA CCT AAC 65 Mspl
R CAT TGC CCA GCA CAG GAT AA
hOGG1 Ex6-315C>G | rs1052133 Ser326Cys - FAGT GGATTC TCATTG CCT TCG 59 FnudHI
RGGT GCT TGG GGAATTTCT TT
APE1 Ex5+5T>G rs1130409 Asn148Glu C_8921503_10 FCTGTTT CAT TTC TAT AGG CTA 59 Bfal
R AGG AAC TTG CGA AAG GCT TC
Nucleotide-excision repair
XPD Ex23+61A>C | rs13181 Lys751GIn | C 3145033 10 | FCCCCTC TCCCTTTCCTCTGTT | 60 Pstl
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RGCTGCCTTCTCCTGC GATTA

XPG Ex15-344G>C | rs17655 Asn1104His | C_1891743_10 F TGG ATT TTT GGG GGA GAC CT 56 Hsp92ll
R CGG GAG CTT CCT TCA CTG AGT
XPC Ex16+211C>A | 52228001 Lys939GIn C 234281 1_ F GAT GCA GGA GGT GGA CTC 61 Pvull
TCT
R GTA GTG GGG CAG CAG CAACT
Double-strand break repair
NBS1 Ex6-32G>C rs1805794 Glu185GIn C_26470398_10 | F GGA TGT AAA CAG CCTCTTG 59 Hinfl
R CAC AGC AAC TAT TAC ATC CT
Metabolism
EPHX1 Ex3+337T>C |rs1051740 |  Tyrl13His | C 14938 30 | - 60 -
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4. RESULTS

In this chapter we describe findings which were obtained as results of experimental work
carried out preferentially or partially by the author of this PhD thesis. Results on the association
of SNPs in DNA BER, NER and double-strand break repair genes and risk of sporadic CRC, on
association of SNPs in DNA repair genes, and on DNA repair capacity in healthy individuals
were part of the research carried out by the Department of the Molecular Biology of Cancer,
Institute of Experimental Medicine AS CR (head: Pavel E. Vodi¢ka, MD, PhD). The results on
the association of DNA polymorphisms and a level of chromosomal aberrations and PAH-DNA
adducts in an environmentally exposed population were a part of the research of the Department

of Genetic Ecotoxicology of the same Institute (head: Radim J. Sram, MD, DSc).

Association of SNPs in DNA MMR genes and risk of sporadic CRC (Appendix 1)

A modulating role of ten polymorphisms in MMR genes (hMLH1, hMSH2, hMSH3,
hMSH6 and hEXO1) and their haplotypes on a risk of CRC (as well as colon and rectal cancers
separately) was investigated using a case-control approach. The study population consisted of
614 CRC patients and 614 controls, of Czech origin, matched for sex and age.

Ten common SNPs in genes hMLH1, hMSH2, hMSH3, hMSH6 and hEXO1l were
genotyped in DNA from peripheral blood lymphocytes of all sample subjects using Pre-designed
Tagman assays for allelic discrimination and a PCR-RFLP method. The selected polymorphisms
were located in coding and non-coding regions of the genes and exerted a possible functional
effect according to results of association and/or in vitro studies. Two tagging SNPs in the hMLH1
gene and the hMSH6 gene were selected based on Hapmap data (www.hapmap.org) for
corresponding haplotypes reconstruction. The author of this PhD thesis carried out the vast

majority of genotyping experiments and became a first author of the corresponding publication.



RESULTS SUMMARY

1. Two polymorphisms in the hMSH6 gene showed an association with the altered risk of
CRC. The carriers of variant allele for the promoter -556G>T polymorphism were at the
increased risk of CRC (OR 1.29; 95% CI 1.02-1.62; P = 0.04), more pronounced for rectal
cancer (OR 1.42; 95% CI 1.03-1.95; P = 0.03); whereas the carriers of the variant A allele for the
-145G>A polymorphism in the hMSH6 exon 1 (Gly39Glu) were at the decreased risk of CRC
(OR 0.76; 95% CI 0.60-0.98; P = 0.03).

2. In the hMSH6 gene, the variant allele of the intronic 1VS4-101G>C SNP was associated
with an increased risk of colon cancer (OR 1.34; 95% CI 1.03-1.74; P = 0.03). On the other hand,
carriers of the T allele for the 1VS9-1406C>T polymorphic variant hMLH1 exhibited the
decreased risk of rectal cancer (OR 0.71; 95% CI 0.51-0.98; P = 0.04). None of the above
associations was significant after correcting for multiple hypotheses testing.

3. No association with either smoking habit or family history of CRC was shown for any of
the polymorphisms in the MMR genes.

4. The TAG haplotype in the hMSH6 gene (-556G>T - Ex1-145G>A - IVS4-101G>C) was
associated with the significantly decreased risk in both colon and rectal cancer patients (OR 0.74;
95% CI 0.59-0.92; global P = 0.02). The GGG haplotype was found to be exclusively associated
with an increased risk of rectal cancer (OR 1.32; 95% CI 1.05-1.65). None of the MMR

haplotypes was significantly associated with the familial aggregation of the disease.

Association of SNPs in DNA BER, NER and DSB repair genes and risk of sporadic
CRC (Appendix 2)

The study was carried out using the same sample?, and the study design was in general the

2 This analysis actually precluded the study of DNA MMR polymorphisms, thus the sample size was lower in that
period: 532 CRC cases and 532 sex- and age-matched controls.
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same as for the above-mentioned MMR polymorphisms. The SNPs in DNA BER (XRCC1,
hOGG1 and APE1), NER (XPD, XPG and XPC) and DSB repair (NBS1) genes and interactions
in binary genotype combinations in genes involved in the same DNA repair pathway were tested
for association with CRC risk. Particular attention was paid to the modifying effect of smoking
and age on the association between DNA repair polymorphisms and CRC risk. The author of the

thesis contributed into genotyping of above-mentioned SNPs.

RESULTS SUMMARY

1. The increased risk of CRC was shown in individuals carrying simultaneously variant
alleles (homozygous genotypes) for APE1 Ex5+5T>G (Asn148Glu) and hOGG1 Ex6-315C>G
(Ser326Cys)* polymorphisms (OR: 6.37; 95% CI: 1.40-29.02; P = 0.02). The same binary
genotype combination also showed the increased risk for colon cancer.

2. Smoking modifies the extent of the association between individual CRC risk and the
hOGG1 Ex6-315C>G polymorphism. Smokers with the variant GG genotype for the
polymorphism showed the increased risk of CRC (OR: 4.17; 95% CI: 1.17-15.54; P = 0.03).

3. In the group of oldest individuals (64-86 years), the association of some SNPs with CRC
risk became more pronounced than in the whole studied population. It was valid for APE1
Ex5+5T>G polymorphism - heterozygous and homozygous genotypes (OR: 1.79; 95% CI: 1.04—
3.07; P =0.04 and OR: 2.57; 95% CI: 1.30-5.06; P = 0.007, respectively), which increased CRC
risk, and for homozygous variant CC genotype XPG Ex15-344G>C (Asn1104His), which was

associated with a higher risk of rectal cancer.

3 Here and in the following chapter we use unified SNPs nomenclature according to the SNP500 database
http://variantgps.nci.nih.gov/cgfseq/pages/snp500.do as well as nomenclature based on the corresponding amino acid
changes, as it was used in the original manuscript.
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Association of SNPs in DNA BER and DSB repair genes and DNA repair capacity in
healthy individuals (Appendix 3)

In this study, the association between SNPs in DNA BER (XRCC1, hOGG1 and APE1) and
DSB repair (NBS1) genes, and the capacity to repair DNA damage induced by y-irradiation (using
a comet assay) and DNA oxidative damage (induced by visible light in the presence of a
photosensitizer) was investigated in a healthy population consisting of 244 healthy individuals
(183 men and 61 women, mean age 41.3 + 11.3 years, 90 individuals were smokers and 154 non-
smokers) employed in local administration, medical centres, and various branches of the plastics
industry. The study population was recruited in the regions of Western Slovakia and Eastern
Bohemia with common socioeconomic conditions. Single SNPs and combinations of different
polymorphisms in BER genes were analysed in relation to irradiation-specific DNA repair rates.
The author of the thesis contributed into genotyping of above-mentioned SNPs within this study

using a PCR-RFLP method.

RESULTS SUMMARY

1. Irradiation-specific DNA repair rates were mainly affected by XRCC1 Ex10-4A>G
(Arg399GIn) polymorphism and smoking. Irradiation-specific DNA repair rates were
significantly decreased in individuals with the homozygous variant in XRCC1 Ex10-4A>G (0.45
+ 0.47 SSB/109 Da) than those with the wild-type (1.10 + 0.70 SSB/109 Da, P = 0.0006, Mann—
Witney U-test).

2. The capacities to repair oxidative DNA damage were significantly decreased in
individuals with the homozygous variant genotype in hOGG1 Ex6-315C>G (Ser326Cys) (0.37 +
0.28 SSB/109 Da) when compared to those with wild-type and heterozygous genotypes (0.83 +

0.79 SSB/109 Da, P = 0.008, Mann-Witney U-test).
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3. A significant decrease in the capacity to repair DNA oxidative damage was also
associated with a combination of variant alleles in hOGG1 Ex6-315C>G and APE1 Ex5+5T>G
(Asn148Glu), predominantly due to the variant G allele in hOGG1 Ex6-315C>G (P = 0.018,
Kruskal-Wallis test). The trend was also observed in binary combinations of polymorphisms
XRCC1 Ex10-4A>G with either XRCC1 Ex6-22C>T (Argl94Trp) or XRCC1 Ex9+16G>A

(Arg280Hys) (P = 0.002 and P = 0.005, respectively; Kruskal-Wallis test).

Association of EPHX1 polymorphism and a level of chromosomal aberrations and
PAH-DNA adducts in an environmentally exposed population (Appendices 4 and 5)

The analysis of polymorphism in xenobiotic metabolizing gene EPHX1 was a part of the
extensive study, which addressed relationships between exposure to carcinogenic polycyclic
aromatic hydrocarbons (c-PAHSs), chromosomal aberrations (CA), DNA adducts, and
polymorphisms in DNA repair and metabolizing genes in a group of occupationally exposed
policemen (N= 53, males, aged 22-50 years) working outdoors in the downtown area of Prague
and in matched “unexposed” volunteers (N= 52). The author of the thesis contributed by
genotyping of polymorphism in exon 3 of EPHX1 (Tyr113His) by TagMan allelic discrimination

assay.

RESULTS SUMMARY

1. The lower frequency of genomic translocations as identified by the FISH method
was observed in individuals with high activity genotype of EPHX1 gene in comparison to low
and medium activity genotypes.

2. No significant association was shown between EPHX1 polymorphism and a level

of total and B[a]P-“like” DNA adducts.
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5. DISCUSSION

Using a case-control approach, we tested the hypotheses that polymorphic variants in the
genes encoding proteins involved in DNA MMR, BER, NER and DSB repair can modulate
susceptibility to sporadic CRC. This study was part of the extensive research of the association of
SNPs in genes involved in different molecular pathways with CRC risk in an ethnically
homogeneous population from the Czech Republic. Tentative association with sporadic CRC has
been investigated, in particular, for SNPs in metabolizing and DNA repair genes (Naccarati et al,
2006; Naccarati et al, 2007), cell cycle related genes (Polakova et al, 2009; Hemminki et al,
2014), miRNA-encoding genes (Pardini et al, 2015) and many others. In this chapter, we discuss
the results of our research, with a particular emphasis on SNPs in MMR genes. While speaking
about possible functional effects of SNPs in BER, NER and DSB repair genes, we illustrate it by
the results of in vitro study on the association between these polymorphisms and the capacity to
repair DNA damage induced by y-irradiation and by base oxidation in healthy individuals. Taking
into account the importance of environmental factors in DNA damage and cancer, we regard
polymorphisms in xenobiotic-metabolizing gene EPHX1 under the aspect of gene-environment
interaction. Perspectives of further implications of SNPs in modern cancer research and clinical

practice will be outlined briefly.

5.1. Individual SNPs in DNA repair genes and CRC risk

In the earlier stages of our research on SNPs in DNA repair genes as potential biomarkers
of CRC risk, the candidate SNPs located in protein-encoding areas of DNA repair genes were
selected, as it seemed the most meaningful way to test polymorphisms causing amino acid

changes and subsequent steric and functional effects in the corresponding proteins. These SNPs
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were also common ones, in accordance with the “common disease — common variant” model
(Tomlinson et al, 2008). The strengths of our study included age- and sex- matching of cases and
controls; a sufficient sample size; representative character of the study population (nine hospital
centres around the whole country included into the study); inclusion of only ‘colonoscopically
negative’ individuals to ensure participation of CRC-free control individuals (Brenner et al,
2010). The selection of SNPs in genes participating in DNA BER, NER and DSB
(recombination) repair was solidly supported by data obtained in earlier in vitro and in vivo
studies (considered in more details in appendices 2-3).

However, none of these SNPs per se showed significant association with overall risk of
sporadic CRC in our hospital based case-control association study. Indeed, results of numerous
recent GWAS suggest that only a relatively minor part of SNPs with possible disease association
are located in, or occur in tight linkage disequilibrium, with protein-coding regions of genes:
around 40% in intergenic regions, and another 40% in introns (Manolio, 2010). Thus, while
designing the following study of SNPs in MMR genes, we dedicated more attention to regulatory,
non-coding regions — in the firstinstance, to SNPs located in promoter and intronic regions.

Our results suggested a possible association between the increased risk of CRC and a
variant T allele of the -556G>T polymorphism in the hMSH6 promoter, probably due to its
modulating effect on transcription. Results of an in vitro study on CHO cells indicated that this
sequence variation results in the loss of a Spl binding site involved in the gene transcription
regulation. In addition, -556T allele in combination with two other polymorphisms in hMSH6 (-
448G>A and -159C>T), apparently affects gene expression by the promoter methylation (Gazzoli
and Kolodner, 2003). However, no association of the -159C>T polymorphism with CRC risk was
reported in an independent study (Mrkonjic et al, 2007).

We failed to find the expected association between the -93G>A SNP located in the core
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promoter region of the hMLH1 gene and CRC risk in the studied population. The -93G>A
polymorphism is located in a CpG island, and the A-allele is presumably involved in the
epigenetic silencing of hMLH1, via promoter methylation (Chen et al, 2007). One of the plausible
reasons for such a result could be that our case subjects were not classified according to MSI
status. This explanation can be supported by findings within studies carried out by Raptis et al.
(2007) and Campbell et al. (2009) on larger samples: the hMLH1 -93A variant allele didn’t show
the association with overall CRC risk or risk of MSS CRC; however, it was significantly
associated with the risk of MSI-H CRC. Further meta-analysis of results of six studies (17,791
cases and 13,782 controls in total), confirmed the association of the hMLH1 -93G>A
polymorphism with higher risk of MSI-H CRC (Wang et al, 2012b), and meta-analysis of 33
studies supported the hypothesis of the association of the presence of variant A allele for all types
of CRC, especially in non-Asian populations (Xu et al, 2012). Indeed, this SNP seems to have
quite wide variability in frequency in populations of different ethnic origin (Zhi et al, 2011).
Other molecular signatures of CRC phenotypes could be also useful in stratification of CRC risk
associated with MMR polymorphisms in our study: -93G>A polymorphism has been shown to be
associated with hMLH1 methylation, CIMP phenotype, and BRAF Val600Glu mutation in MSI-H
CRC (Samowitz et al, 2008). Its impact into MSI in gastric cancer was recently reported,
supporting the assumption on the modulating effect of this MLH1 promoter polymorphism into
the processes of MMR inactivation during tumorigenesis (Zhu et al, 2015).

Three intronic SNPs in hMLH1, hMLH2 and hMSH6 genes MMR genes were included into
our research, but none of them was found to be associated with CRC risk. One of the studied
polymorphisms, the intronic substitution 1IVS12-6T>C in the hMSH2 gene, was associated with
gastric cancer in a Chinese population (Wang et al, 2012a). However, our data did not show any

association for this polymorphism with the risk of the disease; no increased CRC risk was also
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observed in studies carried out on a Korean population (Kim et al, 2004) and on a population
with mixed ethnicity from Canada (Raptis et al, 2007).

While analysing SNPs located in protein-encoding regions of MMR genes, we found that
the carriers of the variant allele for the Ex1-145G>A polymorphism in the hMSH6 coding for
Gly39Glu amino acid change exhibited a significantly lower risk of CRC than non-carriers, both
for colon and rectal cancers. Previous studies did not reveal any association of the same
polymorphism with CRC risk (Berndt et al, 2007), and with the risk of adenomatous polyposis in
populations of Caucasian origin (Yu et al, 2006). Glycine-to-glutamic acid substitution can
determine the formation of sterically different helical structures, polypeptide folding, and
intrinsic aggregation due to a hydrophilic side chain of glutamic acid, thus affecting the protein
function (Branden et al, 1999; Chiti et al, 2003).

We found no significant associations of SNPs in hMSH3 and hEXO1 genes with CRC risk.
An association with increased CRC risk has been shown for Ex23+3G>A polymorphism in
hMSH3 in patients of European descent (Mrkonjic et al, 2007; Koessler et al, 2008). The GG
genotype was also positively associated with oesophageal cancer risk in the group of South
Africans with mixed ethnic ancestry, especially in smokers (Vogelsang et al, 2012). According to
the computational tool GeneVar (GENe Expression VARiation) platform, this polymorphism
correlated with an increased expression of the hMSH3 gene (Stranger et al, 2012; Yang et al,
2010).

Age is an important confounder in the assessment of CRC risk since the incidence of this
cancer increases significantly in individuals older than 50 years, and therefore it is often
considered as a disease that affects elderly people (Stigliano, 2014). There is also a strong
association between age and the rate of transition from advanced adenoma to CRC; at the same

time, this rate doesn’t associate with gender (Brenner et al, 2007). In our association study we did
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not observe any significant interaction between CRC risk, MMR polymorphisms, and age. A role
of MMR in aging is still not sufficiently established; however, there are some indications of
increasing MSI caused by MMR impairment in human organisms due to age (Neri et al, 2005).
MMR can also be involved in other processes playing a significant role in aging: the repair of
oxidative damage (hMSH2, hMLH1), signalling of apoptosis (hMSH2), and senescence (Conde-
Perezprina et al, 2012). The gender didn’t modulate CRC susceptibility according to results of
our study; it seems to be in line with results of other research in the field.

Regarding age and SNPs in other DNA repair pathways under the study, the significant
association was observed between APE1 Ex5+5T>G (coding for Asn148Glu amino acid change)
polymorphism and an increased CRC risk in individuals between 64 and 86 years old. The
apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) is the essential enzyme in the BER
pathway, playing a key role in repair of oxidative damage (Hoeijmakers, 2001), as well as a
transcriptional co-activator for numerous transcription factors (AP-1, NF-xB, Myb, HIF-1a, HLF,
PAX, and p53) involved in cancer promotion and progression by regulating the expression of
their target genes (Ando et al, 2008). The APE1l Ex5+5T>G polymorphism was recently
associated with an increased CRC risk in Chinese population, however, without modulation by
age (Zhang et al, 2014b).

Among SNPs in NER genes, only the Ex15-344G>C (Asn1104His) polymorphism in the
XPG (xeroderma pigmentosum group G) gene exhibited an association with rectal cancer risk in
the group of older individuals included in our study. A homozygous genotype of this
polymorphism has been shown to be associated with higher level of DNA damage, strand breaks
in particular, in healthy individuals (Slyskova et al, 2014). As aging is characterized by higher
levels of DNA damage (Moller, 2006; Schumacher et al, 2008), SNPs promoting accumulation of

DNA damage can introduce an additional load to the organ systems prone to carcinogenic
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processes. Recently, a significantly lower level of DNA NER capacity and the increased level
endogenous DNA damage have been demonstrated in blood cells of newly diagnosed CRC
patients in comparison to age-matched healthy controls using a comet assay; however, no
correlation with age was observed (Slyskova et al, 2012b).

In general, it seems to be accepted that it is often not feasible to recognize a distinct role of
a single common polymorphism in carcinogenesis (Naccarati et al, 2007; Picelli et al, 2013).
However, indications obtained in such association studies can be a valuable source for evaluation
on a larger scale and this data can be also used in pooled analyses. For example, in a systematic
review and meta-analysis based on the “Venice criteria”, out of 241 associations investigated,
only three SNP demonstrated a strong grade of cumulative evidence (among them the Ex6-
32G>C polymorphism in the NBS1 gene involved into DNA DSB repair associated with higher
risk of bladder cancer; in our study we didn’t observe any association of this SNP with CRC risk)
(Ricceri et al, 2012). Sometimes, this findings are also attributed to discrepancies in the literature
associated with different sample size, ethnicity, gene-environment and gene-lifestyle interactions,
study design and experimental protocols etc. Therefore, investigation of the combined effect of
multiple SNPs in several genes and in one or more relevant DNA repair pathways could be more
relevant in finding cancer associated traits.

The main limitation of our study was a lack of additional data on molecular phenotype of
CRC cases in our study (for example, MSI, CIMP, KRAS and BRAF mutations). More detailed
data on life style could also help in more interesting stratification of our results; on the other side,

it would decrease the power of our findings due to sample size limitations.
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5.2. Binary combinations of SNPs and haplotypes in DNA repair genes and CRC risk

Our data confirms the assumption that common gene variants are less likely to be
associated with “single-gene” effects. The analysis of SNP combinations and haplotypes seems to
be more promising and to help to define the more complex patterns of reactions.

We found that the TAG haplotype, based on three SNPs of the hMSH6 gene
(-556G>T - Ex1-145G>A - 1VS4-101G>C), was associated with a decreased overall risk of
CRC. However, we recorded a significant association with sporadic CRC risk for none of
haplotypes of hMLH1, hMSH2, or hMSH3 genes. In the currently available scientific literature,
significant association with cancer risk is mostly reported on haplotypes in regulatory regions of
some of these genes. Three-way gene-gene interactions were detected within hMSH2 gene among
intronic polymorphisms 1VS11+107A>G, 1VS11+183A>G and 1VS8+719T>C in association
with CRC risk (Li, 2015). Furthermore, the combined 1VS12—6CC and IVS10+12AA genotypes
of hMSH2 also significantly increased the risk of gastric cancer (Wang et al, 2012a). The
increased CRC risk was proposed for a rare hMLH1 haplotype (Koessler et al, 2008) and for
hMSH3 haplotype constructed using two SNPs in the gene including Ex23+3G>A which we also
analysed (Berndt et al, 2007).

As the result of our case-control association study of SNPs in BER, NER and DSB repair
genes, the increased risk of CRC was shown for individuals carrying variant alleles homozygous
genotypes for both APE1 Ex5+5T>G (Asnl148Glu) and hOGG1 Ex6-315C>G (Ser326Cys)
polymorphisms. The association with CRC risk was recently reported for both polymorphism in
Turkish population, with additional association of hOGG1 Ex6-315C>G with higher CRC grade
and liver metastasis; however, the sample size was very low (Canbay et al, 2011). Variant alleles
of two above mentioned polymorphisms in combination with XRCC1 (X-ray repair cross-

complementing protein 1) Ex10-4A>G variant G allele also significantly reduced lung cancer risk
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(Li etal, 2011), earlier this polymorphism was associated with many types of cancer (Naccarati et
al, 2007). Controversial results have been published on the association of the hOGG1l Ex6-
315C>G polymorphism with cancer risk; however, the recent meta-analysis confirmed only
association of this SNP with head-and-neck cancer and only in Asian populations (Wang et al,
2012c).

Concerning the latter three polymorphisms and their combinations, the approval of their
functional effect was obtained in our in vitro study on association of DNA repair
polymorphisms with DNA repair capacity in healthy individuals. Deficient DNA repair
capacity and the accumulation of different types of DNA damage can represent both early and
intermediate markers in carcinogenesis (Schumacher et al, 2008). DNA repair capacity vary
significantly among individuals (Collins et al, 2001), with age and sex as important parameters
(Slyskova et al, 2014), reflecting types of exposure specific for the individual’s environment
(e.g., Vodicka et al, 2004; Cebulska-Wasilewska et al, 2005; Taioli et al, 2007 etc.), and also
among different tissues of the same organism due to their specific functional characteristics
(Azqueta et al, 2013). To understand the relationship between genotype and phenotype, it is
important to be able to differentiate between this natural variation and the effects determined by
the misdirected metabolism of malignant cells.

To assess the background level of the potential modification of individual DNA efficiency
by SNPs in DNA repair genes in the PBL of healthy individuals, the capacity to repair DNA
damage induced by y-irradiation and by base oxidation was analysed in our in vitro study on a
healthy population from Western Slovakia and Eastern Bohemia. Within this study, a significant
decrease in the capacity to repair DNA oxidative damage was associated with the same
combination of variant alleles in APE1 Ex5+5T>G and hOGG1l Ex6-315C>G, which we

considered above in relation to CRC risk in our case-control study. This effect was predominantly
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due to the variant G allele in hOGG1 Ex6-315C>G (as approved in multifactorial analysis). In
healthy individuals, the hOGG1 wild type C allele was associated with 2-fold higher capacity to
repair oxidative DNA damage (CC vs. GG genotype) independently or in combinations with
XRCC1 Ex6-22C>T (Argl94Trp) or XRCC1 Ex9+16G>A (Arg280His) in our study. Many
researchers reported an impaired DNA repair under the oxidative stress associated with the
hOGG1 G allele, with suggestion that the effect can be underlid by the protein localization and
post-transcriptional regulation (e.g.,, Luna et al, 2005; Kershaw et al, 2012). Chronic
inflammation due to oxidative stress imposed by reactive oxygen species, is considered one of the
main etiological factors in CRC and continues playing an important role on all further steps of
CRC pathogenesis (Perse et al, 2013). Slightly decreased expression levels of the hOGG1 gene
was found in tumor tissues of CRC patients in comparison to their normal mucosa (Slyskova et
al, 2012a). On the other side, the increased expression levels of APE1 and hOGGL1 in PBL of
patients with CRC and benign adenoma in comparison to healthy controls were reported by other
researchers, suggesting elevated oxidative stress for CRC and adenoma (Obtutowicz et al, 2010).

Naturally, in vitro studies have not a few limitations and their results cannot be directly
extrapolated into in vivo conditions. It is especially valid when we consider processes taking
place in normal and tumor cells, particularly in human populations differed in age (participants of
our study on healthy individuals were medium 10 years younger than in our CRC study).

In conclusion, the study of multi-gene SNP interactions and haplotypes of DNA repair
genes seems to be a relevant approach in association studies, yet the lack of appropriate research
and publications is still noted in this field (Ricceri et al, 2012). Our study provides a range of
important indications in this aspect to be developed in further studies using larger samples and

supported by data on individual cancer molecular phenotype.
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5.3. SNPs and haplotypes in DNA repair genes and tumor localization in CRC

Every region of a large intestine has distinct features from point of view of anatomy,
mucosa morphology, biochemical and immunological parameters that gradually change along the
gut (lacopetta, 2002). It is assumed nowadays that the oncogenesis of left- and right-sided CRC
may involve, at least partially, differing mechanisms. Earlier it was suggested that some of these
mechanisms can be mediated by nuclear B-catenin either within the APC/B-catenin pathway
and/or independently of APC (Kapiteijn et al, 2001). The gradual changes in a CRC stage, grade,
serration and mucin production as well as predominant sex, MSI, CIMP and other histological
and molecular parameters were discovered in CRC with different bowel localization (Bae et al,
2013). The extent of LINE-1 hypomethylation also differed between tumor sites, so this
mechanism can also be responsible for specific CRC phenotypes (Figueiredo et al, 2009).

For some polymorphisms under the study, we observed differential distribution according
to cancer localization. In the hMSH®6 gene, a variant allele of the intronic 1VS4-101G>C SNP
was associated with increased risk of colon cancer but not overall CRC risk. On the other hand,
carriers of the T allele for another intronic polymorphic variant the 1VS9-1406C>T in hMLH1
exhibited a decreased risk of rectal cancer. Though after correcting for multiple hypotheses
testing, none of the above associations was convincingly significant, it can be important
indication for future studies, confirming the role of SNPs located in regulatory regions of MMR
genes.

We also observed that the most frequent GGG haplotype in hMSH6 gene
(-556G>T - Ex1-145G>A - 1VS4-101G>C) was associated with an increased risk of rectal
cancer. One of these polymorphisms, the non-synonymous hMSH6 Ex1-145G>A polymorphism
was found to be significantly associated with the risk of MSI-H colon cancer in Caucasian,

African-American or Hispanic subjects (Campbell et al, 2009). It has been shown recently that
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expression of MMR genes vary between tissues of tumors with different localization. The
hEXO1, hMSH2, hMSH3, hMSH6, and hPMS2 genes were up-regulated in colon tumors in
comparison to rectal tumors (Vymetalkova et al, 2014b).

As for SNPs in other DNA repair pathways, the variant allele of Ex5+5T>G polymorphism
of the APE1 gene showed significant association with colon cancer in our study, while the
overall CRC risk was significant only in the eldest individuals. It was suggested that increased
expression of DNA repair genes in colon can be a manifestation of protective mechanism, as
colon is exposed to higher amounts of carcinogens than other parts of a gut due to significantly
longer time of a bolus standing in colon (Vymetalkova et al, 2014b).

The Ex15-344G>C (Asn1104His) polymorphism in the NER gene XPG exhibited an
association with rectal cancer risk but only in the group of older individuals in our study. It
seems much more likely that these phenotypic differences can be mediated rather by rSNPs than
by polymorphisms in protein-encoding areas of NER genes: for instance, two SNPs in miRNA-
binding sites of other NER genes were associated with increased risk of rectal cancer in the
Czech population (Naccarati et al, 2012).

Additional data about molecular characteristics of tumors in our sample (MSI status, KRAS
and BRAF mutations, CIMP and CIN status) could, apparently, clarify underlying molecular
mechanisms of such differentiation and/or to refer tumors under consideration to particular

molecular phenotype.

5.4. Gene-environment interactions in CRC risk: SNPs in DNA repair genes and diet
The complex role of environmental/life-style factors in cancer etiology and pathogenesis
remains the most fascinating and the least explored area of cancer research nowadays. Among

life-style factors, the most acute attention should be dedicated to food quality and dietary habits,
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as results of various studies demonstrate the importance of diet-genomic interactions in cancer
development (Ogino et al, 2011). Sporadic CRC is among the types of cancer in which nutrition
has an extreme significance. Factors such as obesity, low physical activity, high red meat
consumption, tobacco smoking, and alcohol abuse bring definite negative effects into occurrence
and development of CRC (Alexandrova et al, 2014).

The situation with regards the quality of the nutrition of the Czech population is quite
alarming nowadays. According to results of the HAPIEE study on dietary habits in Central and
Eastern European countries, even though some progress has been achieved concerning the intake
of fresh seasonal vegetables and fruits, Healthy Diet Indicator in the country appeared to be more
than two or three times less than the average in Europe and the USA (Boylan et al, 2009), with a
forecasted epidemic of obesity in the proximal years (Statistics, F.A.P., 2013). As regarding
obesity, no significant interaction with BMI was observed in our study. It can be mentioned,
though, that according to the extensive analysis carried out by Harding et al. (2015) in Australia
and New Zealand, waist circumference seems to be a better predictive factor for CRC risk than
BMLI. In our study, an analysis of questionnaire-based lifestyle data revealed a significant
difference in dietary habits in cases with more vegetarians (12%) compared to controls (6%).
However, hardly any far-reaching conclusions can be drawn based on this observation due to the
subjectivity of questionnaires, which decreases the reliability of the given information. Moreover,
questionnaire-based observations can introduce profound bias due to dietary recall and the
influence of confounders, including diet modulation during the lifetime and inflammatory bowel
diseases (Martinez et al, 2008).

Components of food can have a substantial effect on the process of tumorigenesis, either
in protecting against cancer or promoting the malignant transformation. Dietary factors may act

as genotoxicants, through epigenetic mechanisms, or to modulate DNA repair capacity. Examples
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include aflatoxin B1, ochratoxin A, ptaquiloside, various pyrrolizidine alkaloids, heterocyclic
amines, and PAH, such as benzo[a]pyrene (B[a]P). Mutations and/or different types of DNA
damage (e.g., CA and copy number variants) may be induced by endogenously or exogenously
formed reactive species, inhibitors of topoisomerase Il enzymes (e.g., flavonoids), DNA repair
(e.g. caffeine), or of the mitotic spindle (acrylamide) (Ferguson and Philpott, 2008; Dahm et al,
2010). Some micronutrients such as zinc, magnesium, selenium, folic acid, and vitamin B12, are
involved in DNA methylation, synthesis, and repair, mainly as co-factors of important proteins
(e.g., p53), thus their inadequate intake may mimic important mutations that promote genomic
instability and cancer initiation (Fenech, 2002).

On the other hand, the individual cancer risk can be decreased by nutrients acting as
antimutagens (e.g. vitamin C, carotenoids, chlorophyllin, dietary fibers, and plant polyphenols)
(Ferguson and Philpott, 2008). These substances are considered as possible agents of
chemoprevention - the use of natural or synthetic chemical agents to reverse, suppress or prevent
the carcinogenic progression (Teixeira, 2014; Castells, 2015).

A collection of the most detailed information about dietary habits, covering the precise
individual intake of different nutrients, can give researchers different insights into the influence
of food components on CRC risk. For example, in the study of a polymorphism in the ApoE gene
involved in lipid metabolism, no significant differences in genotype frequencies were observed
between CRC cases and healthy controls. However, among high red meat consumers, ApoE
isoforms modulated the risk of MSI-H and MSS/MSI-L CRCs. In non-ApoE4 (Epsilon 4)
carriers, 24 and more red meat servings/week were associated with developing MSS/MSI-L
CRC, whereas among ApoE4 allele carriers, four or more red meat servings/week were
associated with MSI-H CRC when compared with the controls (Mrkonjic et al, 2010). An

interaction was observed between the intake of processed meat and the MMR gene hMSH3
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Ex23+3107G>A in CRC (Berndt, 2007), and also between hMSH2 1VS12—6T>C polymorphism
and high pickled food intake or fried food intake in relation to the risk of gastric cancer in the
Chinese population (Wang et al, 2012a). Significant gene-environment interaction was observed
between intronic polymorphisms in hMSH2 gene 1VS15-214T>C and 1VS11+107A>G and cereal
consumption (Li, 2015).

Interaction between genotype and nutrition can be substantially affected by the mucosa-
associated bacteria that have a primary impact on the colonic environment. Enteropathogenic
Escherichia coli is able to down-regulate MMR proteins such as hMSH2 and hMLH1 (Maddocks
et al, 2009), so the presence of these bacteria can theoretically further attenuate deficient

expression of MMR genes caused by rSNPs.

5.5. Gene-environment interactions in CRC risk: SNPs in DNA repair genes and
smoking
Smoking was another important environmental/lifestyle factor we attempted to address.
Smoking is considered a main preventable reason of cancer (Fisher et al, 2011). In the Czech
Republic, 24.3% of adults (19% women, 30% men) are daily smokers (OECD, 2010). It would
also be extremely interesting to assess the role of alcohol drinking in CRC susceptibility within
our population, since higher alcohol consumption is an established risk factor in CRC (Fedirko et
al, 2011; Alexandrova et al, 2014). Czech Republic is well known for long-term high alcohol
consumption, with a threatening trend in the last two decades (OECD, 2012; WHO, 2014).
According to results of the questionnaire-based study in the Czech Republic, Poland, and Russia,
the Czech men had the highest intake of alcohol among men and women from these countries
(Boylan et al, 2009). Regretfully, alcohol consumption was not included as covariate into our

analysis, even though the data on alcohol consumption have been collected for our study
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population. However, we found that it was important to touch upon the issue of alcohol drinking
in this discussion.

We didn’t discover any modulation of CRC risk in relation to any of the polymorphisms in
the MMR genes caused by smoking. A variety of results were observed for the effect
modification by smoking or drinking in the MMR-deficient background, which might be due to
the ethnic difference, the different definitions for smoking and drinking, the heterogeneity in
history of smoking and drinking, and the potential confounding effect of other known exposures.
It can perhaps also be partially explained by a lack of data on molecular signatures of CRC
tumors in our study: for instance, Campbell et al. (2009) observed that smoking (but not
drinking) had a significant interaction with hMLH1 —93G>A variant in MSS colon cancers. This
polymorphism was also significantly associated with the risk of lung squamous cell carcinoma
with a gene-smoking interaction (Park et al, 2004). The effect of smoking on CRC risk can be
dose-dependent: Pande et al. (2010) discovered that individuals with MMR-deficient background
may be at increased risk of CRC if they smoke regularly, while former smokers, short-term
smokers, and light smokers were at decreased CRC risk.

Smoking affected the CRC risk in carriers of SNPs in BER genes in our case-control study:
smokers with variant allele homozygous genotype for the hOGG1 Ex6-315C>G polymorphism
were at increased risk of CRC compared to control smokers. Conversely, in upper aerodigestive
tract cancer, this polymorphism (CG or GG vs. CC genotypes) was interpreted as a protective
factor in moderate smokers (Marques et al, 2014). In association studies on CRC risk, this
polymorphism is often reported with smoking and drinking, especially in combination with
XRCC1 Ex10-4A>G polymorphism. The XRCC1 Ex10-4A>G genotype was associated with a
decreased risk of CRC among smokers and drinkers (Zhang et al, 2014b). In other studies

performed in Chinese population, individuals carrying G allele of the XRCC1 Ex10-4A>G, and
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having a smoking or drinking habit, had an increased risk of CRC (Huang et al, 2015).

The XRCC1 Ex10-4A>G combined with smoking status seems to predict progression-free
survival to radiotherapy patients with nasopharyngeal carcinoma, with possible correlation
between these genetic polymorphism and p53 protein status (Jin et al, 2014). In the Thai
population, polymorphisms in XRCC1 and hOGG1 genes, particularly in combination, were
associated with increased susceptibility to cholangiocarcinoma, modified by smoking and alcohol
consumption (Songserm et al, 2014). Interaction between tobacco and polymorphisms of XRCC1
Ex10-4A>G increases the risk of head and neck squamous cell carcinoma in Indian population
(Choudhury et al, 2014). The risk of gastric cancer was significantly elevated in individuals with
XRCC1 Ex10-4A>G AG and GG genotypes (Ghosh et al, 2016).

In our study of DNA repair capacity on healthy individuals, irradiation-specific DNA repair
rates, attributable mostly to BER repair, were significantly decreased in subjects with the
homozygous variant in XRCC1 Ex10-4A>G than those with the wild-type. The trend was also
observed in binary combination of this SNP with either XRCC1 Ex6-22C>T or XRCC1
Ex9+16G>A polymorphisms.

In general, irradiation-specific DNA repair rates in PBL of healthy individuals (mostly
attributed to the functioning of BER system) were affected by smoking in our study, while no
such effect was observed for oxidative damage-induced DNA repair rates (those were modulated
by occupational exposure status of the subjects); age and sex didn’t modulate this effect as well.
In the recent study, though, sex but not smoking appeared to predetermine changes in DNA

damage or DNA BER and NER in healthy individuals (Slyskova et al, 2014).
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5.6. SNPs as potential biomarkers for clinical practice: perspectives

Modern schemes of CRC treatment result in high tumor response rates and relatively long
overall patient survival; at that, the outcome is greatly influenced by tumor stage and grade at
diagnosis. Tumor, node and metastasis (TNM) classification is used nowadays to plan CRC
treatment and to predict outcomes of the therapy (Greene, 2003). Tumor response to a therapy is
modulated by specific clinico-pathological features of the patient, environmental factors, ethnic
origins and the individual's genetic and epigenetic status (Mundade, 2014). Tumor resistance and
the adverse drug reactions (in particular, myelo-, gastro- and neurotoxic reactions) represent the
main problems of CRC management. Since at present CRC is considered not one entity but rather
a heterogeneous group of diseases with variant profiles of genetic and epigenetic alterations,
reliable predictive and prognostic biomarkers are essential to develop a targeted and personalized
approach to decision-making in CRC treatment (Mohelnikova-Duchonova et al, 2014).

Up to date the majority of molecular markers demonstrate quite divergent and inconsistent
results on their prognostic and/or predictive value, except for MSI, KRAS and BRAF mutations
(Schmoll et al, 2012; Duffy et al, 2014). However, a clinical use of these markers is still limited:
KRAS Gly13Asp mutation for identification of resistance to anti-EGFR monoclonal antibodies in
metastatic CRC patients; BRAF Val600Glu mutation for identification of resistance to anti-EGFR
monoclonal antibodies in metastatic CRC patients and for exclusion of Lynch syndrome; MSI for
confirmation of Lynch syndrome (Reimers et al, 2013). In addition, the Oncotype DX colon
cancer assay (the 12-gene colon cancer Recurrence Score) from Genomic Health Inc. (Redwood
City, CA, USA) has been validated for clinical planning of CRC treatment for patients with stage
Il and stage 111 (Reimers et al, 2013)

A potential of germline mutations and SNPs as CRC markers is extensively studied during

last decades and there are several important reasons for that. SNPs are highly abundant in the
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genome, the mutation rate in germline is quite low, they can be detected in blood, feces or other
tissues; genotyping is technically easy and reliable nowadays and it can be automated
(Strimpakos et al, 2009). All these features make SNPs a very attractive goal for biomarker
search, since testing for tumor markers is highly dependent on sampling techniques, preservation,
laboratory conditions and methodology, as well as on population characteristics (ethnicity,
macro-and microenvironment, tumor localization, stage and grade, age etc.) Moreover, results
can be changed under influence of some therapy making outcomes discrepant or unreliable
(Strimpakos et al, 2009).

There are three main potential applications of SNPs for clinical use: as biomarkers of
susceptibility, predictive and prognostic biomarkers (Reimers et al, 2013). In our case-control
study, we addressed SNPs in DNA repair genes as potential biomarkers of susceptibility —
predisposition to CRC in the Czech population. In line with other research in the field, we
demonstrated that the effect of SNPs on modulation of CRC risk is quite limited; our results also
indicate the role of tumor localization, age and environmental factors in cancer predisposition.
Individual SNPs rarely have a pronounced effect on disease risk and phenotype but their
synergetic effect can change DNA repair activity; they can be studied as a part of multi-marker
panels for assessment CRC risk (Picelli et al, 2013; Reimers et al, 2013). To verify results of
GWAS, PARE sequencing and other modern high-throughput methods, other association and
observational studies in large cohorts with sufficient environmental and pathological data (tumor
markers, lifestyle, occupational exposures etc.) should be applied.

Approved functional effect of SNPs doesn’t automatically mean that their effect on cancer
risk can be detected (Huhn et al, 2014). Since many chemotherapeutic substances used in cancer
treatment are processes by DNA MMR, BER and other repair systems (lyer et al, 2006), SNPs in

DNA repair genes can participate in modulating of response to these drugs and can be studied as
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tentative biomarkers of prediction and prognosis for different types of cancer (Reimers et al,
2013). For instance, one of MMR polymorphisms we analysed (hnMSH2 1VVS12-6T>C) has been
found by other researchers to be associated with an adverse response to chemotherapy with
alkylating agents: the variant C allele was associated with the increased risk of developing of
therapy-related acute myeloid leukaemia following (Worrillow et al, 2003). The association with
survival rate and with the risk of relapse or metastasis for CRC patients was found for
polymorphisms in hMSH3, and the association with recurrence rates for polymorphisms hMSH6
(Vymetalkova et al, 2014a). SNPs in another MMR gene hEXO1 were also associated with CRC
survival (Yoshiva et al, 2008). The XRCC1 Ex10-4A>G polymorphism was used as a predictor of
response to radiotherapy and progression-free survival in patients with nasopharyngeal carcinoma
(Jin et al, 2014); it was also associated with better prognosis in CRC (Moreno et al, 2006).

Undoubtedly, we should always keep in mind that craving new fundamental biological
knowledge is not the only and primary goal of cancer research from point of view of the public
benefit. Integrated efforts of different stakeholders including scientists, clinical and public health
professionals and educational institutions, are necessary for proper dissemination of results of
cancer epidemiology and biology as well as for implementation of this data into practice. The risk
of CRC is influenced by both environmental and genetic factors. However, according to results of
twin studies, effects of heritable factors in sporadic CRC do not exceed 13-35% (Lichtenstein et
al, 2000; Czene et al, 2002). The rest of the CRC risk is determined by life style and other
environmental factors mediated, primarily, via epigenetic mechanisms (Li and Martin, 2016).
Unsurprisingly, according to some estimations, up to 50% of CRC incidence can be a subject of
primary prevention based on dietary and lifestyle modifications including chemoprevention
(Teixeira et al, 2014). Thus, CRC prevention is the issue of first-rate importance.

Nowadays a CRC screening using faecal occult blood test (FOBT) and structural
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examination - sigmoidoscopy/colonoscopy stays the most important strategy in early detection of
CRC. Since CRC and most of its precursors — adenomas and serrated polyps - are usually
asymptomatic during the early stages, screening makes possible to detect them and to eliminate
by endoscopy or surgery, as result substantially reducing CRC morbidity and mortality (Castells,
2015). To decrease the risk of CRC in individuals/families with inherited MMR mutations, a
germline mutation screening is also indicated, followed by a recommended screening
colonoscopy, prophylactic hysterectomy and bilateral salpingo-oophorectomy for MMR mutation
carriers and their family members (Win et al, 2013b). A National program of CRC screening in
the Czech Republic has been started in the year 2000. Currently, the annual CRC screening is
intended for asymptomatic 50 to 54 years old individuals and includes FOBT, with a subsequent
colonoscopy in case of the positive FOBT result. From 55 years of age it is possible to choose
either a FOBT repeated once per two years, or primary screening colonoscopy as an alternative,
to be possibly repeated within 10 years (Suchanek et al, 2011). However, the situation with CRC
prevention in the Czech Republic can be considered satisfactory only with a very long stretch of
imagination: the screening remains the main and basically only national-wide program on CRC,
being officially presented as a prevention, while in reality it constitutes mainly an early
diagnostic measure. Without massive campaigns directed on promotion of healthy lifestyle and
health literacy, no dramatic decrease of CRC incidence in the country can be foreseen in the long
term perspective.

In particular, the issues of healthy nutrition, tobacco smoking and alcohol consumption
seem to be drastically underestimated in the Czech Republic. Even though some progress in a
quality of diet of Czech inhabitants took place since the beginning of democratization processes
in the country in 1990’s (Boylan et al, 2009), tobacco and alcohol are not considered as

,harmful® drugs by significant part of the Czech population, and number of smokers has not been
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decreasing substantially during two decades (Sovinovd et al, 2010). Results of cancer
epidemiological and genetic (genomic, epigenomic etc.) research, especially those concerning
molecular mechanisms of gene-environment interactions, are awaiting for careful consideration

and implementation into evidence-based national cancer prevention strategy.

5.7. Gene-environment interaction: polimorphisms in EPHX1 gene and air pollution

Air pollution is a negative factor of urban development, with a growing global concern
(Lave and Seskin, 2013). It is associated with acute and chronic morbidity and mortality,
including cardiovascular-specific, pulmonary diseases, immune syndromes and certain types of
cancer (Beelen et al, 2014).

A level of air pollution in Prague in the period of our study was higher than official
standard for the Czech Republic, mostly due to intense traffic (Sram et al, 2007). Among
components of urban pollution, particulate matter (PM) of aerodynamic equivalent diameter
<2.5um (PM2.5) belongs to the most harmful air pollutants, in particular, since it carries many
dangerous chemicals adsorbed on their surface (Anderson et al, 2012). The diverse PAH,
including B[a]P, represent a group of highly hazardous pollution-derived carcinogens causing
high levels of DNA damage (Topinka et al, 2011; Rossner and Sram, 2014). The effect of
exposure to c-PAH adsorbed on respirable air particles was extensively studied in several groups
of occupationally exposed healthy men working in the downtown area in comparison to
volunteers spending working hours indoors in suburban areas of Prague. A personal exposure to
eight c-PAH and PM2.5 during a work-shift, supported by daily air pollution data from stationary
monitoring, was assessed in association with DNA adducts and CA. DNA adducts (in our study
measured using 32P-postlabelling assay) are considered a biomarker of personal exposure, while

CA serve as validated complex biomarkers of early effect. Using both CCA and FISH methods in
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our study allowed to cover a range of unstable and stable CA, respectively (Sram et al, 2011). As
main results of this study, the CCA didn’t show any difference in CA levels between exposed
policemen and controls, while all CA endpoints detected by FISH (concerning stable CA mostly),
were elevated in the exposed group compared to controls (Sram et al, 2007). As for DNA
adducts, the level of the B[a]P-“like” adducts was significantly higher in exposed individuals and
the total DNA adduct level was similar in the exposed and control groups (Binkova et al, 2007).

Within this study, it was hypothesized that polymorphisms in DNA repair and metabolic
genes can modulate susceptibility to formation of DNA adducts and CA in PBL of the studied
subjects. Our part of the study concerned an SNP in the exon 3 (T>C, Tyrll3His), in
combination with an SNP in the exon 4 (A>G, His139Arg) of the same gene coding for the
microsomal epoxide hydrolase (EPHX1) enzyme.

The EPHX1 plays a distinct role in the organism’s response to xenobiotics and in
maintenance of organ- and tissue-specific homeostasis. Substrates of this enzyme are, the most
typically, of exogenous origin and include highly reactive oxidative metabolites - epoxides
(Ginsberg et al, 2010). Conversely, EPHX1 can be induced or deactivated by certain exogenous
or endogenous compounds. For instance, several PAH have been demonstrated to induce in vitro
EPHX1 activity in human liver tissues (Pushparajah et al, 2008). The EPHX1 is suggested to be
involved into processes of neuro-, mielo-, and hematotoxicity under exposure to different
xenobiotics (Vaclavikova et al, 2015). Two above mentioned EPHX1 polymorphisms in the exon
3 and 4 were suggested to affect the enzyme activity. In the exon 3, C allele shows reduced
enzyme activity by at least 50% (slow allele), while exon 4 G allele leads to 25% activity
increase, with adverse influence on the protein level (Hassett et al, 1994). Thus, these
polymorphisms have been widely used as markers of EPHX1 activity in molecular epidemiology

studies, with a specific classification on low activity, medium activity and high activity for
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particular allele combinations of both polymorphisms (diplotype)*. However, there is still no
general agreement on the role and extent of the effect of these SNPs especially due to their
contra-directional impacts on the enzyme activity, and a fact that most of the corresponding data
were obtained within in vitro studies and their results were not completely reproducible in vivo
(Ginsberg et al, 2010). A few recent studies also suggest that other SNPs, including those located
in promoter regions, can participate in regulation of the EPHX1 gene expression and the
corresponding enzyme activity (Ginsberg et al, 2010). Modulation of toxicity of EPHX1
substrates by the EPHX1 diplotype was investigated in variety of studies, mostly regarding
occupational pollutants including vinyl chloride, 1,3-butadiene, styrene (Ginsberg et al, 2010)

In our study, no association was observed between separate polymorphisms or diplotypes
of EPHX1 and chromosomal damage according to results of the CCA. However, the FISH, as
more sensitive method, allowed to detect a decreased level on translocations in individuals with
high activity EPHX1 genotype in comparison to low and medium activity genotype. This trend
was observed in the exposed group as well as in controls. A protective effect of high activity
EPHX1 genotype against chromosomal damage was shown in the literature on other studies on
healthy individuals. A lower frequency of aberrant cells (as determined by CCA) in association
with high activity EPHX1 genotype was reported earlier in occupationally exposed individuals
(Vodicka et al, 2004), as well as confirmed in a recent study on larger sample which included
subjects with a wide range of lifestyle and occupational exposure variables (Hemminki et al,
2015). However, in human PBL in vitro, EPHX1 genotypes of higher activity were associated
with increased level of B[a]P-induced CA (Salama et al, 2001).

Among obvious strengths of our study, we can mention abundant data on lifestyle and

biochemical parameters (level of vitamins, cotinine, lipids etc.); no gender as confounder since

4 See the classication in the Materials and Methods section of the Appendix 1V (Sram et al, 2007).
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only men were participating in the study, the possibility to use both CCA and FISH methods for
CA measurement. However, our work has certain limitations. First, the sample size was quite
low, so our results can be considered as a sort of indication of the effect. Within such sample,
possibilities for stratification by important confounders are limited. At that, smoking and age can
substantially affect the association between CA and EPHX1 genotypes: in the study on
Norwegian men, the EPHX1 high activity genotype was associated with lower level of chromatid
gaps mostly in older smokers (Skjelbred et al, 2011). Besides, in CCA within our study the
chromatid gaps were recorded, but they were not scored as aberrations. In our study, number of
smokers in exposed group was about two-fold higher than in controls, thus causing potential bias.

Obviously, the EPHX1 genotypes can be associated at different extent with different types
on CA. In the study of Skjelbred et al. (2011), the EPHX1 genotypes were mostly attributed to
association with chromatid-type CA; Hemminki et al. (2015) report association of the EPHX1
high activity genotype with lower level of total CA (individually and in combination with
polymorphism in another metabolizing gene GSTP1). However, in the same study the EPHX1
diplotype in combination with polymorphism in the NQO1 gene modulates a level of chromatid
type CA in healthy individuals (Hemminki et al, 2015). These finding seem to be logically
correct: as shown by in vitro experiments, the chromatid-type CA are mostly formed as result of
chemical exposure, while chromosome-type CA are supposed to be an outcome of direct DNA
damage, in particular, caused by ionizing radiation (Albertini et al, 2000).

For instance, when the formation of micronuclei (MN) has been used as a biomarker of
chromosomal damage under exposure to c-PAH, confirmation of the role of the EPHX1 diplotype
in modulation of MN frequency is mostly related to occupationally exposed population, with less
effect observed in control individuals in different gender and age groups (reviewed by

larmarcovai et al, 2008; Rossnerova et al, 2011; Merlo et al, 2014). An extent and a vector of the
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effect can also be exposure-specific: for instance, lower frequency of MN was observed for
individuals with high activity EPHX1 genotype at individuals occupationally exposed to 1,3-
butadiene (Tan et al, 2010). Since 1,3-butadiene is detoxified by the EPHX1 enzyme, the effect
of genotypes determining different enzyme activity can be more straightforward than in case of c-
PAH, that are activated by EPHX1. Results of further studies in this population assume that
EPHX1 polymorphisms can affect c-PAH-induced chromosomal damage through more
complicated metabolic steps, probably involving oxidative stress mechanisms (Novotna et al,
2007; Rossner et al, 2011; Ghosha et al, 2013).

No association between EPHX1 polymorphisms and a level of total and B[a]P-“like” DNA
adducts was observed in our study. As well as in the case of EPHX1 polymorphisms and CA,
quite diverse results are presented in the available literature. It can be partially explained by
controversial role of EPHX1 in genotoxicity and carcinogenesis: on the one hand, it detoxify a
range of environmental and industrial carcinogens (e.g., 1,3-butadiene, styrene, benzene), on the
other, it leads to activation of other hazardous xenobiotics as c-PAH (Vaclavikova et al, 2015).

In the study carried out in five regions of Spain in both men and women, the significantly
increased level of bulky DNA adducts was found in relation to the high activity genotype
EPHX1; it was concluded that the metabolic pathways of oxidation, hydrolysis and acetylation
are relevant for the formation of bulky DNA adducts (Agudo et al, 2009).

Smoking could also play a confounding role in interaction between formation of DNA
adducts and EPHX1 since tobacco smoke also contain B[a]P and other c-PAH: smokers carrying
the variant G allele of EPHX1 exon 4 polymorphism were significantly more likely to have
higher DNA adduct levels in blood (Peluso et al, 2013). From other side, slow EPHX1 alleles
were associated with lower level of B[a]P-protein- and DNA adducts in lung cancer patients

(Pastorelli et al, 1998). A significant increase in tobacco-related lung cancer risk was observed
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for high activity EPHX1 genotypes as compared to low activity genotypes (Park et al, 2005).

The association with B[a]P-DNA adducts was observed for several other metabolizing
genes, including those coding glutathione-S-transferases (GST) (Lodovici et al, 2004). These
enzymes can also use epoxides as substrate; therefore, the effect of EPHX1 diplotypes can be
masked or, reversely, to exhibit a synergy in combination with different polymorphisms of these
genes (Ginsberg et al, 2010). In our study, an increased level of total DNA adducts was observed
in subjects with null GSTM1 genotype, while the EPHX1 genotype didn’t predict a level of
either total or B[a]P-“like” DNA adducts. As mentioned above, it seems that the risk or,
alternatively, the protective effects of EPHX1 genotypes can be increased in combination with
other polymorphisms: for instance, carriers of five “at risk” alleles in EPHX1, NQO1 (NAD(P)H
quinone dehydrogenase 1), APE1l and other metabolizing and DNA repair genes had
significantly higher DNA adduct levels in conditions of urban environmental exposure and/or
smokers than subjects carrying fewer than two “at risk” alleles (Peluso et al, 2013).

As mentioned above, the EPHX1 can be induced or inhibited by a range of exogenous and
endogenous compounds. Glucocorticoids inhibit EPHX1 expression through interaction with the
gene promoter (Ginsberg et al, 2010). It is widely known that elevated cortisol levels are related
to higher work stress (job strain, work overload, over-commitment to work) as well as to general
life stress (Chida and Steptoe, 2009). It was shown that traffic policemen of both sexes had a
significantly higher levels of plasma adrenocorticotropic hormone compared to control subjects
with indoor activity (Tomei et al, 2003). Therefore, we can speculate that in our study, the
policemen working in a downtown area of heavy traffic and crowd can potentially have higher
work stress than control indoor workers, and that higher glucocorticoid level can be one of the
factors supressing c-PAH-activating function of the EPHX1 in their blood cells.

As a final note, we can mention that EPHX1 genotype has been studied in relation to lung
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and oesophageal cancer, leukaemia and lymphomas, and also in relation to susceptibility to CRC
risk. Results of these studies vary significantly, however, there can be a higher risk of CRC and
polyps in relation to smoking and red meat consumption (reviewed by Ginsberg et al, 2010).
Newly emerging studies indicate that epigenetic mechanisms including methylation of different
genes and miRNA expression may play a significant role in interaction between environmental
insults, EPHX1 genotype, and subsequent DNA damage and cancer (Xing et al, 2013; Ravengini
et al, 2015).

In conclusion, our study provides important indication on potential role of EPHX1
genotypes in modulation of susceptibility to environmental genotoxic insults. An increased
frequency of CA is believed to predict cancer risk (Bonassi et al, 2008; Vodicka et al, 2010).
Thus genotypes of EPHX1 which increased susceptibility of CA can modulate risk of carcinogen-

induced cancer in environmentally exposed individuals.
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6. CONSLUSIONS

The main conclusions of the PhD thesis are as follows:

1. The modulation of susceptibility to sporadic CRC by SNPs and haplotypes in genes
involved in DNA MMR was assessed for the first time in the Czech population within a hospital -
based case-control study. Our results demonstrate a limited role of MMR polymorphisms;
however, haplotypes and SNPs in regulatory gene regions can be involved in the modulation of
CRC risk in this population.

2. Gene-environment interactions and age can be among the most important factors
modulating CRC risk associated with polymorphisms in DNA repair genes. Complex assessment
of these interactions is of primary importance and should be supported by studies on molecular
mechanisms underlying these interactions.

3. Some SNPs and haplotypes modulate the risk of either colon or rectal cancer, without
significant association with the overall CRC risk. These findings confirm the heterogeneous
nature of CRC and the importance of tumor molecular profiling for the proper interpretation of
the results of association studies.

4. SNPs within the same DNA repair pathway can interact with each other, resulting in a
synergistic effect on the CRC risk. Some proportion of this influence can be mediated by the
functional effect of these SNPs and their combinations on individual DNA repair capacity, as
shown in the frame of the in vitro study on healthy individuals.

5. The SNPs coding for amino acid changes in DNA repair proteins can modulate DNA
repair capacities in healthy individuals. These results are important for individualizing a natural

genotype-phenotype variation to be used as a baseline to study in conditions of malignancy.
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6. Individuals carrying higher activity genotypes of the metabolizing gene EPHX1 can be
more resistant to stable chromosomal damage under exposure to c-PAH, i.e., they can potentially

have a lower risk of cancers induced by environmental carcinogens.
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