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Abstract

Impaired chromosome segregation during mitosis, inaccurate DNA damage response
and excessive telomere shortening may all modulate the frequency of chromosomal
aberrations (CAs) in peripheral blood lymphocytes (PBL). There is evidence that increased
frequency of structural CAs in PBL may be considered as a marker of enhanced cancer risk.
In the present Thesis, an effect of variants in genes involved in mitotic checkpoint and DNA
damage response on the inter-individual differences in CAs frequency in PBL was
investigated. Considering the importance of disrupted telomere structure and its function in
cancer biology, a link between telomere length and clinicopathological and molecular
features of cancer patients was analysed. Furthermore, the relevance of telomere length and
CAs frequency as markers of patients’ survival was examined.

The major outcomes of the Thesis, fully reported in detail in seven attached
Manuscripts, are: I) Increased frequency of structural CAs and/or disrupted telomere length
in PBL may be considered as risk factors for the different types of solid cancer; II) Telomere
shortening in PBL of healthy subjects increased the frequency of structural CAs; III) Binary
interactions of gene variants in mitotic checkpoint and DNA repair pathways may modulate
the frequency of structural CAs in PBL of healthy subjects; IV) The application of genome-
wide association study revealed novel loci associated with genes important for mitosis and
linked to the frequency of CAs in PBL; V) Telomere shortening in PBL of breast and
colorectal cancer (CRC) patients was associated with decreased capacity to repair mutagen-
induced DNA double-strand breaks; VI) Telomere length in tumor tissue was modulated by
clinicopathological features (e.g. tumor-site origin, stage of tumor development,
microsatellite instability) of CRC patients and finally, it was demonstrated that VII) CRC
patients with more pronounced telomere shortening in tumor tissue compared to the adjacent
mucosa evinced prolonged survival.

The results may be utilized in the future, when inter-individual differences in terms
of identified gene variants and disrupted telomere length maintenance may provide
a prediction tool for cancer risk assessment. Furthermore, as telomerase inhibitors are
currently being applied in clinical practice, it is important to understand tumor telomere
length variability and its link to clinicopathological and molecular features of cancer

patients.



Abstrakt

Mezi zékladni procesy, které mohou ovlivnit miru chromozomalnich aberaci (CAs)
v lymfocytech periferni krve (PBL), patii chybna segregace chromozomu v prubéhu mitdzy,
nepiesna odpoveéd na poSkozeni DNA a nadmérné zkracovani délky telomer. Akumulaci
CAs v PBL lze povazovat za ukazatel zvySeného rizika rozvoje maligniho onemocnéni. Tato
disertatni prace je zaméfena na studium vlivu jednonukleotidovych polymorfismu
v genech ucastnicich se mitotického checkpointu a odpovédi na poSkozeni DNA na inter-
individualni rozdily ve vyskytu CAs v PBL. Déle byl zjiStovan mozny vliv klinicko-
patologickych a molekularnich charakteristik pacienti s karcinomem tlustého stfeva
a kone¢niku (CRC) na délku telomer v nadorové tkani, jelikoZ narusena funkce téchto
protektivnich struktur chromozomu hraje klicovou ulohu v procesu maligni transformace.
Bylo také studovdno, zda lze délku telomer a frekvenci CAs povazovat za ukazatel
celkového preziti pacientt s nadorovym onemocnénim.

Hlavni poznatky této prace, zalozené na sedmi pfilozenych rukopisech, jsou:
I) ZvySeny vyskyt strukturnich CAs a/nebo naruSena regulace délky telomer v PBL mohou
byt povazovany za rizikovy faktor rozvoje nddorového onemocnéni; IT) Kratsi délka telomer
v PBL zdravych osob zvySuje vyskyt strukturnich CAs; III) Bindrni interakce genovych
variant ucastnicich se mitotického checkpointu a opravy poskozeni DNA mohou ovliviiovat
miru vyskytu strukturnich CAs v PBL zdravych osob; IV) Pomoci vyuziti celogenomové
asociacni studie byly odhaleny nové genové varianty spojené s vy$si mirou CAs v PBL;
V) Zkracovani telomer v PBL u pacientu s karcinomem prsu a CRC bylo spojeno se
snizenou kapacitou opravy dvouvlaknovych zlomi DNA; VI) Délka telomer v nadorové
tkani byla ovlivnéna klinicko-patologickymi charakteristikami pacienti s CRC (napf. oblast
vyskytu nadoru, mikrosatelitova nestabilita a stddium rozvoje zhoubného novotvaru); VII)
Kratsi délka telomer v nadorové tkani v porovnani s pfilehlou mukdzou u pacienti s CRC
byla spojena s lepSim celkovym prezitim.

Vyse popsané poznatky mohou byt uplatnény zejména v budoucnu, kdy informace
o rizikovych genovych variantach a narusené regulaci délky telomer mohou byt vyuzity jako
nastroj pro predikci zvySené pravdépodobnosti rozvoje rakoviny. Vzhledem k tomu, ze
inhibitory telomerazy se zacinaji pouzivat v klinické praxi, je také velice dulezité porozumét

mechanismum regulace délky telomer v nadorové tkani.
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1. Introduction

Error-free transmission of undamaged genetic information from each cell to its
offspring is a critical precondition for the preservation of genome stability and perpetuation
of life. At the same time, acquired mutations in DNA molecule, the raw materials of
evolution, contribute to malignant transformation of the cell.

Cancer is a wide and heterogeneous group of complex disorders differing from each
other in biological and molecular characteristics. One aspect of this heterogeneity, genomic
instability (GIN), is a hallmark of solid tumors [1].

GIN refers to error acquisition protruding on the nucleotide or chromosomal level
[2]. Despite considerable stability of DNA molecule, many chemical, biological and physical
factors daily disrupt DNA structure. Robust DNA repair mechanisms remove a wide-scale
of DNA damage. However, reduced DNA repair capacity (DRC) may contribute to GIN [3].
Furthermore, defective chromosome segregation during the cell division and/or telomere
dysfunction may additionally cause gross chromosomal rearrangements [1, 4].

In the present thesis, we summarize several potential contributors underlying the
formation of chromosomal aberrations (CAs; Manuscript I, 11, I11, IV, V), the most prevalent
form of GIN [2]. Molecular mechanisms leading to the formation of CAs are still currently
poorly understood. Our results may help to better understand this phenomenon.

Following text is based on 4 original research articles and a summary review paper
(Manuscript VII), all published between 2015 to 2019. Furthermore, important parts of the
present doctoral Thesis are two manuscripts (Manuscript IV & VI), though under review
process at the time of submitting the Thesis, focusing on telomere length in cancer patients

and healthy subjects.

1.1. Genomic instability and cancer

GIN modulates tumor initiation, progression, patient prognosis and also increases
mutation rate, clonal evolution, and tumor heterogeneity [5-7]. Therefore, it is a crucial
prerequisite for malignant transformation and represents a driving force of cancer disease
[8]. Generally, all malignancies are associated with GIN and a considerable variation in its

amount and type is commonly seen among cancer cells [9].
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For convenience, GIN can be divided into two major classes, nucleotide instability

(NIN) and chromosomal instability (CIN). Furthermore,

some authors classify

microsatellite instability (MSI) as a particular case of NIN, others consider it as a distinct

subcategory of GIN, though it represents insertion-deletion mutations (indels) on the

nucleotide level [2, 10]

NIN comprises a spectrum of single base mutations to excessive nucleotide indels.

On the other hand, CIN, a more prominent type of GIN, encompasses large-scale of

numerical and structural CAs [2, 11]. Unlike NIN, the molecular basis of CIN had not yet

been clarified. This may be due to the fact that a complex disruption of many mechanisms

may contribute to CIN phenotype [4, 8, 12, 13] (illustrated in Figure I).
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Figure 1. Proposed potential sources of CIN involve erroneous spindle assembly
checkpoint and impaired chromosome segregation during mitosis, inaccurate DNA damage

response and telomere attrition.
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1.2. Chromosomal aberrations

Numerical CAs involve euploidy or aneuploidy subcategories, which refer to
chromosome number that is an exact multiple of the haploid set (polyploidization; e.g.
triploidy, tetraploidy) or any chromosome number that is non-euploid (e.g. monosomy,
trisomy), respectively [14]. Polyploidization is a common characteristic of the several
mammalian specialized cell types (e.g. liver and muscle cells [15]) and has been also
documented in cancer cells [16]. Furthermore, except for some trisomies (e.g. Down or
Edwards syndrome), numerical CAs of most human chromosomes are, in general,
incompatible with viability of non-malignant cells. However, numerical CAs are widely
present in the majority of human malignancies and represent the most common type of GIN
in cancer cells. It is important to note, that even a small alteration in chromosome copy
number may lead to genes dosage disequilibrium, interruption of key cell pathways (e.g.
mitotic spindle checkpoint) and may ultimately result in structural CAs. Therefore,
numerical CAs may contribute to the formation of structural CAs [17].

Unlike numerical CAs, structural CAs are generally compatible with cell viability
and encompass specific and non-specific CAs. Specific structural CAs include inversions,
translocations and deletions of DNA segments [18]. An example of specific
CAs-associated disease is chronic myeloid leukemia, a neoplastic disorder resulting from
the genomic reciprocal translocations [19]. Non-specific CAs, on the other hand, may be
cytologically distinguished in peripheral blood lymphocytes (PBLs) and are divided into
chromatid — type (CTA), affecting only one chromatid, or chromosome — type (CSA)
subclass, which involves both chromatids. Both types of non-specific structural CAs have a
different mechanism of origin, where a complex disruption of mitotic checkpoint, DNA
repair and/or telomere length maintenance mechanisms may be critical [20-23].

In general, CTAs, including chromatid breaks and exchanges, arise as a consequence
of insufficiently repaired DNA double-strand breaks (DSBs) induced during the late S or G2
phase of the cell cycle. On the other hand, CSAs, encompassing dicentric and ring
chromosomes, are generated by replication of DSBs during the S phase of the cell cycle [24,
25].

CAs may be considered as an initial event in malignant transformation [26], although
the relationship between non-specific CAs and cancer is not as determined as it is in case of

specific CAs. However, there is compelling evidence that increased frequencies of non-
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specific structural CAs, particularly CSAs, in PBL may serve as a predictive marker of
cancer susceptibility [27-31], if the genetic damage in PBL reflects the DNA changes in cells
undergoing carcinogenesis [27]. The first evidence of increased chromosomal damage in
PBL of incident cancer patients compared with healthy controls was documented in our
laboratory [31]. Currently, in case-control studies, 2 % of CAs in PBL is used as a cut-off
point to distinguish between individuals with low or high level of chromosomal damage,

while for CSAs and CTAs it is 1 % [29, 31], (Manuscript I-1V).

1.2.1. Inherited predisposition to structural CAs

There is a remarkable genetic variability among the human population. Single
nucleotide polymorphisms (SNPs) are the most common type of such heterogeneity. SNPs
not only affect phenotypic characteristics of each individual but they may also underlie inter-
individual differences in susceptibility to a malignant transformation.

Few previous reports conducted also in our laboratory, focused on the frequency of
CAs in association with SNPs in genes encoding Cyclin D1 [32], xenobiotic metabolism
[21] and DNA repair enzymes [33-35] (summarized in Manuscript VII). Furthermore,
several studies also investigated the role of SNPs in DNA repair genes for the susceptibility
of cancer risk [36-40], patient's prognosis and therapy response [40]. In Manuscript Il we
aimed to bring new evidence on this research topic and focused on the influence of SNPs in
genes encoding DNA repair enzymes on CAs level in PBL of healthy individuals.

Association studies investigating SNPs in genes involved in telomere-homeostasis
also showed an effect on telomere length, risk of cancer disease and patient’s prognosis
[41-47]. However, such analyses are not frequent and the results are mostly inconclusive.
Recently, meta-analysis demonstrated significant correlations between SNPs in loci coding
for telomerase and cancer susceptibility, especially lung [48], pancreatic [49] and bladder
cancers [50]. However, the impact of relevant gene variants on telomere length in tumor
tissue of cancer patients is currently unresolved. In Manuscript VI we evaluated the influence
of SNPs in genes important for telomere homeostasis (telomerase and shelterin complex) on
telomere length in distinct tissues of colorectal cancer (CRC) patients.

Interestingly, despite the importance of mitotic checkpoint and fidelity of
chromosome segregation for protection against CAs development, the studies investigating

the role of SNPs in mitotic checkpoint genes and their relation to cancer are also not

14



common. Brendle ef al. identified SNP in Centromere protein-F gene (CENPF) as a
prognostic factor of breast cancer (BC) patients [30]. Furthermore, variants in a gene
encoding Aurora kinase significantly conferred increased susceptibility to gastric cancer [51,
52]. In Manuscript I, we focused on SNPs in genes coding for enzymes involved in the
mitotic checkpoint in relation to the frequency of CAs in PBL of healthy subjects.
Genome-wide association study (GWAS) may help to identify gene variants in
relation to increased cancer risk (e.g. [53, 54]). In addition to the findings in Manuscript 1
and /], we performed the analysis of SNPs from across the human genome in order to identify
new loci predisposing the individual to an increased frequency of CAs (Manuscript I1I). This
approach may be utilized in the future, when a potential panel of SNPs may provide a

prediction tool for cancer risk assessment.

1.2.2. Mitotic checkpoint and structural CAs

Following chapter of the Thesis explains the role of key enzymes involved in mitotic

checkpoint. Enzymes relevant to Manuscript I are highlighted in the text and their function

—

€

is summarized in Figure 2.
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Figure 2: Metaphase — anaphase transition and major enzymes involved in mitotic
checkpoint.

A) Activation of mitotic checkpoint and inhibition of chromatid segregation; B) Deactivation of
mitotic checkpoint and consequent chromatid segregation during anaphase.
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Errors at kinetochore-microtubule connection may lead to premature or impaired
segregation of sister chromatids, resulting in CAs [55, 56]. To avoid this scenario, mitotic
checkpoint or so-called “spindle assembly checkpoint” provides a safeguard mechanism
against an erroneous distribution of genetic information during the early stages of mitosis.

After the DNA replication, sister chromatids are encircled and entrapped by Cohesin
subunits. Cohesin refers to a gigantic multimeric protein with a ring-like structure, which
holds together two sister chromatids until anaphase onset when all chromosomes are
properly attached to the mitotic spindle. A correct connection of all chromosomes to the
microtubule fibers and consequent separation of sister chromatids to the opposite spindle
poles ensure accurate distribution of genetic information into daughter cells. Kinetochores,
complex disc-shaped structures associated with the centromeric DNA regions of each
chromatid, play an indispensable role in the whole process [57].

Mitotic checkpoint signal, emitted by affected kinetochore in case of incorrectly
attached or unattached microtubules, in turn delays metaphase-anaphase transition and
provides the cell an opportunity to fix the connection [58]. Anaphase-Promoting Complex
(APC/C alias “Cyclosome”), is inhibited by mitotic checkpoint complex. APC/C represents
an E3 ubiquitin ligase, that enables proteolytic degradation of several major targets, that
inhibit sister chromatid segregation [59].

The question is, how does affected kinetochore generate a mitotic checkpoint signal?
A key role in the initiation and also silencing of mitotic checkpoint plays RZZ complex
named after the Drosophila melanogaster genes Rough Deal (ROD), Zeste White 10 (ZW10),
ZWINT and ZWILCH [60]. RZZ complex along with CENPF and NIMA Related Kinase 2
(NEK2) proteins is required to recruit mitotic checkpoint complex to the kinetochore [61,
62]. Main components of mitotic checkpoint complex are Mitotic Arrest Deficient 2
(MAD2), Budding Uninhibited by Benzimidazoles 1 (BUB1) and Budding Uninhibited by
Benzimidazoles 3 (BUB3) enzymes [63]. Once mitotic checkpoint complex is assembled at
kinetochores, it blocks Cell Division Cycle 20 (CDC20), a key subunit of APC/C and sister
chromatid cannot separate. However, when all kinetochores are properly connected to
microtubules, CDC20 is released from inhibition by mitotic checkpoint complex, interacts
with APC/C, creates active APC/C complex and enables polyubiquitination and destruction
of Securin (PTTG]1), an inhibitor of Separase (ESPL1). Activated Separase molecules, in

turn, cleave Cohesin and sister chromatid segregation begins [64, 65].
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1.2.3. DNA damage response and structural CAs

The genes encoding DNA repair enzymes are highly polymorphic and, taking into
account the significance of the DNA repair defects for malignant transformation [66-69]
differences in cancer risk susceptibility modulated by such SNPs may be expected.
In Manuscript 11, we studied SNPs in genes coding for DNA repair proteins in relation to
the frequency of CAs in PBL of healthy subjects (Figure 3). The study also follows the
previous research conducted at our department, for at least two decades, when substantial
interindividual variability in DRC regarding relevant gene variants was observed [70-72].
Furthermore, the whole chapter is closely related to the next part of the Thesis, which focuses

on the complex interplay between DNA damage response (DDR) and telomeres.

Variety of environmental and endogenous factors constantly assaults the structure of
the DNA molecule and creates a diversity of DNA lesions [73]. Reactive oxygen species,
alkylating chemicals, xenobiotics associated with food processing or ultraviolet light
represent the most common types of DNA damaging agents, which may induce thousands
of lesion per hour in each cell [74]. Those, if not removed properly, may result in DNA
single-strand breaks (SSBs). If replication fork collides with SSB, DSBs may be formed
[75]. DSBs represent the most harmful and potentially lethal damage. Each cell has to deal
with approximately ten DSBs per day. Pathological DSBs arise for example from the effect
of ionizing radiation and replication failures. Moreover, DSBs are physiologically generated
by a cell itself. Those intentionally induced DSBs play a pivotal role in rearrangements of
genes for antigen-receptors, which is a central feature of the adaptive immune system [76]
DSBs are also abundantly created during meiotic recombination [77].

All the above examples implicate the necessity to utilize DNA repair pathways to
deal with the damage, and hence to maintain genome integrity. Therefore, cells have evolved
a sophisticated network of DDR. The principal DNA repair pathways in mammals comprise
Nucleotide excision repair (NER), Base excision repair (BER), Mismatch repair (MMR),
and DSBs repair pathways including Homologous recombination (HR) and Non-

homologous end joining (NHEJ) [78]
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Except for BER, a connection between severe human syndromes, frequently
associated with a high risk of cancer disease, and impaired DDR has been reported.
This may be due to the critical importance of BER in maintaining cell viability [79].

Disruption of NER mechanism is associated, for illustration, with Xeroderma
pigmentosum disorder, a condition characterized by extreme ultraviolet light sensitivity,
inability to recognize and remove photoproduct from DNA and by a very large increase in
the risk of skin cancer [66, 69]. Xeroderma pigmentosum was the first syndrome described
in a link with impaired DDR [69].

Mutations in genes involved in MMR are linked to Lynch syndrome, a condition
connected to an excessive risk of CRC [68].

Impact of defects in DSBs repair pathways on human health is also well recognized.
Individuals with mutations in NHEJ-associated genes, particularly in nuclease Artemis and
the catalytic subunit of DNA-Dependent Protein Kinase (DNA-PKcs), suffer from severe
combined immunodeficiency due to the erroneous V(D)J recombination [80, 81]. Mutations
in NBS1 lead to Nijmegen breakage syndrome, which is associated with a high risk of
malignant transformation during the individuals’ life. Furthermore, Breast Cancer Type 1/2
Susceptibility (BRCA1/2) germline mutations carriers have a high probability of BC and

ovarian cancers development [67].

NER pathway: NER removes large, bulky, DNA lesions. Among them, the most frequent

are ultraviolet light-induced cyclobutane pyrimidine dimers, benzo[a]pyrene from tobacco
smoke, aromatic amines, aflatoxin B1 or DNA adducts formed by chemotherapeutic agents
[82].

NER can be divided into two distinct subpathways (Global Genome NER (GG-NER)
and Transcription-Coupled NER (TC-NER)) [83, 84]. Unlike TC-NER, GG-NER works
during the whole cell cycle removing strongly helix-distorting DNA lesions.
TC-NER, on the other hand, focuses on DNA damage that blocks RNA polymerases during
the transcription process. Although, both NER subpathways differ in recognition of the
lesion, they utilize the same enzymes during the whole DNA repair process. Lesions repaired
by GG-NER pathway are detected by XPC, an enzyme coded by a gene within Xeroderma
pigmentosum (XP) complementation group [66, 85]. Seven remaining genes from XP group
are XPA through to XPG as well as XPV. Upon the initial recognition of the damage, XPC
enzyme recruits two DNA helicases, XPB and XPD [86]. Helicases unwind DNA around
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the site of the lesion and allow the formation of preincision complex via accumulation of
XPA and XPG [87, 88]. XPA binds FExcision Repair Cross-Complementation Group 1
(ERCC1)-XPF complex and initiates dual incision of the damaged DNA-strand [89].
Resulting 22-30 base oligonucleotide gap is subsequently filled and sealed by DNA
polymerase &/ € and DNA ligase I, respectively [90].

BER pathway: BER removes small DNA lesions, predominantly deamination, alkylation
and oxidative damage [74]. The whole process of BER shares considerable similarities with
NER mechanism, including damage recognition, incision, repair, and DNA ligation.

The initial step in BER pathway represents searching for the damaged base by DNA
glycosylase. Several glycosylases are present in human cells. Each of them is dedicated to
specific alteration in DNA sequence. If one of those enzymes recognizes alkylation,
deamination or oxidative damage, it flips and cleaves out the N-glycosyl bond of damaged
base resulting in highly mutagenic apurinic/apyrimidinic (AP) site. A most common
oxidative damage in a cell, 8-oxo0-7,8-dihydro-2’-deoxyguanosine (8-oxoG; [74]), is
specifically recognized by §8-Oxoguanine DNA  Glycosylase (OGG1; [91]).
AP sites created by DNA glycosylase are consequently detected by Apurinic/Apyrimidinic
Endonuclease 1 (APE1) that cleaves phosphodiester bond to yield a 5' deoxyribose
phosphate and 3' hydroxyl substrate for DNA polymerase. Specific polymerases utilized by
the BER pathway are DNA polymerases f3, 6 and ¢, respectively. Depending on the extent
of the damage, one of those enzymes fills the gap with one or more new nucleotides. A final
step in the BER pathway is ensured by DNA ligase. The whole enzymatic BER cascade is
mediated by X-ray Repair Cross Complementing 1 (XRCC1) scaffold protein [92].

MMR pathway: Proofreading activity of DNA polymerases 6 and € prevents accumulation

of excessive errors during the replication of DNA molecule. Occasionally, the erroneous
incorporation of the base is not recognized and removed by the exonuclease activity of DNA
polymerase. Due to the increased probability of polymerase slippage events, the most prone
DNA sequences to mismatch errors are nucleotide tandem repeats (e.g. microsatellites). If
the polymerase undergoes a replicative mistake, it leads to the creation of base-base
mismatches and indel loops, which, if not repaired properly, result in mutations in a newly
synthesized DNA strand. Furthermore, some tumor suppressor genes and proto-oncogenes
contain repetitive nucleotide motifs [93]. It is crucial for a cell to prevent mutations onset in

these genes, that may ultimately result in the loss of their function. Thus, the MMR pathway
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guards the genome against an accumulation of replication failures in regions with high
homology and low complexity.

MMR pathway is initiated by the recognition of mispaired bases by MutS Homolog
2 (MSH2) and MutS Homolog 6 (MSH6) enzymes, followed by the recruitment of Muzl
Homolog 1 (MLH1) and Postmeiotic Segregation Increased 1 Homolog 2 (PMS2) enzymes.
Consequently, Proliferating Cell Nuclear Antigen (PCNA) clamp activates MLH1 and
PMS2 which in turn incise the daughter DNA strand. Replication error is removed by
nuclease activity of Exonuclease 1 (EXO1) or by strand-displacement synthesis. Finally, the

gap is filled and the nick is sealed by the DNA ligase [94].

DSBs repair pathways: The vast majority of DSBs in eukaryotic cells is repaired by NHEJ

and HR with only a minor contribution of alternative DSB repair pathway (such as
Alternative end-joining (A-EJ) and Single-strand annealing (SSA)) [95]. Both A-EJ and SSA
are still not well understood but they are considered as highly error-prone and mutagenic
[96]. The most important dissimilarity between HR and NHEJ is a requirement of template
DNA for the removal of the damage [97, 98]. HR utilizes sister, undamaged, chromatid for
more precise correction of DSBs and it is used solely during the late S or G2 phase of the
cell cycle following DNA replication. On the contrary, NHEJ works during the whole cell
cycle without a commitment of replicated sister chromatid. Thus, NHEJ may lead to

nucleotide indels and is commonly considered as an error-prone DNA repair pathway [99].

NHEJ pathway: NHE] is initiated by sensing of broken DNA ends by Ku heterodimer,

which protects DNA ends from exonucleolytic degradation. Ku subsequently forms a
complex with DNA-PKcs, which in turn phosphorylates nuclease Artemis. Activated
Artemis is then capable of cutting damaged nucleotides in DSBs sites [100]. In the case of
blunt DSBs, commonly created from SSBs during the replication of DNA, broken ends are
simply ligated without the necessity of nuclease Artemis [101]. On the contrary, up to 20
damaged nucleotides are removed while the DNA ends are jagged, resulting in very small
single-stranded DNA (ssDNA) overhangs. This process is strictly controlled because more
deleted nucleotides constitute a substrate for HR [101]. Inappropriate activation of the HR
pathway in the absence of template DNA would lead to a great loss of genetic information.
The DNA end-resection is controlled via competition between BRCA1 and p53-Binding
Protein 1 (53BP1) [102]. After the removal of damaged bases, generated small overhangs
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are filled with new nucleotides by DNA Pol p and/ or Pol A [103, 104]. Finally, DNA nicks
are sealed by DNA ligase IV along with X-ray Repair Cross Complementing 4 (XRCC4)

and Cernunnos [99].

HR pathway: Following DSB induction during the late S or G2 phase of the cell cycle, MRN
heterotrimer complex, consisting of Meiotic Recombination 11 (MRE11), RAD50 and
NBS1 enzymes, recognizes the damage [105]. NBS1 then associates with Ataxia-
Telangiectasia Mutated (ATM) kinase, which is a master regulator of the whole HR. Dozens
of substrates are phosphorylated by ATM, including Checkpoint Kinase 2 (CHK2) and P53
which consequently induce cell cycle arrest. Moreover, ATM kinase phosphorylates a
histone variant 2AX [106]. Created y-H2AX domains spread for distances up to a megabase,
highlight a DSB site and allow recruitment of variety DSBs repair enzymes. Meanwhile,
MREI1I nuclease in cooperation with CTBP-interacting protein (CTIP) and BRCAI1
enzymes initiate large resection of broken DNA ends into ssDNA overhangs [105].
Generated overhangs are immediately covered by Replication Protein A (RPA) which
stabilize the whole structure [107]. Enzyme RPA is in turn replaced by DNA recombinase
RADS1 [108] via X-Ray Repair Cross Complementing 2 (XRCC2). The whole RAD51
nucleofilament is stabilized by X-Ray Repair Cross Complementing 3 (XRCC3) [109].
RADSI is involved in the search for homologous DNA sequence in sister chromatid.
Therefore, RADS1, along with other members of the RADS2 epistasis group (e.g. RAD54),
facilitates strand invasion, formation and stabilisation of a so-called “D-loop structures”
between a resected site of DSB and undamaged sister chromatid [110]. Thereafter, DNA
polymerases fill ssDNA overhangs with new nucleotides according to the template sequence
on a sister chromatid. After the DNA synthesis, junctions between chromatids are dissolved

by BLM helicase and topoisomerase.

1.2.4. Telomere length and structural CAs

Enzymes involved in DDR are also linked to telomeres. Paradoxically, telomere
biology studies have revealed a considerable part of DDR knowledge. Following chapter of
the Thesis highlights the importance of telomere shortening in the formation of CAs
(Manuscript IV) and it also describes current knowledge about complex interactions between

DDR and telomeres (Manuscript V).
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Telomeres are nucleoprotein structures assembled at the end of each linear eukaryotic
chromosome and encompass a plethora of functions for a cell. Under physiological
circumstances, telomeres help to control proliferative capacity, maintain genomic integrity
and protect the ends of chromosomes against exonucleolytic deterioration [111, 112]. Proper
telomere function relies on its structure formed by non-coding tandem repetitive DNA
sequences (5'-TTAGGG-3'n; in vertebrates) and associated multimeric proteins of shelterin
complex. The very ends of telomeres are terminated by approximately 200bp long 3" ssDNA
G-rich sequence [113]. Such overhang twists around double-stranded telomeric DNA and
creates a protective lasso-like structure called telomeric “T-loop” and a smaller “D-loop”
[114]. Both structures prevent recognition of DNA ends by DDR mechanisms [115] (Figure
4).
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Figure 4: Simplified structure of telomeres. Edited from [116].

In humans, the length of telomeric DNA repeats is approximately 15 kilobase pairs
at birth and telomere length is similar between different tissues within a newborn [117].
However, telomere length varies in cells of an adult and it also differs between homologous
chromosomes [118]. Telomeres are deemed to progressively shorten through the
individual’s life of about 100 nucleotides with each cell mitosis. Thereby, telomeres set the
limit of cell divisions and are considered a “mitotic cell clock” mechanism [119]. Telomeric
sequences undergo gradual shortening due to the unfinished DNA replication on the lagging
strand [119], so-called “end-replication problem” This phenomenon is caused by the
removal of the terminal RNA primer on the DNA lagging strand with each DNA replication
[120].

It was shown that exactly 77 nucleotides represent a minimum length for functional

telomeres. Below that certain threshold, telomeres cannot provide their end-protective
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function anymore [121]. Uncapped chromosome ends resemble DSBs, which lead to the
initiation of DDR and activation of cell cycle arrest and senescence state. Even though
senescent cells do not proliferate any more, they may exhibit senescence-associated
secretory phenotype. It leads to increased secretion of proinflammatory factors which may
have an inauspicious impact on telomere length of surrounding tissues and paradoxically
further contribute to telomere shortening [122]. Moreover, the senescence state may be
bypassed in premalignant cells where the functional cell cycle checkpoint is absent. Those
cells can continue in proliferation, which ultimately leads to the fusion of unprotected ends
of chromosomes [115]. Erroneously joined chromosomes may induce the formation of
anaphase bridges during cell division and initiation of DNA breakage-fusion-bridges cycles
which eventually result in CIN phenotype [115].

Therefore, telomeres are a double-edged sword when it comes to cancer. On one
hand, they exert a potent tumor-suppressor mechanism limiting the cell ability of
uncontrolled growth. On the other hand, shortening of telomeres can lead to the telomere
crisis and a formation of CAs [4, 123, 124]. In Manuscript IV we investigated telomere
shortening in PBL of healthy subjects and cancer patients in association with frequency of
CAs. Furthermore, we performed preliminary estimations of patients’ survival in relation to

CAs and telomere length.

1.2.4.1. Complex interactions between DDR and telomeres

Telomeric regions are highly susceptible to DNA damage either due to guanine-rich
conformation or shelterin complex that inhibits DDR [125]. A relationship, if any, between
SNPs in genes encoding shelterin subunits and telomere length was studied in Manuscript
VI

Shelterin comprises six-member protein complex (7elomeric Repeat-Binding
Factor 1 (TRF1), Telomeric Repeat-Binding Factor 2 (TRF2), Protection of Telomeres
Protein 1 (POT1), TRFI- and TRF2-Interacting Nuclear Protein 2 (TIN2),
Repressor/Activator Protein 1 (RAP1), and Telomere Protection Protein I (TPP1) [124,
126]. TRF1 and TRF2, core subunits of a shelterin complex, interact directly with double-
stranded telomeric DNA repeats, where they inhibit DDR and help to form a T-loop structure
[112, 127, 128] along with RAP1 [129]. Cells with longer telomeres display a higher amount

of telomere-bound TRF1 and TRF2, which may serve as an approximate indicator of
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telomere length [130]. Long telomeres recruit a large number of TRF1 molecules which in
turn regulate addition of other telomeric repeats by inhibition of telomerase activity [131].
Hand in hand with a negative feedback mechanism, deletion of TRF1 leads to increased
telomere fragility and consequent senescence or programmed cell death [132, 133]. TIN2
also serve as a negative regulator of telomere length further underlying the entire complexity
of shelterin [134]. TIN2 stabilizes the whole shelterin complex through connecting TRF1
and TRF2 [135]. Furthermore, TIN?2 interacts with TPP1, which in turn mediates the binding
of POTT at telomere sites [112, 136]. TPP1, along with POT1, is important for recruitment
of telomerase to ssDNA overhang [137] and regulation of telomerase activity. POT1 is also

essential for the end protection against DSBs repair mechanism [138].

Telomerase holoenzyme
L

Shelterin complex

Telomere
elongation

Figure 5: Interactions of shelterin subunits and telomerase holoenzyme. Adapted from

[139].

Shelterin subunits recruit DDR proteins to control telomere homeostasis in terms of
maintaining physiological telomere length but conversely also inhibiting improper activation
of DDR at the end of chromosomes. It has been proposed that proteins important for proper
DSBs DDR may control telomere length via MRN-ATM-TRF1 pathway. If TRF1 is
posttranslationally modified by ATM kinase, its association with telomeres is reduced,
which increases telomere fragility [140]. Shelterin complex has been also shown to inhibit
NBS1/XRCC3-mediated excision of T-loop structure, which may lead to telomere

deprotection and its excessive shortening [141]. Induced mutations in Ku subunits result in
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massive telomere loss as well [142]. It is also known that patients with BRCA/ mutations
have longer telomeres [143].

The connection between impaired DSBs repair pathway and disrupted telomere
length has been shown in patients with mutated ATM kinase. Those individuals, suffering
from Ataxia-telangiectasia disorder, are hypersensitive to ionizing radiation, have a high
amount of DSBs and furthermore, their fibroblasts display accelerated telomere shortening
in comparison to fibroblasts derived from normal healthy individuals [144]. A connection
between DSBs repair and telomere length maintenance pathways is also documented on
Werner syndrome, which is caused by mutations in a gene encoding WRN helicase. Werner
syndrome is marked by disrupted telomere length, high amount of CAs in fibroblasts and a
high incidence of cancer [145]. WRN is important for resection of DSBs during HR [146]
and it also interacts with DNA glycosylases during BER [147].

Regarding excision pathways in telomere biology [148, 149], it has been shown that
accumulation of unrepaired 8-0xoG at G-rich telomere strand may lead to frequent point
mutations, erroneous binding of shelterin proteins and finally a loss of function of telomeres
[150-152]. Thus, erroneous BER pathway may not only influence the number of nucleotide
mutations in the genome but it may also accelerate the formation of CAs via disruption of
telomere length [151, 153].

It is also possible that compromised MMR pathway could diminish telomeric repeats
due to the repetitive nucleotide structure of telomeres [154]. About 10-15% of sporadic CRC
show MSI phenotype and, in general, MSI is caused by defects in several genes involved in
MMR [155, 156]. A tumor is MSI when several loci encompassing short tandem repeats
show more than two different numbers of repeat motif as would be regular in bi-allelic status
[157]. CRC patients with MSI status usually evince better prognosis. It was described that
those patients have up to 15% higher survival rate in comparison to microsatellite stable
tumors [158, 159]. Favorable prognosis in these patients may be modulated by telomere
length [160].

The above examples highlight the importance of DDR in telomere biology and
genomic stability and we suggest that this area deserves more attention in the future. In
Manuscript V we investigated a link between DSBs DRC and telomere length in PBL
obtained from cancer patients and healthy individuals. The association between disrupted
MMR in CRC patients and telomere length in tumor tissue was further investigated in

Manuscript VI.
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1.3. Telomere length in tumor cells

All cancer cells, without exception, have to activate telomere length maintenance
mechanism to achieve replicative immortality [161]. Telomere sequence attrition can be
restored by the activity of ribonucleoprotein enzyme telomerase, or by alternative telomere
lengthening (ALT) mechanism. Each of these two has a different clinical impact on a cancer
patient [162]. Reactivation of telomerase is a predominant telomere maintenance
mechanism, observed approximately in 85-90 % of human malignancies [163]. Remaining
10-15 % of tumors utilize ALT for telomere length preservation [164-166], however, the

frequency depends on the origin of tumor tissue [167].

ALT: ALT can be characterized as a de novo synthesis of telomeric sequences without the
commitment of telomerase. ALT is highly prevalent in tumors of the central nervous system
and in certain types of sarcomas. On the contrary, ALT mechanism has been reported in only
a minority of CRC and BC patients [167]. Although little is known about ALT-mediated
telomere elongation, this mechanism displays certain similarities with repair of DSBs via
HR [168]. It has been proposed that ALT-positive cells can utilize the telomeric sequence
from sister chromatid or also another DNA region within the same telomeric sequence as a
copy template for a telomere length maintenance or elongation. The G-rich overhang of
telomere basically enables “looping out®, invasion of sister chromatid or the same telomere,
creation of a Holliday junction and replication of the DNA template which finally leads to
telomere elongation [169]. ALT-positive tumor cells display more than double the telomere
length compared to the healthy somatic cells. On the contrary, telomerase-positive cells have
much shorter telomeres [169]. Recently, two ALT subpathways have been described. Both
of them may be a potential target for the treatment of tumors lacking telomerase activity

[170].

Telomerase: RNA-dependent DNA polymerase activity of the telomerase enzyme is utilized
to overcome the gradual telomere attrition [171]. The main parts of telomerase holoenzyme
are Telomerase Reverse Transcriptase (TERT; [172]) and catalytic protein subunit
Telomerase RNA Component (TERC; [173]). Another main part of telomerase represents
Dyskerin enzyme, which stabilizes and protects TERC [174]. A core RNA sequence of
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TERC is complementary to the telomeric TTAGGG repetitions and serves as a template for
synthesis of telomeric repeats [171].

Even though telomerase is broadly expressed in the germline during embryogenesis,
TERT gene is embedded in a condensed chromatin domain and tightly repressed in later
development [175]. Healthy human somatic cells, with a few rare exceptions, display
undetectable or very low 7ERT expression [175]. Generally, only stem and cancer cells can

deal with telomere shortening in adult humans through the expression of telomerase [176].
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Figure 6: Relationship between telomere length and number of cell divisions.
A) Replication senescence, B) Telomere crisis with subsequent apoptosis or malignant
transformation, C) Cell transformation by human 7ER7 gene. Adapted from [177]

Discovery of mutations within 7ERT gene promoter region in familial and sporadic
melanoma cancer patients revealed a mechanism of telomerase reactivation. Horn ef al.,
described up to two-fold increase in transcription of 7ERT gene caused by binding of
transcription factors from E-twenty-six (ETS) family in mutations-created binding motives
in TERT promoter region. Some members of the ETS family are downstream targets of
proteins from the MAPK pathway (e.g. V-Raf Murine Sarcoma Viral Oncogene Homolog
B1 (BRAF)), frequently mutated in melanoma cancer cells [178]. Those 7ERT promoter
mutations, restricted to human cancer cells, have been also described in many other
malignancies (summarized by [179]). Furthermore, the expression of 7FRT gene has been

shown to be regulated by various hormones (e.g. estrogen) [180], which directly bind into a

28



promoter of TERT gene. Overexpression of 7ERT in solid tumors has been described in
association with tumor progression, ability to metastasize and unfavorable prognosis of
cancer patients [181].

As noted above, telomere length is a dynamic end-result of each eukaryotic
chromosome regulated by complex telomerase-dependent or independent molecular
pathways [182]. Currently, it is possible to detect telomere length of each chromosome by
the Universal Single Telomere Length Analysis (U-STELA) or Telomere Shortest Length
Assay (TeSLA) [183, 184]. Telomere Restriction Fragment and Multiplex Monochrome
Real-Time PCR (MMQPCR) are used to investigate an average telomere length [185].

Some studies documented that, despite the acquired telomerase activity, telomere
length in tumors of CRC patients is, in general, much shorter compared to adjacent non-
cancerous mucosa [186-188] and only about 25 % of tumors show telomere elongation
[186]. ALT mechanism is not commonly utilized by CRC cells [167], therefore the
phenomenon of telomere lengthening in CRC requires further investigation. Some authors
also showed more pronounced telomere shortening in tumor tissue compared to
precancerous lesions [46] and the shortest telomeres in the early stage of tumor development
according to TNM classification [186]. These results indicate that critical shortening of
telomeres 1is considered as an early event of malignant transformation [189].

Molecular features of CRC patients, including Ki-ras2 Kirsten Rat Sarcoma Viral
Oncogene Homolog (KRAS), BRAF, and Tumor Protein p53 (I'P53) mutations were also
investigated in association with telomere length. KRAS mutations increase telomerase
activity [190]. However, the results are contradictory. A negative effect of KRAS mutations
on telomere length was observed by Balc'h ef a/ [186]. In the other studies, the influence of
KRAS and BRAF mutations did not have an effect on telomere length in tumor tissue of CRC
patients [46, 186].

Currently, our knowledge regarding the telomere biology in tumor tissue is limited.
The above examples implicate the necessity to investigate possible factors affecting telomere
length in tumor tissue to improve a molecular diagnosis. An effect of clinicopathological
features of CRC patients on relative telomere length (RTL) was investigated in Manuscript

V1.
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2. Aims

The aim of this Thesis was to address the following points:

Do functionally relevant gene variants in major mitotic checkpoint and DNA repair

genes modulate the frequency of structural CAs in PBL of healthy subjects?

Does the application of GWAS disclose novel gene variants in relation to structural

CAs?

Is the frequency of structural CAs associated with telomere length in PBL of healthy

subjects and cancer patients?

Do the frequency of structural CAs and telomere length in PBL predict cancer risk

and patients’ long-term overall survival (OS)?

Do cancer patients evince decreased DSBs DRC in PBL? Is telomere length in PBL
connected to the DSBs DRC?

Is telomere length in tumor tissue, adjacent mucosa, metastases and blood affected

by clinicopathological features among CRC patients?

Is telomere length in tumor tissue associated with patients” OS?
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3. Material and Methods

3.1. Study populations

Manuscript I: The number of genotyped participants from the Czech and Slovak Republics,
who have been included also in Manuscript II, ranged from 330 to 729. All subjects were

sampled for peripheral blood.

Manuscript II: This study included 2196 healthy individuals from the Czech and Slovak
Republics. The whole group consisted of participants with defined occupational exposure to
DNA damaging agents (e.g. small organic compounds, anaesthetics, mineral fibres) and also

unexposed healthy individuals. All individuals were sampled for peripheral blood.

Manuscript III: GWAS has been conducted on 576 healthy individuals followed by
genotyping of two replication sample sets, which involved 482 and 1288 participants. All
individuals were recruited in Slovak and Czech Republics. About 57 % and 23 % of
participants, involved in GWAS and second replication set, respectively, were individuals
with professional exposure to some form of genotoxic agents. About 46 % of the participants
in the first replication set were newly diagnosed primary cancer patients (BC, CRC or lung

cancer). For detailed characterization of the study population see Manuscript 111, Table 1.

Manuscript I'V: The study population consisted of three groups of incident cancer patients
(151 BC, 96 CRC, and 90 lung cancer) and the group of 335 healthy control individuals in
order to match cases by age and gender. The patients and controls were recruited in the

Czech Republic.

Manuscript V: This study involved 91 newly diagnosed cancer patients (47 BC and 44 CRC
patients) and 90 matched healthy individuals. All individuals were recruited in the Czech

Republic and were sampled for peripheral blood.

Manuscript VI: Two different groups of CRC patients were included in this study. Paired
samples of tumor tissue and adjacent non-malignant mucosa were collected from 661
patients during the surgical resection. An additional sample of peripheral blood was
available from 164 of these CRC patients and the sampling was carried out prior to the
surgery. Moreover, primary tumor, adjacent mucosa, liver metastatic tissue and paired

adjacent liver tissue were available from 12 patients of this group. The second group of 122
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CRC patients, with the metastatic and adjacent liver tissues and without primary tumors, was

included in the study.

Manuscript VII: This summary review article was based on the results observed in
Manuscript I, Il and V. Further studies, investigating the relationship between CAs and
variants in genes encoding xenobiotic-metabolising enzymes, TP53 gene and Cyclin D1,

were included in the review article.

3.2. Cytogenetic analysis

A standard cytogenetic procedure was utilized for evaluation of structural CAs
frequency in PBL [31] (Manuscript /-/V). PBL cultivation was carried out in complete
medium for 48 hours until the first metaphase of mitosis when the cell division was stopped
using colchicine. Then, cytogenetic slides were prepared from PBL of each individual and

CAs frequency per 100 metaphases was analysed by two independent scorers.

3.3. Mutagen sensitivity assay

The whole method was performed according to the previously described protocol
[191]. Briefly, two whole-blood samples from each subject, phytohaemagglutinin-
stimulated in complete medium, were cultivated for 72 hours. Five hours before harvesting,
during the late S and G2 phase of the cell cycle, mutagen (radiomimetic drug bleomycin)
was added in one of the two cultures. The second one served as a reference for detection of
baseline CAs level. Two hours prior harvesting, PBL were arrested in the second metaphase
of mitosis by colchicine. After the cytogenetic procedure, at least 100 cells per subject were
analyzed microscopically for mutagen-induced CTAs level by two independent scorers.
Chemiluminescent measurement of y-H2AX level was used for the assessment of initial
DNA damage after the bleomycin treatment.

This approach was used for measurement of mutagen sensitivity in PBL of incident

CRC, BC patients and healthy subjects (Manuscript V) as an indirect measure of DSBs DRC.

3.4. Relative telomere length measurement

In our projects, we used MMQPCR assay for RTL assessment in tumor tissue,

adjacent non-malignant mucosa, liver metastases, liver tissue (Manuscript VI) and blood
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(Manuscript IV, V and VI) of incident cancer patients and healthy subjects. The whole assay
was carried out according to the original methodology described previously [185], with
important modifications [192]. Multiplexing of the method allowed us to use a single
fluorescent dye, SYTO 9, during a real-time quantitative polymerase chain reaction (PCR)
for a collection of a signal from two target sequences differing greatly in copy number
(telomere and albumin amplicon in our case). All reactions were carried out in triplicates in
MicroAmp Optical 384-Well Reaction Plate. MMQPCR experiments were performed on
Viia 7 Real-time PCR System (Applied Biosystems) using two simultaneous programs to
acquire the respective cycle threshold values for telomere sequences and also for the albumin
gene. The cycle threshold values for albumin amplicon were collected above the melting
temperature of the telomere product [185]. The standard curve, created by pooling DNA
from 30 individuals with different age, was used to quantify the telomere and albumin

product.

3.5. MSI status measurement

For assessment of MSI status of CRC patients studied in Manuscript VI, multiple
primary microsatellite loci (BAT-25, BAT-26, NR-21, NR-24, NR-27) were analysed
simultaneously by MMQPCR with pseudomonomorphic mononucleotide markers using
primers labeled with FAM, HEX or NED. Analysis of PCR products was accomplished on
5 % denaturing gel electrophoresis as described previously by [193]. Tumor DNA samples
were compared to each other, and samples showing instability at three or more investigated

loci were scored as MSI.

3.6. Genotyping analysis

TagMan allelic discrimination assay (Applied Biosystems, Foster City, California)

was utilized for the detection of SNPs in target genes.

The variants were investigated in genes involved in mitotic spindle (Manuscrip I):

BUBI 151801376 (A>G SNP; a coding Arg/Glu variant), BUB3 rs3808960 (G>T SNP;
a promoter polymorphism), MAD2LI rs903147 (A>C SNP; a promoter polymorphism),
CENPF 15438034 (G>A SNP: a coding Arg/Gly variant), ESPLI rs6580941 (C>T SNP;
a promoter polymorphism), NEK2 rs701928 (T>A SNP; a promoter polymorphism),
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PTTG1 151862392 (T>A SNP; a promoter polymorphism), for ZWILCH rs3087660 (A>G
SNP; a 5'UTR polymorphism) and ZWINT rs2241666 (G>A SNP; a coding Arg/Gly

variant). All promoter SNPs were predicted to occupy transcription factor binding sites.

Following SNPs sites were investigated in genes involved in DNA repair pathways
(Manuscript II): NER pathway: XPD rs13181 (T>G SNP; Lys751GIn), XPG rs17655 (C>G
SNP; Asp1104His), XPC rs2228001 (A>C SNP; Lys939GlIn), XPA rs1800975 (G>A SNP;
a 5S'UTR polymorphism), BER pathway: XRCCI rs1799782 (C>T SNP; Argl94Trp),
1s25489 (G>A SNP; Arg280His) and 1525487 (G>A SNP; Arg399GlIn), OGGI rs1052133
(C>G SNP; Ser326Cys), APEI rs1130409 (G>T SNP; Asn148Glu), DSBs pathway: XRCC2
rs3218536 (G>A SNP; Argl88His), RADS5S4L rs1048771 (C>T SNP; Ala730Ala) and
XRCC3 rs861539 (C>T SNP; Thr241Met), NBS1 rs1805794 (C>G SNP; Glu185GlIn).

Following SNPs sites were investigated in genes coding for shelterin complex and
telomerase (Manuscript VI): RTEL1 rs2297440 (T>C SNP; intron variant), rs2738780 (T>C
SNP; intron variant), rs7261546 (C>G/C>T SNP; intron variant), 1s755017 (A>C/A>G
SNP; synonymous variant), FENI rs174538 (G>A SNP; a 5'UTR polymorphism), POT1
rs7784168 (T>C SNP, intron variant), rs10250202 (A>C SNP, intron variant) TERFI
rs2306494 (G>A SNP, intron variant), rs3863242 (C>T SNP, intron variant), TRF2
1251796 (A>G SNP, intron variant), rs3785074, TERT 1s10936599 (C>T SNP,
synonymous variant), 1s2736118 (T>C SNP, intron variant), 152736098 (C>T SNP,
synonymous variant), rs2736100 (C>A SNP, intron variant), rs2242652 (G>A SNP, intron
variant), rs2736108 (C>T SNP, intergenic variant), rs7705526 (C>A/C>T SNP, intron
variant), rs10069690 (C>T SNP, intron variant), rs2736109 (C>T SNP, intergenic variant),
rs2853691 (T>C SNP, synonymous variant), rs2853677 (G>A SNP, intron variant),
152853676 (T>A/T>C SNP, intron variant), rs33954691 (G>A SNP, synonymous variant),
rs3816659 (A>G SNP, intergenic variant), rs4246742 (T>A SNP, intron variant) and TERC
rs3772190 (G>A SNP, non coding transcript variant), rs12696304 (C>G SNP, regulatory

region variant).
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4. Results and Discussion

The subject of the Thesis was to unveil the influence of relevant gene variants in
major mitotic checkpoint and DNA repair genes on the frequency of structural CAs in PBL
of healthy subjects. We also intended to identify novel gene variants in relation to structural
CAs. Furthermore, we studied DSBs DRC in PBL of cancer patients, factors affecting
telomere length and investigated a link between shortened telomeres and the survival of

cancer patients.

Manuscript I: In our study “Genetic variation in the major mitotic checkpoint
genes associated with chromosomal aberrations in healthy humans”, we focused on 9
selected SNPs in mitotic checkpoint genes (BUBI, BUB3, MAD2L1, ESPLI, PITGI,
CENPF, NEK2, ZWILCH, and ZWINT) in association with the frequency of acquired
non-specific structural CAs in PBL of 729 healthy subjects. In addition, we also tested binary
gene-gene combinations because mitotic checkpoint represents a highly organized orchestra
of complex interactions.

Results for individual SNPs revealed only a minor effect on a level of CAs, which is
probably due to high conservation of the whole mitotic checkpoint mechanism. Only rare
homozygous variant genotypes in ZWINT (rs2241666) and BUBI (rs1801376) were
associated with the increased frequency of CSAs (P=0.03) and CTAs (P=0.03) in a group of
controls (i.e. individuals with a frequency of CAs <2 %), respectively. However, analysis of
gene pairs showed 21 significant association with an increased level of CTAs, CSAs and
total CAs (CAtot). The most significant genetic models for each interaction are shown in a
full version of attached Manuscript I (see Table 2). PTTG1, ZWINT, ZWILCH, and MAD2L1
genes were the most frequently involved in any of two binary gene-gene interactions.
Remarkably, PTTGI-ZWILCH & PTTGI-ZWINT gene interactions were significant for
multiple types of CAs, including CSAs (P=0.01 & P=0.02), CTAs (P=0.006 & P=0.003) and
CAtot (CAtot; P=0.01 & P=0.03), respectively. The role of PTTG1 and ZWILCH/ZWINT
enzymes is very different during the mitotic checkpoint. PTTG1 is an oncogene and it
functions at the level of Cohesin [194]. On the other hand, ZWILCH/ZWINT are important
for activation of the mitotic checkpoint at kinetochore [63]. In a previous study, it was shown
that induced single point mutation in PT7TGI is sufficient to trigger the formation of CAs
[195]. In addition, SNPs in PTTG 1 were documented to be associated with BC risk in a case-
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control study conducted in 1492 healthy participants and 698 primary BC patients [196],
which further highlights the relevance of PTTG1 in malignant transformation.

Presumably, low-risk alleles individually may not add up to the frequency of CAs,
however, binary gene-gene interactions at different mitotic checkpoint function may
multiply the effect and result in apparent malfunctions of the whole mitotic checkpoint

clockwork.

Manuscript II: The manuscript entitled: “Interactions of DNA repair gene variants
modulate chromosomal aberrations in healthy subjects” focused on SNPs in genes
involved in DDR and their influence on the frequency of non-specific structural CAs in PBL
obtained from 2196 healthy individuals. Functionally relevant SNPs in 11 genes involved in
BER (XRCCI, OGGI, APEXI), NER (XPA, XPD, XPG, XPC) and DSBs (XRCC2, XRCC3,
NBN, RAD54L) repair pathways were genotyped.

In this study, analysis of individual SNPs showed a link between XPD Lys751GIn
homozygous variant and lower CTAs frequency (P=0.004). This result verified the previous
findings of our group [34]. Moreover, we found a significant influence of RAD54L Ala730=
heterozygous variant genotype on increased CSAs frequency (P=0.03), which is especially
interesting considering the fact that synonymous substitution of the amino acid may have a
potential impact on protein function [197]. RAD54 stabilizes RADS51 recombinase during
DSBs repair [110] and recent evidence indicates that RADS54 deficiency is associated with
CAs [198]. In general, individual gene variants modulated CAs frequency only modestly.
The similar trend was described in Manuscript I and also in the study conducted in our
collaborating laboratory (German Cancer Research Center, Heidelberg), which investigated
SNPs in metabolic genes in association with CAs level [21]. However, the most important
results from our study emerged from assessing pair-wise genotype interactions of studied
genes. We discovered 14 gene-gene interactions significantly modulating CA frequencies,
12 modulating CSA and 9 modulating CTA frequencies. The strongest interactions,
summarized in Manuscript Il (see Table 4), always included gene pairs from two different
DNA repair pathways. The results illustrating the most important gene-gene interactions
with the influence on different types of CAs were published in our review article (see Figure
3 in Manuscript VII) and the role of individual enzymes coded by those genes is shown
in Figure 7.

Based on our results, we suggest that individual SNPs in genes coding for DNA

repair proteins may have an only modest influence on the frequency of CAs in PBL. More
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importantly, we have provided evidence that accumulation of CAs requires complex

interplay between different DNA repair (and most likely another cellular) mechanisms.
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Figure 7: Complex pair-wise genotype interactions of studied genes (Manuscript 11)

Manuscript III: The aim of the manuscript entitled: “Genetic variation associated with
chromosomal aberration frequency: A genome-wide association study” was to identify
novel inherited genetic variants predisposing individuals to higher frequency of CAs in PBL.
The whole study design was based on our previous findings that showed a relationship
between a frequency of CAs in PBL and SNPs in mitotic checkpoint, DNA repair
(Manuscript 1, IT) and metabolic genes (summarized in Manuscript VII).

Regarding the characteristics of our studied populations, we confirmed a strong

association between increased frequency of CAs and occupational exposure to genotoxic
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agents [21, 199, 200]. We also confirmed the relationship between the increased frequency
of CAs and cancer disease, which is in consistency with [29].

As a result of the GWAS analysis, 11 SNPs were selected for replication. The
validation cohort supported the association of rs1383997, rs2824215, and rs983889 for
increased frequency of CAs. The potential function of all those highly linked SNPs was
characterized using in silico analysis. Rs1383997 is located in the locus that encodes Narural
Antisense Transcript (NAT) with antisense complementary to 7ransient Receptor Potential
Cation Channel Subfamily A Member 1 (IRPAI) and other genes [201]. Previously, up to
28-fold up-regulation of 7RPA!/ mRNA was found in kidney cancer [202]. Transient
Receptor Potential (TRP) channels have been shown to be important for Ca** ions signaling.
Dysregulation of those channels may cause changes in intracellular calcium homeostasis,
consequent disruption of cellular processes, which can also promote pathophysiological
cancer hallmarks [203]. Rs2824215, the second SNP from our analysis that reached a
suggestive level of significance between GWAS and replication set, is located at 21q21.1
loci in long intergenic non-coding RNA. Deletion of this loci has been previously shown in
association with chromosomal rearrangements [204]. Rs983889, the last discovered gene
variant in our study, modulated frequency of CTAs. Based on our analysis, we found that it
represents intronic SNP in a gene encoding the F-box and Leucine-Rich Repeat Protein 7
(FBXL7). Interestingly, Aurora A kinase, an oncogene with indispensable function during
mitosis, regulates FBXL7 [205]. Importance of FBXL7 during mitosis may explain its
connection to CTAs because this type of CA arises during late S or G2 phase of the cell
cycle [23].

Overall, we identified several new loci, with genes important in mitosis and

intracellular signaling, in association to elevated CAs frequency.

Manuscript IV: In the study “Chromosomal damage and telomere length in peripheral
blood lymphocytes: cancer risk and patients’ long-term survival’, in preparation, we
investigated a prognostic value of telomere length and different types of structural
chromosomal damage (CSAs, CTAs, aberrant cells with CAs (ACs) and CAtot) measured
in PBL of newly diagnosed CRC, BC, and lung cancer patients. The present Manuscript
represents a continuation of the previous study conducted in our laboratory where an
increased level of all types of CAs in PBL of BC and lung cancer patients in comparison
with healthy individuals was observed [29]. The risk of BC and lung cancer was associated

with all investigated types of CAs (summarized in Manuscript 1V, Table II), which further
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confirmed the other results from several prospective studies (summarized by [206]). In the
present Manuscript, chromosomal damage and telomere length measured in PBL of those
patients were analysed to determine their prognostic utility. Furthermore, we evaluated for
the first time the relationship between the frequency of non-specific structural CAs and
telomere length in PBL of both, cancer patients and healthy subjects.

Regarding the prognostic value of CAs or telomere length, we did not find any
association between OS or recurrence-free survival (RFS) by using univariate survival
analysis. However, when we further explored the prognostic value of CAs together in
association with clinicopathological data by multivariate survival model, we found that BC
patients in TNM O+I+II+I1I stages and CRC patients in TNM III stage with an increased
level of CTAs in PBL evinced poor OS. There is currently no available literature to discuss
this association and we suggest that a larger cohort of patients is necessary to clarify the
prognostic value of CAs in PBL of cancer patients. With respect to telomere length, a meta-
analysis published by Xu et al., showed a correlation between short telomeres in PBL and
poor OS in patients with solid tumors [207]. Although we did not find such association in
our group of patients, we further investigated the prognostic utility of telomere length
measured in tumor tissue of CRC patients in Manuscript VI.

We also validated the negative correlation between the level of CAs and telomere
length in the group of healthy individuals (ACs; P=0.0004, CAtot; P=0.0003 and CSAs;
P=0.0002) [4]. This particular outcome may be explained by the fusion of excessively
shortened telomeres and consequent damage of chromosomes during mitosis [115].
However, a similar result was not observed in any group of cancer patients. This
phenomenon has not yet been described before and we can hypothesize that not only
shortening of telomeres but also other pathways may contribute to the formation of CAs in
PBL of cancer patients.

Furthermore, our group of BC patients displayed longer telomeres compared to
healthy women (P<0.0001) and individuals with longer telomeres had also increased risk of
the BC disease (P<0.0001). A possible explanation for longer telomeres in BC patients may
be due to the presence of estrogen, which increases telomerase activity [208].

Based on our results, increased level of CTAs in PBL may be a factor affecting OS
in BC and CRC patients. We discovered a negative correlation between a level of CAs and
telomere length in a group of healthy individuals. Longer telomeres in PBL may be

associated with an increased risk of BC.
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Manuscript V: The case-control study entitled: “Bleomycin-induced chromosomal
damage and shortening of telomeres in peripheral blood lymphocytes of incident cancer
patients” is based on other projects carried out in our laboratory, when excision DRC was
measured in PBL or tumor tissue/adjacent mucosa of sporadic CRC patients [71, 209, 210].
In our present study, we focused on the measurement of mutagen-induced CTAs as an
indirect phenotypic marker of DSBs DRC in PBL of CRC and BC patients and healthy
controls without the disease. Moreover, we measured telomere length in PBL of these
individuals to identify a potential relationship between telomere length and DSBs DRC.

We found statistically significant higher bleomycin-induced CTAs in PBL of CRC
patients (P=0.03), indicating higher sensitivity towards radiomimetic drug and lower DSBs
DRC in PBL. Our results are in agreement with the hypothesis of Hsu ez al., who suggested
that patients with cancer of tissues that are directly exposed to the environment
(aerodigestive tract) evince increased bleomycin sensitivity in PBL [191]. Our results are
also consistent with previous studies [211, 212]. Ankathil ef al., investigated the bleomycin-
sensitivity in familial and sporadic CRC patients and compared the frequency of induced
CTAs between the unaffected family members and healthy controls without the cancer
disease. Increased bleomycin-induced CTAs were observed in PBL of familial and sporadic
CRC patients compared to the unaffected relatives and healthy individuals, respectively.
This study demonstrated that bleomycin hypersensitivity may be related to CRC
predisposition [212]. Shao ef al., also documented that patients with distally located tumors
of colon showed higher bleomycin sensitivity in PBL compared to the right-sided
malignancies, which further support the hypothesis that environmental carcinogens play a
greater role in the etiology of left-sided colon tumors [211].

In our group of BC patients, the bleomycin sensitivity profile did not differ compared
to healthy individuals, which is consistent with previous results [191]. However, other
groups found the opposite result. In a case-control study conducted on 196 Chinese BC
patients and 211 healthy controls, a greater number of bleomycin-induced CTAs was found
in a group of BC cancer patients and the bleomycin sensitivity profile was modulated by
exposure to the tobacco smoke [213]. Another study, including 164 BC patients and 165
healthy controls found increased bleomycin sensitivity in association with a risk of the
disease [214].

Furthermore, we showed that patients with telomere length below the median,
irrespective of cancer type, had a significantly higher amount of bleomycin-induced CTAs

in PBL (P=0.02), which indicates a correlation between impaired DSBs and excessive
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telomere shortening. This finding is novel and of particular importance. Telomeres not only
inhibit erroneous induction of DDR, but they also utilize the function of many DSBs repair
factors for telomere processing, telomere replication and the establishment of telomere
protection [125, 215]. For illustration, Ku70 involved in NHEJ pathway stimulates fusion of
dysfunctional telomeres yet protects chromosome ends from HR [216]. It is also known that
53BP1 inhibits BRCA1-mediated resection of unprotected telomeres during replication,
which blocks initiation of HR and consequent disruption of telomere length [217].
Presumably, all principle DNA repair pathways are, to some extent, important for proper
telomere homeostasis (reviewed in [218]). For illustration, deficiency of enzymes involved
in BER pathway, APE1 and OGGl, leads to telomere length deregulation [219]. Studies on
NER pathway are surprisingly scarce [218]. In Manuscript VI we mapped the role of
impaired MMR pathway in CRC patients and its relationship to telomere length in tumor
tissue.

Overall, our results support the hypothesis, that disruption of telomere length is
indicative of DDR defects [220]. Still, the potentially important role of more than, currently
known, four hundred proteins involved in DDR along with their complex interactions with
enzymes important for telomere homeostasis remains unclear and we suggest this field

deserves more attention in the future research.

Manuscript VI: In the study “Relationship of telomere length in colorectal cancer patients
with cancer phenotype and patient prognosis”, in preparation, we measured telomere length
in tumor tissue, adjacent non-cancerous mucosa, peripheral blood, liver metastases and liver
non-malignant tissue obtained from 661 CRC patients. We attempted to unveil the influence
of clinicopathological characteristics of CRC patients on telomere length in distinct tissues.
We also hypothesized that telomere length in tumor tissue may serve as a potential
prognostic marker for patients OS.

Regarding the comparison of telomere length in distinct tissues of our group of
patients, we observed shorter telomeres in 74 % of tumors compared to non-cancerous
mucosa. This result has been previously reported [188, 221, 222] and may be explained by
the proliferating activity of the rapidly growing tumors. Shorter telomeres were also
identified in 83 % of liver metastases when compared to primary tumor tissues and 64 % of
liver metastases had shorter telomeres compared to non-cancerous liver tissues. The vast
majority of studied patients, who present with metastases, underwent chemotherapeutic

treatment. This may be the explanation for shorter telomeres in metastatic tissue.
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Interestingly, we found that increasing telomere length in tumor tissue correlated
with TNM staging, with the shortest telomeres in TNM stage I (P=0.001). A similar result
was obtained by Le Balc'h ef al., who also documented the most pronounced telomere
shortening in the early stage of tumor development, measured within 125 CRC patients
[186]. The TNM system is a robust prognostic marker and tumor telomere length could serve
as a possible additional factor for specification of patients’ OS. Some evidence for longer
telomeres as a poor prognostic factor for OS in CRC patients has been previously shown in
several studies with a total of 956 CRC patients (summarized by [223]). Greater proliferation
potential among tumor cells due to longer telomeres may be a reason for this result.
Furthermore, we demonstrated prolonged OS in individuals with shorter telomeres in tumor
tissue compared to the adjacent mucosa (P=0.02). Our results are in the agreement with a
study published by [224]. We suggest that for assessment of patients OS, it is important to
consider telomere length in both, tumor tissue and adjacent mucosa. Based on our results,
the telomere length ratio may serve as a prognostic marker for OS in CRC patients.

Our results also showed that the proximal site of tumor origin is associated with
shorter telomeres compared to the distal part of the colon (P=0.006) and rectum
(P<0.0001). This observation is in accordance with previous findings [188, 222, 225]. On
the contrary, other groups did not find telomere attrition in right-sided CRC tumors [186,
221]. A possible explanation for shorter telomeres in proximal colon may be the major site-
specific differences of mucosal microbiota content. It has been documented that microbiota
organization is a distinct feature of proximal CRC and that it enhances cellular proliferation
and local inflammation [226], which may ultimately result in pronounced telomere
shortening. Moreover, we found a relationship between MSI status and shorter telomeres in
our group of patients and it is well recognized that proximally located colon tumors have a
higher occurrence of MSI phenotype [227]. To our knowledge, there is only a limited
number of studies regarding this association [188, 225] and the results of other groups are
inconclusive [46, 186]. Telomeres may be considered as microsatellite sequences and
individuals with MSI phenotype may evince high frequency of unfixed deletions due to
disrupted MMR pathway. We also suggest that the accumulation of deletions within
telomeric sequences due to MMR deficiency may result in a decrease in concentration of
shelterin subunits and disrupted telomere length [130].

With respect to inherited gene variants encoding shelterin subunits and telomerase,
we observed a negative association between 7FRT rs3816659 homozygous variant and

telomere length in non-cancerous mucosa. This particular SNP has been previously
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described in relation to overall BC risk [228]. However, not all of the samples in our study
were genotyped, therefore our result should be interpreted cautiously. In another study,
TERT 152736100 homozygous variant was independently associated with longer telomere
length in non-cancerous mucosa of CRC patients [46]. Any of the investigated SNPs in
shelterin subunits did not affect telomere length.

Overall, our results demonstrate the effect of various clinicopathological features on
telomere length in distinct tissues of CRC patients. We suggest that measurement of telomere
length in the target tissue and adjacent non-cancerous mucosa obtained during surgical
resection from CRC patients may be utilized as a biomarker for specification of patients
prognosis. Still, current knowledge regarding telomere length in such tissues of CRC patients
is inconclusive and as telomerase inhibitors are being applied in clinical practice, there is an
urgent need to better understand telomere biology in the target tissue and to identify patients

that could profit from telomerase-targeted therapy.

Manuscript VII: In the review article entitled “Genetic variation of acquired structural
chromosomal aberrations” Vodicka et al., 2018, we summarized a series of recently
published studies investigating the contributors behind the formation of CAs. The whole
article is based on the findings published in Manuscript I, II, I1I and V. We concluded that
instead of the effect of individual SNPs, rather their interactions (epistasis) play
a significant role. An interesting finding (with still unresolved underlying molecular
mechanisms) was opposite associations between CCND 1 splice site r1s9344 Gly870Ala SNP
and CAs in healthy individuals on one side, and lower frequency of t(11,14) translocations
in myeloma cancer patients. Additional questions have to be addressed in relation to CIN
and malignancies, such as particular cancer phenotype and heterogeneity and the kinetics of

CIN formation in the course of malignant transformation.
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5. Conclusions

The following section of the present Thesis summarizes the main outcomes and answers all

questions postulated in the Aims. All of our objectives were fulfilled.

¢ Do functionally relevant gene variants in major mitotic checkpoint and DNA repair

genes modulate the frequency of structural CAs in PBL of healthy subjects?

We have observed a modest impact of single gene variants encoding for enzymes with
an important function in spindle assembly checkpoint and DDR on the frequency of
structural CAs in PBL of healthy individuals. Considering the individual types of CAs,
only SNPs in XPD Lys751GIn and RAD54L Ala730= had an impact on CTA and CSA
frequencies, respectively. However, binary gene-gene interactions in both, mitotic
checkpoint and DDR, affected the frequency of CAs. Regarding mitotic checkpoint,
interactions on the level of PT7G1 and kinetochore (including gene variants in ZWINT,
ZWILCH and MADZ2L1) modulated the frequency of all types of CAs. Furthermore, we
discovered several gene-gene pairs in DDR genes, always involved in two different
DNA repair pathways, in association with CAs. Based on our results and in light of
existing literature, we suggest that accumulation of CAs requires complex disruption of

different pathways.

e Does the application of GWAS disclose novel gene variants in relation to structural

CAs?
We identified several SNPs (rs1383997, rs2824215 and rs983889) with an effect on
increased CAs frequency in PBL. All of the SNPs are considered to be involved either in a

cell signaling, chromosome rearrangements or regulation of mitosis.

e Is the frequency of structural CAs associated with telomere length in PBL of healthy

subjects and cancer patients?

We confirmed a negative correlation between the frequency of CAs and telomere length in

healthy subjects. This result did not apply for cancer patients.
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e Do the frequency of structural CAs and telomere length in PBL predict cancer risk

and patients’ long-term OS?

We confirmed that increased frequency of CAs in PBL of healthy subjects may be
considered as a marker of BC and lung cancer risk. Furthermore, we discovered that women
with longer telomeres were at increased risk of BC development. When using multivariate
survival analysis, we found an association between increased frequency of CTAs and poor
OS in BC and CRC patients. Otherwise, patients” OS was not affected either by telomere
length or other types of CAs in PBL.

e Do cancer patients evince decreased DSBs DRC in PBL? Is telomere length in PBL
connected to the DSBs DRC?

We found decreased DSBs DRC in CRC patients. This result did not apply to BC patients.
Irrespective of cancer type, telomere shortening in PBL was associated with decreased DSBs

DRC.

e Is telomere length in tumor tissue, adjacent mucosa, metastases and blood affected

by clinicopathological features among CRC patients?

We found shorter RTL in 74 % of tumor tissues compared to non-cancerous mucosa.
Significantly shorter RTL was also identified in 83 % of liver metastases when compared to
primary tumor tissues. Furthermore, 64 % of liver metastases evinced shorter RTL compared
to non-cancerous liver tissues. On the other hand, shorter RTL in blood did not correlate
with corresponding tumor tissue. Regarding clinicopathological features of the CRC
patients, we found an association between shorter RTL in tumor tissue and MSI status,
proximal tumor site origin and mucinous tumor histology. Tumor RTL also gradually
increased with the ascending TNM tumor stage. We also found that 7FRT intron variant
rs3816659 was significantly associated with shorter RTL in adjacent non-malignant mucosa

of CRC patients.

e [s telomere length in tumor tissue associated with patients’ survival?

Patients with more pronounced telomere shortening in tumor tissue compared to adjacent

mucosa (smaller RTL tumor/RTL non-cancerous tissue ratio) demonstrated better OS.
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Non-specific chromosomal aberrations (CAs) are microscopically detected in about 1% of lymphocytes
drawn from healthy persons. Causes of CAs in general population are not known but they may be related
to risk of cancer. In view of the importance of the mitotic checkpoint machinery on maintaining chro-
mosomal integrity we selected 9 variants in main checkpoint related genes (BUB1B, BUB3, MAD2L1, CENPF,
ESPL1/separase, NEK2, PTTG1/securin, ZWILCH and ZWINT) for a genotyping study on samples from healthy
individuals (N =330 to 729) whose lymphocytes had an increased number of CAs compared to persons
with a low number of CAs. Genetic variation in individual genes played a minor importance, consistent
with the high conservation and selection pressure of the checkpoint system. However, gene pairs were
significantly associated with CAs: PTTG1-ZWILCH and PTTG1-ZWINT. MAD2L1 and PTTG1 were the most
common partners in any of the two-way interactions. The results suggest that interactions at the level
of cohesin (PTTG1) and kinetochore function (ZWINT, ZWILCH and MAD2L1) contribute to the frequen-
cy of CAs, suggesting that gene variants at different checkpoint functions appeared to be required for
the formation of CAs.
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Introduction

Chromosomal aberrations (CAs) are markers of cancer risk and
many specific clonal CAs are critical events in malignant transfor-
mation [1-4]. Non-specific CAs include missing, fragmented or fused
chromosomal segments which are not clonal and may remain in lym-
phocytes for their life-time [5]. They are analyzed by microscopic
scoring of metaphase nuclei from cultured lymphocytes and scored
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as chromosome-type aberrations (CSAs) and chromatid-type ab-
errations (CTAs). CSAs are thought to arise as a result of direct DNA
damage or replication of a carcinogen-damaged DNA template; rep-
lication error may also lead to CTAs [5]. An alternative mechanism
for CA formation is telomere erosion and the resulting erroneous
joining of non-homologous chromosomes [6-9]. A further mech-
anism for CAs may be aneuploidy and chromosomal instability as
a result of aberrant mitosis. Accurate chromosome segregation
between two daughter cells during mitosis is supervised by a highly
conserved signaling machinery termed the mitotic checkpoint which
delays anaphase until all chromosomes are properly attached to the
mitotic spindle [10]. Errors may interfere in many steps of the
complex checkpoint control, including incorrect attachment of
the kinetochore to microtubules and cohesion defects [10,11].
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In view of the a priori importance of mitotic checkpoint ma-
chinery on maintaining chromosomal integrity and the lacking data
on potential role of gene variants influencing non-specific CAs we
selected 9 main checkpoint related genes and their putative func-
tional SNPs for a genotyping study on samples from individuals
whose lymphocytes had an increased number of CAs (‘cases’) and
compared them to persons with a low number of CAs (‘controls’).
In addition to individual variants, we tested for gene—gene inter-
actions because mitotic checkpoint is a clockwork of many genes
and interactions would be expected. The genes under study were
BUB1B (mitotic checkpoint serine/threonine kinase B), BUB3 (mitotic
checkpoint protein), MAD2L1 (mitotic arrest deficient-like 1), CENPF
(centromere protein F), ESPL1 (extra spindle poles-like 1, separase),
PTTG1 (pituitary tumor-transforming gene 1, securin), NEK2 (never
in mitosis gene A-related kinase 2), ZWILCH (zwilch kinetochore
protein) and ZWINT (ZW10 interactor). These genes encode pro-
teins with important functions in mitosis [10,12]. BUB1B, BUB3 and
MAD2L1 delay the onset of anaphase until all chromosomes are
properly aligned at the metaphase plate; they are parts of the mitotic
checkpoint complex [11]. CENPF encodes a protein that associates
with the centromere-kinetochore complex. ESPL1/separase cleaves
cohesin at the onset of anaphase while PTTG1/securin blocks the
separase function. NEK2 is essential in centrosome separation by
maintaining a stable attachment of microtubules to the kineto-
chore. The ZWINT and ZWILCH genes encode proteins that are
involved in kinetochore function and released in preparation for
mitosis [11,13].

Methods

The subjects were identified from a large cohort of volunteers who have been
assayed for CAs in various previous studies; for details see References [14,15]. The
participants provided an informed consent. Cytogenetic analysis was performed on
cultured lymphocytes, as previously described, by microscopically analyzing (two
microscopists in each lab) in a double-blind fashion coded slides of 100 mitoses per
person for the frequency of total CAs (CAtot), CTAs and CSAs [3,16,17]. The CAs were
categorized into a high-frequency group, ‘cases’ (>2%) and a low-frequency group,
‘controls’ (<2%); this arbitrary cut-off point was based on our previous experience
[3,17]. For CTAs and CSAs, the cut-off was 1%.

Genotyping method of the present polymorphisms was based on allelic dis-
crimination using the TagMan technology as described by us [18,19]. The analyses
included the following SNPs and numbers of tested individuals: for BUB1B rs1801376
(N=330), for BUB3 rs3808960 (N=330), for MAD2L1 rs903147 (N=330), for
CENPF 15438034 (N=618), for ESPL1 rs6580941 (N =656), for NEK2 rs701928
(N=663), for PTTG1 rs1862392 (N =729), for ZWILCH rs3087660 (N = 674) and for
ZWINT 152241666 (N=662). The reason for the varying number of samples was
the availability of DNA. The BUB1B rs1801376 A/G SNP is a coding Arg/Glu variant;
the BUB3 rs3808960 G/T SNP is a promoter polymorphism; the MAD2L1 rs903147
A/C SNP is a promoter polymorphism; the CENPF rs438034 G/A SNP is a coding
Arg/Gly variant; the ESPL1 rs6580941 C/T SNP is a promoter polymorphism; the
NEK2 rs701928 T/A SNP is a promoter polymorphism; the PTTG1 rs1862392 T/A
SNP is a promoter polymorphism; the ZWILCH rs3087660 A/G SNP is a 5'UTR
polymorphism; the ZWINT rs2241666 G/A SNP is a coding Arg/Gly variant. All
promoter polymorphisms are predicted to occupy transcription factor binding
sites [18,19].

Odds ratios (ORs) from multivariable logistic regression analysis were calcu-
lated by considering simultaneous effects of putative confounders, occupational
exposures, age, gender and smoking habits on the CA frequencies. The associations
of these possible confounding variables have been described [14,15]. For each SNP,
adjusted ORs were calculated regarding their effect on CAtot, CTA and CSA.
Irrespective of whether or not a SNP appeared to be individually significant, all
possible pairs of two SNPs were considered for the SNP-SNP interaction analysis.
The tested genetic models were ‘three genotypes’ of types AA, AB and BB; for ‘the
dominant mode of inheritance’, AB and BB were merged as one group, while AA
and AB together represented the reference group for ‘the recessive model’. More-
over, genotypes were converted into zero, one or two risk alleles for the additive
‘allele number’ model. Likelihood ratio (LR) tests were performed to assess
whether considering SNP-SNP interaction yielded a significantly better fit of the
data. In addition, LR test statistics were calculated for the global null hypothesis to
prove the significance of the whole model. If both SNPs significantly interacted
with each other for various modes of inheritance for the same pair of SNPs, the
model with the lowest Akaike Information Criterion was chosen. For the best
model for a variant pair, the corresponding ORs and the Wald estimates for their
confidence intervals and p-values were calculated. To assess the contribution of all

genetic components (both SNPs and interaction term) to the model, LR based
p-values were computed and shown as ‘the overall p-value’.

The studies were coordinated at the German Cancer Research Center (DKFZ)
with samples and study design obtained with informed consent approved by the
local Ethical Committee of the Jessenius Medical Faculty and Slovak Medical Uni-
versity. Sampling of peripheral blood was carried out according to the Helsinki
Declaration.

Results

The number of genotyped individuals ranged from 330 to 729,
as detailed in Methods. Results for individual genotypes are shown
in Table 1. CAtot did not show any nominally significant associa-
tions for the variants in the 9 genes. For CSA, the rare homozygotes
of ZWINT showed an OR of 0.53 and the LR test p-value was 0.03.
For CTA, the trend for the ZWINT variant was similar (OR 0.56), but
it was even stronger for BUB1B for which the rare homozygous
variant reached an OR of 0.30 (LR test p-value 0.03).

Pair-wise interactions of the genetic models of each of the 9
genes were tested for association with CAs (Table 2). Only the most
significant models with p-values <0.05, based on the interaction
term analysis and the LR test, are shown in Table 2; note that only
the best model for each pair is listed in Table 2. Of the 21 tests
shown, 6 included CAtot with 8 variants present. ESPL1 was a partner
in 3 pairs, and PTTG1 and ZWILCH in 2 pairs each. The interaction
term was most significant (p = 0.002) for the BUB3-ESPL1 pair. For
CSA, also 6 variant pairs interacted, involving 8 genes. MAD2L1,
CENPF, PTTG1 and ZWILCH were partners in 2 associations each.
The interaction term was most significant (p = 0.01) for the CENPF-
ESPL1 and PTTG-ZWILCH pairs. For CTA, a total of 9 gene pairs
reached a significant interaction in which all 9 genes were in-
volved. MAD2L1 was a partner in 4 pairs, PTTG1 and ZWINT in 3
pairs each and ZWILCH was a partner in 2 pairs. The interaction
term was most significant (p=0.001) for the NEK2-ZWINT pair.
For CTA an interaction of the cohesin maintaining (PTTG1/securin)
and degrading (ESPL1/separase) functions was observed.

In Table 2 several of the gene combinations were found for mul-
tiple CA types, although the genetic model was not always the same.
Remarkably, 2 gene pairs were significant for all 3 types of CAs:
PTTG1-ZWILCH and PTTG1-ZWINT. Of the 4 remaining gene pairs
for CAtot, 2 were also found in other CA types (1 in CSA and 1 in
CTA). CSA and CTA shared 2 additional gene pair associations (BUB1B-
MAD2L1, MAD2L1-ZWILCH). In Table 2 we show also the global null
hypothesis test which proved the adequacy of the whole statisti-
cal model for almost all pairs and for most associations showed
smaller p-values than the interaction term analysis.

The ORs and the significances of the models for each combina-
tion of genotypes in Table 2 are shown in Supplementary Table S1.
We also show there tests for total SNP information (overall p-value).
For CAtot, 2 overall p-values were nominally significant, for CSA 1
was significant and for CTA 5 were significant. The lowest p-value
was always found among the gene combinations which showed the
most significant interaction terms in Table 2.

Discussion

Analysis of genotype-based genetic models for 9 genes for 3 types
of CAs creates obviously a mass significance problem. However, it
is difficult to estimate how many completely independent tests were
carried out because CAtot depends on CSA and CTA, and because
genotypes and genetic models are not independent. Anyway it is
clear that the smallest p-values of 0.03 in the single SNP analysis
in Table 1 would not survive any correction for multiple testing. In
the interaction analysis in Table 2 for each CA type at least 72 in-
dependent tests were done (9 SNPs and 2 alleles). This would
translate to a Bonferroni corrected p-value of 0.0007 (0.05/72). None
of the interaction term p-values would survive this correction



Table 1

0dds ratios for cases and controls by gene polymorphisms.
Variable (SNP) CAtot CSA CTA

Frequency Frequency 0dds Confidence p-value® Frequency Frequency 0Odds Confidence p-value Frequency Frequency 0Odds Confidence p-value
of cases of controls ratio! interval? of cases of controls ratio interval of cases of controls ratio interval

BUB1B (AA) 93 68 1 100 61 0.65 92 69 0.03
BUB1B (AB) 85 63 1.00 (0.63-1.59) 90 58 0.95 (0.60-1.51) 72 76 0.69 (0.44-1.09)
BUB1B (BB) 12 9 0.97 (0.39-2.52) 15 6 1.52 (0.58-4.46) 6 15 0.30 (0.10-0.79)
BUB3 (AA) 151 117 0.49 170 98 0.51 134 134 0.67
BUB3 (AB) 37 22 131 (0.73-2.40) 33 26 0.73 (0.41-1.31) 34 25 1.26 (0.71-2.27)
BUB3 (BB) 2 1 2.70 (0.25-60.28) 2 1 1.67 (0.15-37.33) 2 1 173 (0.15-38.91)
MAD2L1 (AA) 71 57 0.84 72 56 0.20 66 62 0.97
MAD?2L1 (AB) 93 67 1.08 (0.67-1.73) 107 53 1.56 (0.96-2.53) 82 78 0.98 (0.61-1.58)
MAD?2L1 (BB) 26 16 125 (0.61-2.61) 26 16 123 (0.60-2.56) 22 20 1.07 (0.53-2.19)
CENPF (AA) 56 100 0.65 55 101 0.80 41 115 0.69
CENPF (AB) 113 209 0.97 (0.65-1.47) 106 216 0.91 (0.60-1.37) 94 228 118 (0.76-1.83)
CENPF (BB) 54 86 119 (0.73-1.92) 49 91 1.03 (0.64-1.68) 36 104 1.01 (0.59-1.71)
ESPL1 (AA) 126 217 0.97 122 221 0.87 97 246 0.64
ESPL1 (AB) 88 160 0.96 (0.68-1.36) 86 162 0.98 (0.69-1.39) 65 183 0.93 (0.64-1.35)
ESPL1 (BB) 24 41 0.95 (0.54-1.66) 26 39 114 (0.65-1.98) 22 43 124 (0.69-2.18)
NEK2 (AA) 140 218 0.43 130 228 0.94 112 246 0.33
NEK2 (AB) 92 172 0.87 (0.62-1.22) 94 170 1.01 (0.72-1.42) 67 197 0.78 (0.54-1.12)
NEK2 (BB) 12 29 0.66 (0.31-1.33) 16 25 113 (0.57-2.21) 10 31 0.71 (0.32-1.47)
PTTG1 (AA) 140 249 0.62 137 252 0.47 111 278 0.06
PTTG1 (AB) 105 165 114 (0.83-1.58) 106 164 1.20 (0.86-1.66) 86 184 116 (0.82-1.63)
PTTG1 (BB) 29 41 122 (0.72-2.05) 29 41 1.25 (0.73-2.11) 31 39 191 (112-3.22)
ZWILCH (AA) 82 143 0.44 78 147 0.40 65 160 0.16
ZWILCH (AB) 135 211 115 (0.81-1.65) 134 212 122 (0.85-1.75) 110 236 118 (0.81-1.71)
ZWILCH (BB) 35 68 0.87 (0.52-142) 35 68 0.93 (0.56-1.53) 24 79 0.72 (0.41-1.24)
ZWINT (AA) 87 133 0.21 88 132 0.03 74 146 0.07
ZWINT (AB) 117 200 0.91 (0.63-1.30) 118 199 0.90 (0.63-1.29) 88 229 0.76 (0.52-1.11)
ZWINT (BB) 37 88 0.66 (0.41-1.06) 32 93 0.53 (0.32-0.86) 27 98 0.56 (0.33-0.92)

1 ORs were adjusted for age, sex, occupational environment and smoking status.
2 Profile likelihood confidence interval.

3 Type 3 analysis (likelihood ratio test) to assess the significance of the SNP in general.
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Table 2

Pair-wise interactions of genotypes with cases and controls. Only the most significant genetic models for each interaction are shown.

SNP 1 Mode for SNP 1 SNP 2 Mode for SNP 2 Interaction term analysis Global null hypothesis test for
significance of all covariates
DF Likelihood ratio test DF Likelihood ratio test
Chi-square p-value Chi-square p-value
CAtot BUB3 Dominant ESPL1 Dominant 1 9.26 0.002 7 19.15 0.008
CENPF Recessive ESPL1 Three genotypes 2 7.48 0.02 9 37.56 <.0001
ESPL1 Recessive ZWILCH Allele number 1 5.01 0.03 7 31.21 <.0001
MAD2L1 Dominant NEK2 Allele number 1 431 0.04 7 15.32 0.03
PTTG1 Recessive ZWILCH Allele number 1 6.64 0.01 7 27.72 0.0002
PTTG1 Dominant ZWINT Recessive 1 4.85 0.03 7 32.66 <.0001
CSA BUB1B Dominant MAD2 Recessive 1 4.89 0.03 7 7.08 0.42
CENPF Recessive ESPL1 Three genotypes 2 9.29 0.01 9 30.38 0.0004
CENPF Recessive NEK2 Recessive 1 418 0.04 7 20.56 0.005
MAD 2L1 Three genotypes ZWILCH Recessive 2 6.55 0.04 9 19.81 0.02
PTTG1 Recessive ZWILCH Allele number 1 6.41 0.01 7 28.04 0.0002
PTTG1 Dominant ZWINT Recessive 1 5.74 0.02 7 36.24 <.0001
CTA BUB1B Three genotypes MAD2L1 Dominant 2 6.16 0.05 9 20.55 0.01
BUB3 Dominant MAD2L1 Dominant 1 6.65 0.01 7 14.65 0.04
CENPF Allele number ZWINT Allele number 1 432 0.04 7 2517 0.0007
ESPL1 Allele number PTTG1 Dominant 1 463 0.03 7 25.16 0.0007
MAD2L1 Dominant NEK2 Recessive 1 418 0.04 7 14.49 0.04
MAD2L1 Recessive ZWILCH Dominant 1 5.10 0.02 7 13.93 0.05
NEK2 Three genotypes ZWINT Allele number 2 13.71 0.001 9 34.26 <.0001
PTTG1 Allele number ZWILCH Dominant 1 743 0.006 7 2145 0.003
PTTG1 Dominant ZWINT Recessive 1 8.64 0.003 7 29.29 0.0001

whereas about a half of global null hypothesis p-values would remain
significant.

A biological way to assess the plausibility of the results is to con-
sider their mechanistic credibility. For example, in our previous
analyses of interactions of gene variants with CAs we noted for DNA
repair genes highly significant interactions when gene pairs acted
on two different pathways [15]. Similarly, in analyzing genes coding
for metabolic enzymes, significant associations were only noted
when a GST variant was one of the pair [14]. It is probably not equally
clear to understand the current interactions because the role of mul-
tiple genes in spindle checkpoint is very complex and not fully
established [10]. In Fig. 1 we summarize the function of the spindle
assembly checkpoint and show the most significant interactions

prTG1*
espL1®

SZWINT*&
ZWILCH

CENP

BuB3”®
BUB1B
MAD2

BUB1B/) APC
CDC20

NEK2%

observed in our study. Our results suggest that the PTTG1 is a key
culprit in CA associations because it was a partner in the two gene
pairs, PTTG1-ZWILCH and PTTG1-ZWINT, which were associated with
the three types of CAs with reasonable statistical support. The PTTG1
encoded protein (alias securin) is known to play a central role in
chromosomal stability because it inhibits separase function and thus
prevents the proteolysis of the cohesin complex and segregation of
the chromosomes [10,11]. At the onset of anaphase it is ubiquitinated
and destructed and thus sister chromatids can separate. A securin
mutation has been shown to lead to CAs and securin has been
assumed to promote repair of double-strand DNA breaks before sister
chromatid separation by interaction with the repair protein
Ku [20].
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Fig. 1. Major components of the spindle assembly checkpoint. (A) In prometaphase, an inhibitory signal from unattached kinetochores induces recruitment of the mitotic
checkpoint complex (MCC, including BUB3, BUB1B and MAD2) and the ZW10-ZWINT-ZWILCH complex, preventing the activation of APC/C-CDC20. (B) When all chromo-
somes are properly attached in the mitotic spindle, MAD?2 is released from the MCC complex, resulting in the activation of APC/C-CDC20, which in turn targets PTTG1 for
degradation. ESPL1 gets activated and can cleave the cohesin complexes that keep the sister chromatids together. *, # and & indicate the most significant interactions ob-

served in our SNP-SNP interaction analysis.
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Another key process in preparing for chromosomal segrega-
tion is the binding of microtubules to the kinetochore which anchors
onto the sister chromatids. The ZWINT protein binds the RZZ
complex, including ZWILCH, to the kinetochore. When microtu-
bules bind to the kinetochore, dynein strips RZZ and MAD1-
MAD2 complexes from the kinetochore initiating chromosomal
segregation [11]. Thus, the present results suggest that interac-
tions at the level of cohesin (PTTG1) and kinetochore function
(ZWINT, ZWILCH and MAD2L1) contribute to the frequency of CAs.
MAD2L1 and PTTG1 were the most common partners in any of the
two-way interactions. Interestingly, for CTA an interaction of the
cohesin maintaining (PTTG1/securin) and degrading (ESPL1/
separase) functions was observed.

In our previous study on interactions on genes that encoded met-
abolic enzymes we found many gene pairs associating with CTA and
only one pair associating with CSA [14]. As an explanation we sug-
gested that metabolism processes genotoxic agents to intermediates
capable of covalent binding to DNA. The binding products, DNA
adducts, would rarely cause double-strand breaks suggesting a ra-
tionale for more CTAs than CSAs [5,21]. In the present study also
associations with CTAs were in excess. Although the reasons are not
known one can speculate that mitotic checkpoint may sense chro-
mosomes with double-strand breaks and stop or delay entrance to
anaphase.

In conclusion, the present results suggest that genetic varia-
tion in the key mitotic checkpoint genes is associated with CA
formation. Importantly, variation in individual genes played a minor
importance which would be consistent with the high conserva-
tion and selection pressure of the system. Thus interactions of genes
at different checkpoint functions appeared to be required for the
formation of CAs.
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Abstract

Human cancers are often associated with numerical and structural chromosomal instability. Structural chromosomal
aberrations (CAs) in peripheral blood lymphocytes (PBL) arise as consequences of direct DNA damage or due to replication on
a damaged DNA template. In both cases, DNA repair is critical and inter-individual differences in its capacity are probably due
to corresponding genetic variations. We investigated functional variants in DNA repair genes (base and nucleotide excision
repair, double-strand break repair) in relation to CAs, chromatid-type aberrations (CTAs) and chromosome-type aberrations
(CSAs) in healthy individuals. Chromosomal damage was determined by conventional cytogenetic analysis. The genotyping
was performed by both restriction fragment length polymorphism and TagMan allelic discrimination assays. Multivariate
logistic regression was applied for testing individual factors on CAs, CTAs and CSAs. Pair-wise genotype interactions of

11 genes were constructed for all possible pairs of single-nucleotide polymorphisms. Analysed individually, we observed
significantly lower CTA frequencies in association with XPD Lys751GIn homozygous variant genotype [odds ratio (OR) 0.64, 95%
confidence interval (CI) 0.48-0.85, P = 0.004; n = 1777]. A significant association of heterozygous variant genotype in RAD54L
with increased CSA frequency (OR 1.96,95% CI 1.01-4.02, P = 0.03) was determined in 282 subjects with available genotype.

By addressing gene-gene interactions, we discovered 14 interactions significantly modulating CAs, 9 CTAs and 12 CSAs
frequencies. Highly significant interactions included always pairs from two different pathways. Although individual variants
in genes encoding DNA repair proteins modulate CAs only modestly, several gene-gene interactions in DNA repair genes
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evinced either enhanced or decreased CA frequencies suggesting that CAs accumulation requires complex interplay between

different DNA repair pathways.

Abbreviations

BER base excision repair

CA chromosomal aberration

CI confidence interval

CSA chromosome-type aberration
CTA chromatid-type aberration
DSB double-strand break

NER nucleotide excision repair

OR odds ratio

PBL peripheral blood lymphocytes
SNP single-nucleotide polymorphism
Introduction

Human DNA is constantly exposed to physical (ultraviolet, ion-
izing radiation) and chemical (reactive oxygen species, alkylat-
ing and aralkylating) damaging agents. Efficient DNA repair
machinery, comprising several distinct pathways, maintains
effectively genomic integrity. Alterations in the DNA repair
increase the vulnerability of the cells, resulting in an accumu-
lation of mutations in the genome, which may ultimately lead
to tumorigenesis (1). Structural chromosomal aberrations (CAs)
arise as a consequence of direct DNA damage (e.g. ionizing
radiation, free radicals) or due to replication on a damaged DNA
template (2), in both cases DNA repair represents a key player
(3)- The lesions causing double-strand breaks (DSBs) are mainly
responsible for chromosome-type aberrations (CSAs), whereas
chromatid-type aberrations (CTAs) arise as a consequence of
DNA lesions generated by genotoxic damage during GO phase,
which are insufficiently repaired prior the entering of the cell
into S-phase (4). CAs in peripheral blood lymphocytes (PBL) thus
reflect inter-individual sensitivity to many genotoxic substances
and serve as biomarkers of an early effect of genotoxic carcino-
gens and carcinogenic risk (5-10).

Human cancers are often associated with chromosomal
instability (both numerical and structural CAs) in the cells (11-
13); these aberrations are also considered as causative events
in malignant transformation (14). Frequencies of CA in PBL are
predictive for cancer risk in prospective epidemiological studies
(15-17), and patients with many types of cancer show elevated
CAs at the time of diagnosis (10,18,19).

Individual DNA repair capacity in response to DNA damage,
effectively preventing an accumulation of CAs, is often modu-
lated by the gene variants in different DNA repair pathways (20-
22).Indeed, a correlation between gene variants involved in base
excision repair (BER) and the corresponding BER repair capacity
has been documented (23). However, single-nucleotide poly-
morphisms (SNPs) in non-coding regions and even changes in
wobble bases, which do not affect amino acid sequence, may be
important as well (24). The investigation of DNA repair gene var-
iants in association with DNA repair capacity or DNA damage,
often performed on small study groups, does not usually bring
consistent results, with the exception of the BER gene 8-oxog-
uanine DNA glycosylase, OGG1 (23-26) and the nucleotide exci-
sion repair (NER) gene XPA (27-29). Few reports analysed effects
of genetic predispositions on inter-individual variability in CAs
by studying variants in genes encoding xenobiotic-metaboliz-
ing enzymes, enzymes of DNA repair or folate metabolism and

DNA repair capacity (8,30-33). Most recently, by investigating
SNPs in metabolic genes, modulations of DNA damage and CAs
by gene-gene interactions were reported (34,35). In our recent
study, we have described the significant association of rs9344
polymorphism in Cyclin D1 at a splice site with non-specific CAs
in healthy individuals (36). Interestingly, Cyclin D1 participates
in DNA DSB repair pathway by binding to RADS1 that is a main
recombinase involved in homologous recombination (37).

In the present study, we examined the hypothesis that func-
tionally relevant SNPs in the BER, NER and DSB repair pathways
and their gene-gene interactions may modulate frequencies of
structural CAs in a large set of healthy subjects.

Materials and methods

Study population

The group of studied subjects (>2100) with measured frequencies of CAs
has been very recently described in Hemminki et al. (35). The above healthy
subjects were recruited between 2002 and 2011 in eastern Bohemia and
1997-2006 in Slovakia and consisted of unexposed controls as well as
subjects with defined occupational exposures, such as small organic com-
pounds, cytostatics, anaesthetics, metals, asbestos, mineral fibres and
ionizing radiation. Peripheral blood sampling and data collection were
carried out simultaneously only in the subjects apparently healthy at
the time of sampling. Likewise, individuals with close relatives with any
malignant diseases were excluded from the study. Otherwise, no other
exclusion criteria were applied. All individuals completed a questionnaire
regarding the job category, mode and duration of exposure, various exog-
enous factors (such as smoking, drug usage, exposure to X-ray radiation,
alcohol consumption and dietary habits) prior to blood collection and pro-
vided a written consent.

The present study adheres to all principles of the Helsinki Declaration
and its design was approved by the Local Ethical Committees of the
Jessenius Medical Faculty (Martin, Slovakia) and of the Slovak Medical
University (Bratislava, Slovakia).

Cytogenetic analysis

Cytogenetic analysis was performed in PBL stimulated to grow by phyto-
haemagglutinin and cultured for 48h. Two scores conducted microscopi-
cally analysis (each evaluating half of the 100 mitoses scored per subject)
in a double-blind fashion on coded slides. The frequency of CAs and the
constituent CTAs and CSAs were evaluated as stated in refs. 6-9,19,32,38.
The subjects were classified according to the median of CA distributions
into either low-frequency (<2%) or high-frequency (>2%) groups. Regarding
CTAs and CSAs, the cut-off was set up at 1%. These arbitrary cut-off levels
were introduced on the basis of the long-term experience with human
biological monitoring in the Czech and Slovak Republics (9,10,39).

Genotyping

SNPs in DNA repair genes were taken into the study on the basis of pre-
dicted functional effects (SIFT and PolyPhen databases) and relevant
published literature. Genotyping of DNA repair gene polymorphisms XPD
Lys751GIn (rs13181; T > G), XPG Asp1104His (rs17655; C > G), XPC Lys939GIn
(rs2228001; A > C), XPA S'UTR (rs1800975; G > A), XRCC1 Argl94Trp
(rs1799782; C > T), Arg280His (rs25489; G > A) and Arg399GIn (rs25487G >
A), OGG1 Ser326Cys (rs1052133; C > G), XRCC2 Argl88His (rs3218536; G >
A), RAD54L Ala730Ala (rs1048771; C > T) and XRCC3 Thr241Met (rs861539;
C >T) was carried out using primers and conditions described previously
(23,40). The amplified fragments were digested with appropriate restric-
tion endonucleases and the digested PCR products resolved on 2% agarose
gel and visualized under ultraviolet light after staining with ethidium bro-
mide. Genetic polymorphisms in APE1 Asn148Glu (rs1130409; G > T) and
NBS1 Glu185Gln (rs1805794; C > G) were analysed using the TagMan allelic
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discrimination assay (Applied Biosystems, Foster City, CA, Assay-on-
demand, SNP Genotyping products: C 26470398 10 for NBS1 and C 8921503
10 for APE1). The TagMan genotyping reaction was amplified on a 7500
Real-Time PCR System (Applied Biosystems) using the following cycling
conditions: 95°C for 10min and 40 cycles at 92°C for 15 s and 60°C for 60
s. The results were regularly confirmed by random re-genotyping of more
than 10% of the samples for each polymorphism analysed (40).

Statistical analysis

Statistical calculations have been conducted essentially as recently
described in Hemminki et al. (35). Briefly, odds ratios (ORs) from the multi-
variate logistic regression analysis were used to investigate simultaneous
effects of occupational exposures and main confounders on the frequen-
cies of CAs, CTAs and CSAs. For each SNP, adjusted ORs were calculated
to discern their effect on chromosomal damage. Additionally, all possible
pairs of two SNPs were evaluated in binary interaction analysis. In par-
ticular, the following genetic models were tested for each pair. ‘Three
genotypes’ assumed the SNP to be a categorical covariate comprising
of genotypes AA, AB and BB. For the dominant mode of inheritance, AB
and BB were merged as one group, whereas AA and AB together repre-
sented the reference group for recessive models. Moreover, genotypes
were converted into zero, one or two risk alleles for the log-additive ‘allele
number’ model. Likelihood ratio tests were performed to assess whether
including the SNP-SNP interaction term yielded a significantly better fit
of the data. If both SNPs significantly interacted with each other for vari-
ous modes of inheritance for the same pair of SNPs, the model with the
lowest Akaike information criterion was chosen. For each best model, the
corresponding ORs and the Wald estimates for their confidence inter-
vals (ClIs) and P-values were calculated. To assess the contribution of all
genetic components (both SNPs and interaction term) to the model, likeli-
hood ratio-based P-values were computed. Considering multiple compari-
sons performed in the present study, we have also highlighted significant
results after applying Dunn-Bonferroni correction. After correction, the
new threshold of P-value significance results is 0.004.

Results

Gene polymorphisms in major DNA repair pathways included
into the study with respect to their functional relevance are
shown in Table 1. Distribution of subjects with high and low
CA, CTA and CSA frequencies, also in relation to their main
confounders (age, gender, smoking and occupational expo-
sure), is summarized in Table 2. The frequency of individuals
with particular CAs, CTAs and CSAs percentage is illustrated

Table 1. DNA repair polymorphisms evaluated in this study
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in Figure la-c. In the whole set, the mean (+ standard devia-
tion) frequencies of CAs, CTAs and CSAs were 1.54+1.54%,
0.74+0.98% and 0.80+1.16%, respectively, with median and
range being 1 (0-11), 0 (0-6) and O (0-10). Chromatid-type
exchanges (mean + standard deviation 0.02+0.14%) were sub-
stantially less abundant than chromosome-type exchanges
(mean = standard deviation 0.09+0.35%), which included
mainly dicentrics and centric rings. Chromatid-type exchanges
occurred in 2% of subjects with CTAs, whereas chromosome-
type exchanges were detected in 7.7% of individuals with
CSAs. Based on the data from 2196 investigated individuals,
CAs as well as the constituent CTAs and CSAs were signifi-
cantly increased in occupationally exposed subjects (ORs 2.36,
1.73 and 1.64, respectively). Age was only moderately associ-
ated with increasing CAs, whereas its association with CSAs
was borderline significant (OR 1.07, 95% CI 1.00-1.13, P = 0.04).
Smoking did not affect significantly frequencies of either CAs
or the constituent CTAs and CSAs.

Results for individual genotypes, including the numbers of
subjects with the particular allele in relation to the frequency
of CAs, are shown in Table 3. By assessing individual DNA repair
gene polymorphisms, we observed a strong association between
variant GG genotype in rs13181 of XPD gene and decreased CTA
frequency (OR 0.64, 95% CI 0.48-0.85, P = 0.004; n = 1777 subjects).
This association was strong enough to withstand a correction
for multiple testing (P-value after correction for multiple com-
parison is 0.004). The effect of homozygous variant G allele in
XPD on CTAs is additionally documented in Figure 2, where this
allele was associated with the lowest CTA frequencies. Further,
a significant association of CT genotype in rs1048771 of RAD54L
with increased CSAs was also observed (adjusted OR 1.96, 95%
CI 1.01-4.02, P = 0.03; determined in 282 subjects with available
genotype). None of the other studied DNA repair gene variants
modulated the frequencies of CAs, CTAs and CSAs.

We performed pair-wise interactions for each of the 11
genes, which were tested for association with CA frequen-
cies. Various genetic models were examined, and if both SNPs
significantly interacted with each other for various modes of
inheritance for the same pair of SNPs, the model with the low-
est Akaike information criterion was chosen. The data based
on the interaction term analysis and the likelihood ratio test

Amino
acid Alleles

Function (SIFT, PolyPhen-2

Gene SNP ID substitution (major/minor) Chromosome Location MAF (NCBI) MAF in controls algorithms)
BER
XRCC1 1rs1799782 Argl94Trp G/A 19q13.2 Missense 0.13 0.06 Deleterious
XRCC1  rs25489 Arg280His C/T 19q13.2 Missense 0.07 0.04 Possibly deleterious
XRCC1  1s25487 Arg399GIn  A/G 19q13.2 Missense 0.26 0.37 Benign
0GG1 rs1052133 Ser326Cys  C/G 3p26.2 Missense 0.30 0.20 Deleterious
APEX1 1s1130409 Aspl48Glu T/G 14q11.2 Missense 0.38 0.46 Ambiguous
NER
XPA rs1800975 — G/A 9922.3 5'UTR 0.35 0.34 —
XPD rs13181 Lys751GIn T/G 19q13.3 Missense 0.24 0.41 Deleterious
XPG rs17655 Aspl104His G/C 13933 Missense 0.36 0.22 Deleterious
XPC rs2228001 Lys939GIn T/G 3p25 Missense 0.32 0.41 Benign
DSB
XRCC2 1s3218536 Argl88His C/T 7q36.1 Missense 0.05 0.06 Benign
XRCC3 1s861539 Thr241Met G/A 14q32.3 Missense 0.22 0.36 Deleterious
NBN rs1805794 Glul85Gln  C/G 8q21 Missense 0.36 0.33 Benign
RAD54L 1s1048771 Ala730= C/T 1p32 Synonymous 0.19 0.10 Splicing regulation

MAF, minor allele frequency.
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Table 2. Numbers of subjects with high and low frequency of CAs, CSAs and CTAs and their distribution according to basic variables

CAs CSAs CTAs
Variable Persons OR 95% CI p OR 95% CI p OR 95% CI P
CAs (high/low) 951/1245
CTAs (high/low) 1041/1154
CSAs (high/low) 983/1213

Age (minimum, maximum, mean) 18, 88,43 1.062

1.00-1.13 0.07 1.07 1.00-1.13 0.04 0.95 0.90-1.01 0.11

Occupational exposure (exposed/unexposed) 1207/989 236 1.97-2.83 <0.01 1.73 1.45-2.06 <0.01 1.64 1.38-1.96 <0.01

1171/1025 1.03
614/1557 1.19

Gender (male/female)
Smoking (smokers/non-smokers)

0.86-1.23 0.77 1.05 0.88-1.26 0.59 0.83 0.69-0.99 0.04
0.97-1.45 0.09 095 0.78-1.16 0.63 113 0.93-1.38 0.23

Significant results are highlighted in bold.
20Rs for age were calculated for 10 years age difference (unit = 10).
P-value was considered significant if it was <0.05.

a) CAs

60%

b) CTAs

c) CSAs

60%
50%
40%
30%
20%
10%

0%

Figure 1. The frequency of individuals with particular percentage of CAs (a), CTAs (b) and CSAs (c). x-axis represents the percentage of chromosomal aberrations, y-axis

represents the percentage of subjects with corresponding chromosomal aberrations.

are shown in Table 4. We have discovered several significant
interactions, involving gene variants from BER, NER and DSB
pathways: 14 interactions modulated CA, 9 CTA and 12 CSA
frequencies. The overall genotype effect, considering individ-
ual SNPs, their interactions and adjustment variable combina-
tions are shown by the global null hypothesis test. Tests for
the global null hypothesis provided mostly highly significant
outcomes. The ORs and the significances of the models for
each combination of genotypes are showed in Supplementary
Material, available at Carcinogenesis Online, and partially pre-
sented in Table 4.

For CAs, significant gene-gene interactions were observed
mainly for genes participating in BER (APE1, hOGG1), NER
(XPC, XPD) and DSB repair (XRCC3) together with (NBS1, XRCC2
and XPG1). Rs1805794 in NBS1 gene appeared most often in
these interactions; although interactions with BER gene vari-
ants resulted in the higher CA frequency, opposite effect was
recorded for the interactions with NER variants. Individuals
both with homozygous variant GG and GG genotypes in OGG1
and XPG genes, respectively, resulted in significant decrease of
CAs (OR 0.59, 95% CI 0.37-0.96, P = 0.03).

For CTAs, the combinations of homozygous variant geno-
types of XPD and XPG (OR 0.54) and/or XRCC1 (OR 0.68) genes
showed decreased frequencies of CTAs. So did the combina-
tion of variant alleles in OGG1 and XRCC3 (OR 0.52). On the
contrary, a combination of variant alleles in DSB repair genes
(XRCC3 and XRCC2) resulted in the significant increase of OR
to 2.56.

For CSAs, again variant alleles in XRCC1 and OGG1 (both BER
genes) in combination with homozygous variant genotype in
XPG resulted in significantly decreased frequencies of CSAs (OR
0.22 and 0.72, respectively).

Discussion

The onset and development of human cancer are associated
with genome instability (41,42), resulting in both numerical and
structural chromosomal abnormalities in cancer cells (11-13).
CAs in PBL have been employed as biomarkers reflecting indi-
vidual sensitivity to exogenous and endogenous genotoxic sub-
stances for many years (4,5). There are several reports pointing
to the occupational exposure as a causative of enhanced CA
frequencies for small molecular chemicals in plastics industry
(32,43,44), for anaesthetic gases and antineoplastic drugs (9), for
heavy metals (45) and for mineral fibres (6,7,38). In the present
study, individuals that were occupationally exposed mainly to
small molecular organic chemicals, anaesthetic gases, heavy
metals and fibres (1207 subjects) indeed exhibited higher CAs,
CTAs and CSAs in comparison with 989 unexposed individuals.
Frequencies of chromatid- or chromosome-type exchanges con-
tributed only marginally to the total CTAs and CSAs irrespective
of exposure, as shown by us earlier (9). We recorded a border-
line effect of smoking on CAs. The exposure of human DNA to
above-listed agents inevitably leads to DNA damage. The capac-
ity of DNA repair machinery to cope with these DNA alterations
preserves the genomic integrity and prevents carcinogenesis
(46,47). Thus, we investigated the role of functional variants in
various DNA repair pathways, comprising BER (represented by
XRCC1, hOGG1 and APE1), NER (XPA, XPC, XPD and XPG) and DSB
repair (XRCC2, XRCC3, NBN and RAD54L) genes. Interestingly, we
observed a strong association between XPD Lys751GIln homozy-
gous variant genotype and decreased CTA frequency. Our study
on 1777 subjects confirmed our earlier observations on 225
healthy subjects (30) and later report on 140 subjects with higher
age (8). XPD represents an important helicase involved in NER
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Table 3. Odds ratios for high and low frequency groups by gene polymorphisms
Cas CTAs CSAs
Variables (SNP)  HF LF OR 95% CI P2 HF LF OR 95% CI P2 HF LF OR 95% CI P2
XPD rs13181
TT 271 358 098 301 328 0.004 287 342 0.87
TG 367 484 1.02 0.83-1.26 399 452 0.99 0.80-1.21 377 474 0.95 0.77-1.17
GG 128 169 1.00 0.75-1.33 112 185 0.64 0.48-0.85 135 162 1.01 0.76-1.33
XPG rs17655
CcC 460 601 0.67 477 584 0.43 485 576 0.57
CG 270 350 1.04 0.85-1.27 293 327 112 0.92-1.37 273 347  0.95 0.78-1.17
GG 30 45 0.83 0.51-1.35 32 43 0.88 0.54-1.42 30 45 0.78 0.48-1.26
XPC rs2228001
AA 251 368 0.17 284 335 0.65 271 348 0.06
AC 398 467 120 0.97-1.49 403 462 0.99 0.81-1.23 409 456 1.12 0.91-1.38
CcC 117 171  1.00 0.75-1.33 124 164 0.88 0.66-1.17 112 176 0.81 0.61-1.08
XRCC1 rs1799782
CcCc 361 201 047 331 231 0.67 357 205 0.99
CT 49 25 1.09 0.66-1.85 40 34 0.80 0.49-1.31 47 27  1.02 0.62-1.71
TT 1 2 025 0.01-2.66 2 1 097 0.09-21.1 2 1 1.04 0.10-22.7
XRCC1 rs25489
GG 212 120 0.70 200 132 0.18 209 123 0.13
GA 14 7 126 0.50-3.48 15 6 174 0.67-5.10 13 8 1.09 0.44-2.86
AA 1 1 037 0.01-9.61 2 0o — — 0 2 — —
XRCC1 rs25487
GG 310 374 0.18 316 368 0.69 321 363 0.26
GA 352 507 0.86 0.70-1.02 385 474 0.96 0.78-1.18 384 475 093 0.76-1.14
AA 98 119 1.07 0.78-1.45 102 115 1.09 0.80-1.49 8 131 0.77 0.56-1.05
OGG1 rs1052133
CC 495 623 044 526 592 0.31 511 607 0.32
CG 237 337 089 0.73-1.10 251 323 0.89 0.72-1.09 247 327 0.90 0.73-1.10
GG 28 46 081 0.49-1.32 29 45 0.76 0.46-1.22 28 46 0.74 0.45-1.19
XRCC3 rs861539
CcCc 302 395 0.51 308 389 0.86 321 376 0.34
CT 355 454 098 0.79-1.21 375 434 1.06 0.86-1.30 358 451 0.91 0.74-1.11
TT 83 126 0.83 0.60-1.14 95 114 1.04 0.76-1.42 86 123 0.80 0.58-1.09
APE1 rs1130409
GG 179 195 0.82 192 182 0.60 188 186 0.71
GT 316 338 1.03 0.78-1.35 313 341 0.89 0.69-1.16 321 333 094 0.72-1.22
TT 144 127 111 0.79-1.55 145 126  1.00 0.72-1.38 146 125 1.06 0.77-1.47
NBS1 rs1805794
CC 245 189 0.85 242 192 0.47 249 185 0.89
CG 243 177 1.07 0.81-1.42 238 182 1.05 0.80-1.38 234 186 0.94 0.71-1.24
GG 63 49 098 0.63-1.51 57 55 081 0.53-1.23 63 49 093 0.61-1.43
XPA rs1800975
GG 246 389 0.69 260 375 0.29 262 373 0.96
GA 236 406 092 0.73-1.15 274 368 1.08 0.86-1.35 262 380 0.98 0.79-1.23
AA 57 109 0.89 0.61-1.27 59 107 0.81 0.56-1.16 68 98 1.03 0.72-1.46
XRCC2 rs3218536
GG 177 533 036 231 479 0.14 203 507 0.34
GA 23 77 0.88 0.52-1.43 39 61 1.30 0.84-2.00 31 69 113 0.70-1.78
AA 0 3 — — 0 3 — — 0 3 — —
RAD54L s1048771
CcC 134 93 0.16 114 113 0.84 138 89 0.03
CT 30 2 095 0.51-1.79 26 26 1.04 0.57-1.93 39 13 196 1.01-4.02
TT 3 0o — — 2 1 203 0.19-44.5 3 0o — —

Significant results are highlighted in bold. HF, high-frequency group—cases; LF, low-frequency group—controls.
2Based on likelihood ratio test.

P-value was considered significant if it was <0.05.

and communicates with other DNA repair gene products in deal-
ing with exogenous DNA damage (48), but the functional role of
XPD Lys751GIn remains unclear. The assumption that functional
SNPs in XPD gene modulate CTA frequency is consistent with
mechanistic understanding, since CTAs arise as a consequence

of DNA lesions generated by genotoxic compounds during GO
phase, which are insufficiently repaired prior to S-phase. On
the other hand, scarce reports suggest increased DNA repair
capacity associated with variant G allele of XPD gene (49,50) or
are inconclusive (22). Unless the function of variant G allele in
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Figure 2. The frequency of individuals by CTA percent in relation to the XPD genotype. x-axis represents the frequency of individuals by CTA percent in relation to
XPD genotype (TT, black bar; TG, light grey and GG, dark grey). y-axis represents the percentage of subjects with corresponding CTA frequency per particular genotype.

Table 4. Pair-wise interactions of genotypes with cases and controls

Global null hypothesis
test for significance of all

Interaction term analysis covariates
SNP 1 Mode for SNP 1 SNP 2 Mode for SNP 2 df %2 P df %2 P
CAs APE1 Three genotypes NBS1 Allele number 2 11.80 0.003 9 67.45 <0.001
hOGG1 Dominant XPG Allele number 1 7.58 0.005 7 65.78 <0.001
CSAs APE1 Three genotypes XPD Recessive 2 9.78 0.008 9 94.40 <0.001
XPD Dominant XRCC3 Allele number 1 8.33 0.004 7 31.31 <0.001
XPG Recessive NBS1 Three genotypes 2 11.04 0.004 9 47.20 <0.001
XRCC1 Allele number XPG Recessive 1 6.04 0.01 7 30.84 <0.001
hOGG1 Allele number XPC Three genotypes 2 8.85 0.01 9 35.24 <0.001
hOGG1 Dominant XPG Dominant 1 9.93 0.002 7 31.41 <0.001
CTAs XPG Allele number XRCC2 Dominant 1 6.81 0.009 7 20.90 0.004
XRCC3 Allele number XRCC2 Dominant 1 6.71 0.01 7 21.06 0.003

Only the most significant genetic models for each interaction are shown (P < 0.01 in interaction term analysis). To assess the contribution of all genetic components

(both SNPs and interaction term) to the model, likelihood ratio-based P-values were computed. df, degrees of freedom.

P-value was considered significant if it was <0.05.

XPD gene is clarified, the assumptions that higher level of DNA
damage blocks replication fork and CTAs cannot be propagated
remain speculative. An association of variant T allele in RAD54L
with increased frequency of CSAs is a novel observation. RAD54L
exhibits a DNA-dependent ATPase and supercoiling activities
and plays a role in homologous recombination related repair
of DSBs (51,52). However, this association is less robust due to
the number of subjects with available genotype. Individually, a
small risk is irrelevant, but the combination of several low-risk
alleles can add up to substantial risks, even in the absence of
multiplicative statistical interactions (53).

Similarly as in our recent study (35), we have addressed pair-
wise interactions of the genotypes of each of the 11 DNA repair
genes, which were tested for association with CA frequencies.
We have discovered several highly significant interactions,
involving gene variants from BER, NER and DSB pathways: 14
interactions modulated CA, 9 CTA and 12 CSA frequencies. For
CAs, gene variants participating in BER (APE1, hOGG1), NER (XPC,
XPD) and DSB repair (XRCC3) were mainly involved in significant

interactions with other DNA repair gene variants (NBS1, XRCC2
and XPG1). Interestingly, NBS1 gene variant appears most often
in these interactions. However, in interaction with their BER
variants the CA frequency increases, whereas the interaction
with NER gene variants shows the opposite. NBS1 plays a rel-
evant role in the maintenance of genomic integrity by being
involved in the cellular response to DNA damage. The contradic-
tory effect on CA frequencies in the interplay of NBS1 variants
with either BER or NER polymorphisms is certainly interest-
ing and may reflect the specificity of these two excision repair
pathways towards different kinds of DNA damage. For CTAs, the
homozygous variant combinations in XPD with XPG or XRCC1
decrease the frequencies. So does the combination of variant
alleles in OGG1 and XRCC3. On the contrary, a combination of
variant alleles in DSB repair genes results in the significant
increase. These results point again to an effect of the G allele of
XPD Lys751GIn on CTA frequency modulation as stated above.
For CSAs, variant alleles in BER genes XRCC1 and OGG1 in combi-
nation with homozygous variant genotype in XPC or XPG result
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in significantly decreased frequencies. Interestingly, variant G
allele in rs1052133 of OGG1 in combination with variant alleles
in genes involved in NER or DSB repair resulted in decreased
frequencies of CAs, CTAs and CSAs, despite the fact that variant
G allele is associated with the lower capacity to repair oxidative
DNA damage (24). This phenomenon may be connected with the
fact that 8-hydroxy-deoxyguanine adducts may block replica-
tion fork, thus preventing accumulation of CAs.

CAs arise as a consequence of the interaction between occu-
pational exposure to various genotoxicants. In this study, we
tested the impact of functional gene variants in DNA repair
pathways on the frequency of CAs. Although individuals with
homozygous variant genotype GG for XPD gene showed an
association with CTAs, several gene—gene combinations in DNA
repair genes evinced either enhanced or decreased frequencies
of CAs, CTAs and CSAs. As suggested by Melis et al. (54) and now
confirmed by us, the complex mechanism of CAs accumulation
requires complex interplay between different DNA repair path-
ways. However, the mechanism may not be tracked without the
knowledge of the experimentally proven functional impact of
DNA repair gene variants.

Supplementary material

Supplementary Material can be found at http://carcin.oxford-
journals.org/
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Chromosomal aberrations (CAs) in human periph-
eral blood lymphocytes (PBL) measured with the
conventional cytogenetic assay have been used for
human biomonitoring of genotoxic exposure for
decades. CA frequency in peripheral blood is a
marker of cancer susceptibility. Previous studies
have shown associations between genetic variants

mitotic checkpoint genes and CAs. We conducted
a genome-wide association study on 576 individ-
uals from the Czech Republic and Slovakia fol-
lowed by a replication in two different sample sets
of 482 (replication 1) and 1288 (replication 2)
samples. To have a broad look at the genetic sus-
ceptibility associated with CA frequency, the sam-

in metabolic pathway, DNA repair and major ple sets composed of individuals either
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differentially exposed to smoking, occupational/
environmental hazards, or they were untreated can-
cer patients. Phenotypes were divided into
chromosome- and  chromatidtype aberrations
(CSAs and CTAs, respectively) and total chromo-
somal aberrations (CAtot). The arbitrary cutoff point
between individuals with high and low CA fre-
quency was 2% for CAtot and 1% for CSA and
CTA. The data were analyzed using age, sex, occu-
pation/cancer and smoking history as covariates.
Altogether 11 loci reached the Pvalue of 107> in

the GWAS. Replication 1 supported the association
of rs1383997 (8q13.3) and 52824215
(21921.1) in CAtot and rs983889 (5p15.1) in
CTA analysis. These loci were found to be associ-
ated with genes involved in mitosis, response to
environmental and chemical factors and genes
involved in syndromes linked to chromosomal
abnormalities. Identification of new genetic variants
for the frequency of CAs offers prediction tools for
cancer risk in future. Environ. Mol. Mutagen.
60:17-28,2019. ©2018 Wiley Periodicals, Inc.

Key words: chromosome-type aberrations; chromatid-type aberrations; GWAS; single-nucleotide

polymorphism

INTRODUCTION

Chromosomal aberrations (CAs) encompass structural and
numerical chromosomal anomalies. Structural CAs include
specific, recurrent deletions, translocations, and inversions
that can only be detected by molecular cytogenetics such as
fluorescent in situ hybridization and sequencing techniques
(Albertini et al. 2000). CAs that can be cytologically distin-
guished at metaphase are non-specific and they can be
divided into two main groups: chromosome-type aberrations
(CSAs) and chromatid-type aberrations (CTAs) (Hagmar
et al. 2001; Bignold 2009; Hemminki et al. 2015b; Heng
et al. 2016). CSAs arise mainly as a result of direct DNA
damage during G,/G; phase, by clastogens such as ionizing
radiation and bleomycin. The lesions acquired during G,/G,
phase later result in the damage of both chromatids of a chro-
mosome which may create di-centric and ring chromosomes
(Albertini et al. 2000). Apart from direct DNA damage,
another important contributor to CSA frequency is telomere
dysfunction. In somatic cells with critically short telomeres
and low telomerase activity, telomeres shorten, become
eroded and poorly end-capped. These eroded ends can be
recognized by nonhomologous end joining repair and
become attached to non-homologous chromosomes resulting
in fused, ring or fragmented chromosomes (Gostissa
et al. 2011; Jones et al. 2012). Association between relative
telomere length and CA frequency, particularly that of
CSAs, has been documented in our previous study
(Hemminki et al. 2015a). CTAs are a result of damage by
environmental or chemical clastogens during S/G, phase or
due to replication on a damaged DNA template and involve
only one chromatid of a chromosome. Examples of CTAs
are chromatid breaks and exchanges (Durante et al. 2013).

Conventional cytogenetic examination for CAs in indi-
viduals exposed to mutagens and potential carcinogens has
been used for decades as a surveillance mechanism for gen-
otoxic effect (Carrano and Natarajan 1988). Many malig-
nant and benign human tumors exhibit chromosomal
abnormalities (Mitelman 2000) and an increase in the fre-
quency of CAs has been found in the incident cancer
patients thus closely linking CAs with cancer development

(Vodenkova et al. 2015). Some of the CAs observed are
also generated during the course of cancer development,
nevertheless CA frequency in peripheral blood lympho-
cytes (PBLs) is considered to be an early marker of cancer
susceptibility based on the hypothesis that genetic damage
in PBLs reflects similar damage in other body cells under-
going carcinogenesis (Rossner et al. 2005).

Interindividual variation in the frequency of CAs, both in
unexposed and in exposed individuals, has raised the question
of genetic predisposition to CAs. Studies exploring the genetic
causes of increased CA frequency have mainly focused on
mitotic checkpoint, DNA repair, and metabolic genes and
found different variants that are associated with the frequency
of CAs (Hemminki et al. 2015b; Vodicka et al. 2015, 2018;
Forsti et al. 2016). Despite these findings, there still is a great
need to explore the genetic basis of CAs. To achieve this goal,
we designed a genome-wide association study (GWAS), which
is the first GWAS of this nature. The study included not only
individuals exposed to potential occupational and environmen-
tal carcinogens but also newly diagnosed cancer patients, who
may represent a population with increased susceptibility to
CAs, and individuals with no recorded exposure to carcinogens.
Our aim was to find novel genetic variants predisposing to CAs
and potentially to cancer and to elucidate the possible functional
effects of these variants by in silico predictions.

MATERIALS AND METHODS

All the samples and the information in the study were obtained with
written consent of the participants. The project was carried out according
to the rules of the Declaration of Helsinki and ethical approval was
obtained from the Ethics Committee of the Institute of Preventive and
Clinical Medicine (later Slovak Medical University), the Ethics Committee
of the Jessenius Faculty of Medicine in Martin, Comenius University in
Bratislava, the Ethics Committee of the Institute for Clinical and Experi-
mental Medicine and Thomayer Hospital, Czech Republic and the Ethics
Committee of the VEN (General University Hospital in Prague).

Study Subjects

The GWAS sample set consisted of 639 healthy individuals; approxi-
mately 89% of them were recruited in Slovakia, while 11% came from the
Czech Republic. Blood samples were taken from approximately equal



number of males and females. About 57% of these individuals were
exposed to some form of genotoxins due to the nature of their profes-
sions and their exposure was assessed by personal dosimeters, the rest
were office workers and local residents; 30% were self-reported
smokers (Table I). The genotoxic substances included mainly small
organic compounds, such as vinyl chloride, epichlorohydrine and ethyl-
ene oxide, anesthetics, heavy metals and styrene (Vodicka et al. 2004a,
b, 2015, Musak et al. 2008, 2013). The replication was conducted
on two different sample sets. The first replication set (replication 1)
consisted of 482 individuals (Czech, n = 449, Slovak, n = 33) and the
second set (replication 2) was composed of 1288 individuals (all Slo-
vak), (Table I). About 46% of the individuals in replication 1 were
newly diagnosed primary cancer patients recruited by the Department
of Radiotherapy and Oncology, Faculty Hospital Kralovske Vinohrady,
Prague, Czech Republic, including breast, colorectal and lung cancer
patients; 29% of the individuals in this sample set were self-reported
smokers (Vodicka et al. 2010; Vodenkova et al. 2015). Blood samples
from the cancer patients were drawn before any treatment to avoid any
treatment-related increase in the number of CAs. The healthy individ-
uals were recruited by the Blood Center of Faculty Hospital Kralovske
Vinohrady, Prague, Czech Republic.

Replication 2 included participants from six molecular-
epidemiological studies. In these studies, the effects of environmental/
lifestyle factors including smoking, alcohol consumption, nutrition,
professional exposure (asbestos, stone wool, glass fibers, and radia-
tion), and risk factors such as obesity and aging on health outcomes
were assessed by several biomarkers, including chromosomal instabil-
ity. Altogether 23% of individuals were occupationally exposed with
exposure assessed by personal dosimeters and 24% were self-reported
smokers. The numbers of participants from individual studies are
shown in Table I; details of each study were published elsewhere
(Dusinska et al. 2003, 2004a, b, 2012, Kazimirova et al. 2004, 2006,
2009; Tulinska et al. 2004; Szabova et al. 2012).

Cytogenetic Assay

Cytogenetic analysis was performed on cultured PBLs. Two short-
term PBL cultures were set up for each sample. For this purpose, 0.5 ml
of whole blood was added to 4.5 ml of RPMI (Roswell Park Memorial
Institute) medium along with L-glutamine and NaHCO; (Gibco) supple-
mented with 20% fetal calf serum (Gibco), and antibiotics (penicillin and
streptomycin, Gibco). Phytohaemagglutinin (0.18 mg/ml, PHA, Murex)
was added as a proliferation stimulant. Incubation was done at 37 °C
with 5% CO, for 48 hours. Colchicine (0.75 pg/ml, Sigma) was added
2 hours before harvesting the PBLs. Harvesting was followed by centri-
fugation of cells and hypotonic shock treatment in 0.075 M KCl for
20 min at 37 °C. PBLs were fixed twice in methanol:glacial acetic acid
(3:1) and air-dried preparations were made. Staining of slides was carried
out using 5% Giemsa-Romanowski solution for 5 min. Cultured PBLs
were analyzed in metaphase stage under a light microscope (Dusinska
et al. 2004b; Kazimirova et al. 2004; Musak et al. 2013). For each per-
son, 100 mitoses were analyzed in a double-blind fashion and the fre-
quency of different types of CAs (CSAs, CTAs) was recorded (Vodicka
et al. 2010; Musak et al. 2013).

Phenotypes analyzed in the association analysis were divided into three
categories: CAtot (total chromosomal aberrations), CSAs, and CTAs. For
logistic regression analysis, the samples were divided into high CA fre-
quency group (CApign) and low CA frequency group (CAy,,,) on the basis
of frequency of aberrations. The threshold for inclusion into CApgn in case
of CAtot was CA frequency > 2% while for CSA and CTA it was 21%.
This arbitrary assignment to CAgp;gn and CAy,,, groups is based on previ-
ous experience with human genotoxic monitoring in the Czech and Slovak
populations [Dusinska er al. 2003, 2004a, b; Sram er al. 2004; Vodicka
et al. 2010; Musak et al. 2013].
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GWAS and Quality Control

Genotyping of the 639 individuals was done using Illumina Huma-
nOmniExpressExome8v1.3 array comprising nearly 1 million SNPs
throughout the genome. General genotyping quality control assessment
was done as previously described by Anderson et al. (2010). Individuals
with discordant gender information, outlying heterozygosity and genotype
call rates <95% were excluded. Relatedness between samples was detected
by identity-by-state measures. Population stratification was assessed using
principal component analysis. SNPs with one or more of the following cri-
teria were excluded: <95% genotype call rate, minor allele frequency < 5%
or Hardy—Weinberg equilibrium exact P-value <107>. After quality con-
trol, 576 samples and 626.004 SNPs remained. Genotypes for common
variants across the genome were then imputed using data from the com-
bined UKIOK - 1000 Genomes Project (phase 3, Oct. 2014) with
IMPUTE2 v2.3.2 (Howie et al. 2011) after pre-phasing with SHAPEIT
software v2.12 (Delaneau et al. 2011). We set thresholds for imputation
quality to retain both potential common and rare variants for validation.
Specifically, poorly imputed SNPs defined by an information metric
I < 0.70 were excluded. All genomic locations are given in NCBI Build
37/UCSC hgl9 coordinates. All SNPs having a MAF < 5% were
excluded. After imputation, the SNP set consisted of 10.258.281 geno-
typed and imputed SNPs. This SNP set consisting of both genotyped and
imputed SNPs was used for association analysis.

Association Analysis

The consecutive association analysis of the GWAS was conducted by
SNPTEST using univariate and multivariate logistic regression and linear
regression models for each of the three phenotypes by including the rele-
vant covariates, age, sex, occupational exposure and smoking status. The
association data were visualized through Miami plots with generally
accepted suggestive significance threshold of P = 5.0 x 107> and the
genome-wide significance threshold of P = 5.0 x 10~* using the Genetic
analysis package (gap) for CRAN R 2.15 and odds ratios (ORs), effect
sizes and 95% confidence intervals (CIs) were obtained for the effective
allele in the additive model.

Insilico Analysis

In silico analysis was done using different bioinformatics tools to
examine functional consequences of the highly associated SNPs. These
tools included Locus zoom to plot the locus of interest, to see the orienta-
tion of genes in the region, linkage disequilibrium between the SNPs and
recombination rate, (Pruim et al. 2010), UCSC genome browser
(Rosenbloom et al. 2015) and Haploreg (Ward and Kellis 2012) to investi-
gate the presence of any regulatory elements like promotors, enhancers
and transcription factor binding sites, and to see the potential functions
and expression effects from eQTL studies of all highly linked SNPs on
candidate target genes. Regulome DB was used to predict the likely cell
types of action, variant scores, regions of DNase hypersensitivity, and his-
tone modifications (Boyle et al. 2012). A total of 11 SNPs were selected
for replication as a result of in silico analysis.

Validation and Replication

The selected SNPs were validated in a small sample set of 149 individ-
uals from the GWAS and replicated in 2 different replication sets. Valida-
tion and replication were carried out through TagMan (Thermo Fisher
Scientific, Darmstadt, Germany) allelic discrimination genotyping assays.
Genotype detection was performed using Applied Biosystems ViiA™ 7
Real-Time PCR System, (Life technologies, Germany).
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TABLE I. Characterization of the Study Population Including Distribution of High (CAp;zn) and Low Chromosomal Aberration
level (CA,,) Among CAtot, CSA and CTA Categories and According to Major Confounders, Age, Sex, Smoking, Occupational

Exposure and Cancer Status.

GWAS P Replication 1 P Replication 2 P2
Mean age +SD 44.64 £12.70 0.01 59.63 £+ 12.88 0.014 43.8 + 15.57 2.59E-07
Female/Male % 51.7/48.3 0.57 53.6/46.4 0.13 57.7/142.3 0.02
Smoking Yes/No % 30.5/69.5 0.96 29.3/70.7 0.001 24.1/75.9 0.006
CAtot" no. (CApigh”/CAioy,”) 351/225" 304/178 295/993
CTA? no. (CAnigh/CAiow) 367/209* 350/132 387/901
CSAS no. (CAyigh/CAjon) 349/227* 268/214 367/921
Occupational exposure % 57.6 1.21E-09 23.1 0.009
Small organic compounds% 21.7
Anesthetics% 15.5
Heavy metals% 12
Styrene% 8.5
Radiation (pilots)% 5.8
Asbestos% 4.6
Stone wool% 7.1
Glass fibers% 5.8
Cancer % 46.1 7.56E-06
Breast cancer% 23.4
Colorectal cancer% 14.3
Lung cancer% 83
Others 024 53.9° 10.77/18.8°/20.5'°/26.9'"

!(Total chromosomal aberrations)

%(No. of individuals in high chromosomal aberrations group)
3(No. of individuals in low chromosomal aberrations group)
#(No. of individuals after the quality control)

3(Chromatid type aberrations)

5(Chromosome type aberrations)

7(Office workers and local residents)

8(Blood donors)

°(Obesity study)

19 Aging study)

”(Vegetan'ans and nutrition studies)

'2(P values based on binary regression model exhibiting the modulation in frequency of total chromosomal aberrations by major confounders age, sex,

smoking and occupational exposure).

Statistical Analysis

Post replication analysis was performed using PLINK v1.90b3.30
(Purcell et al. 2007) (http://pngu.mgh.harvard.edu/purcell/plink/). Effect
sizes, 95% Cls and corresponding P-values were calculated by using logis-
tic and linear regression models. All models were corrected for the same
covariates as with the model above; in the analysis of replication 1, cancer
status was included to the covariates. A meta-analysis for the GWAS and
the two replication sets was performed using the GWAMA software
(Miigi and Morris 2010). Heterogeneity was assessed by the I* statistics
(interpreted as low <0.25, moderate 0.50 and high >0.75).

RESULTS

The number of subjects in CAp;en and CA,,,, for CAtot,
CTA and CSA, and their distribution among the covariates
(age, sex, smoking, occupational exposure, and cancer sta-
tus) for the three study sample sets (GWAS, replication
1 and replication 2) is summarized in Table 1. These cov-
ariates were chosen because they were proven to exert a
significant effect on CA frequency in previous studies
(Vodicka et al. 2010; Hemminki et al. 2015b; Vodenkova

et al. 2015). Association of background variables of sex,
age, smoking, occupational exposure, and cancer status
with CA frequency was tested with logistic regression
model on CAtot. According to this analysis, occupational
exposure significantly influenced CA frequency in the
GWAS (P = 1.21 x 107°). In replication 1, the most signif-
icant variable affecting CA frequency was cancer status
(P = 7.56 x 107%), while in replication 2, the effect of
occupational exposure was moderate (P = 0.009). The
effect of age was moderate in the GWAS (P = 0.01) and
replication 1 (P = 0.01) sample sets but significant in the
replication 2 (P = 2.59 X 10~7). Smoking history had a sig-
nificant association with CA frequency in the replication
1 (P =0.001) and replication 2 (P = 0.006) but not in the
GWAS (P = 0.96). Gender was not associated with CA fre-
quency in the GWAS and replication 1 (P = 0.57 and 0.13,
respectively), but it was moderately associated in replica-
tion 2 (P = 0.02). As shown in Table II, there were some
differences in the median, mean, minimum, and maximum
values of CAtot, CSA, and CTA among the three data sets.
In the GWAS and replication 1, the mean frequency of


http://pngu.mgh.harvard.edu/purcell/plink/
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TABLE Il. Distribution of CAtot, CSA and CTA in the Three Data Sets
No. of Individuals® Mean+SD' Median Range
GWAS 576 CAtot 1.94 +1.29 2 0-7
CSA 0.98 + 1.04 1 0-6
CTA 0.97 £ 0.99 1 0-6
Replication 1 482 CAtot 221 +£1.57 2 0-8
CSA 0.88 + 1.036 1 0-5
CTA 132 +£1.22 1 0-7
Replication 2 1288 CAtot 0.95 £ 1.35 0 0-11
CSA 0.51 £ 1.02 0 0-11
CTA 0.44 +£0.78 0 0-6

"Mean number of aberrations per hundred cells
“Number of individuals in the study

CAtot was about 2% and it was about 1% for CSA and
CTA, while in replication 2, the frequencies were about
1% and 0.5%, respectively. Linear mixed model was also
used to test the association of covariates with CA fre-
quency and the results were very similar to those from
logistic model.

Both logistic and linear regression models were applied
for analysis of the phenotypes CAtot, CTA, and CSA.
Altogether 11 loci, 6 from the CAtot and 5 from the CTA
analysis, were chosen for replication and the most signifi-
cant SNPs with P < 1x10™> from these loci were selected
on the basis of in silico analyses (Table III). Selected SNPs

TABLE lll. In silico Predictions for the Selected Variants. Functional annotations from the ENCODE based tool Haploreg v4.1
(http://www.broadinstitute.org/mammals/haploreg/haploreg.php) and eQTL analysis according to GTEx Portal (http://www.

gtexportal.org/home/)
No. of Promotor Enhancer
SNPs with histon histone Proteins Motifs eQTL Gencode
Chromosome SNP 12>0.8 marks marks bound DNAse changed hits genes Type
2 1517215792 7 BRST', BRN? 14 tissues ESDR*  HMG-IY, KLF7 3-UTR
(BLD?) Irf, Nkx2
3 1s340828 2 4 tissues 16 altered 1 hit ILSRA 3-UTR
(BLD) motifs
5 rs983889 27 5 tissues 10 tissues 5 tissues TCF12, TCF4 FBXL7 Intronic
8 rs1383997 37 21 tissues 21 tissues CTCEF, 12 tissues BDPI1, CTCF, 2 hits RPI11- Intronic
(BLD) (BLD) SMC3, (BLD) NF-I 383H13.1
EGRI,
TBP
9 rs12002628 17 Hoxa4, TRPM3 5 -UTR
Hoxb8
9 17025089 53 ESDR, 21 tissues CTCF 9 tissues 10 altered 2 hits MED27 Intronic
BLD, LNG’ (BLD) motifs
9 rs16931167 1 LIVS, 5 altered PTPRD Intronic
HRT7, motifs
PANC
9 157033729 9 ESDR, GI® 6 tissues PLCNT?  AridSb, NRSF 4 hits FAMI54A Intronic
14 158003642 26 SPLN'® 11 tissues Irf, Sox RP11-725G5.2  Intronic
21 152824215 18 AF212831.2 5" -UTR
21 1s2837619 13 ERalpha-a, DSCAM Intronic
Irf, p300
! (Breast)
2(Brain)
3(Blood)
4(ESC_Derived)
*(Lung)
S(Liver)
7(Heart)
8(Gastrointestinal tract)
°(Placenta)

19(Spleen)
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http://www.gtexportal.org/home/

Environmental and Molecular Mutagenesis. DOI 10.1002/em
22 Niaziet al.

©
=3
- . 8
8 |
B o l :
£ 2 ; o | 8
8 N 2
2 4 KA
g’ ~ RSy i
b B ¢
S i
g
6«
2 o] !
© ]
o i
: AL i
© < - 3 .
g v ! 2
= ' (1 w0
= . 5 L LS
e ! =
3 @ '
(&)
‘ | 8
= ¥ 2 I 2 2 T © £ 2 £ © =2 =T @2 2 = 22g3x5y
5 5 5 5 5 5 5 5 § E E E E EEEEEEEEE
o = =) o = = = o =) o o o0
Chromosome
Fig.1. Miami plot for CAtot logistic and linear models. The Y-axis shows the —log;, P — value of each SNP and the X-

axis shows their chromosomal position. Loci selected for replication are highlighted in green. The red horizontal line
represents the genome-wide significance threshold of P = 5.0 x 107® and the yellow horizontal line represents the
significance threshold of P = 5.0 x 107 as suggestive level of significance.

were genotyped in the replication sets. All selected loci
contained at least one directly genotyped SNP and the
genotyping accuracy was confirmed in a small subset of
GWAS samples. No SNP associations at the level of
P <1 x 107 were found in CSA.

In case of CAtot, the logistic regression model showed
more significant associations than the linear model, how-
ever, almost all the loci showed similar trends in the linear
model as well. This is evident from the Miami plot
(Fig. 1). Two SNPs in chromosome 9 (rs12002628 and
rs16931167) almost reached the genome-wide significance
level of 5x107° (P = 4.78 x 107 and 2.66 x 107, respec-
tively, Table IV). For all SNPs, except for rs16931167, rep-
lication 1 showed ORs on the same direction as in the
GWAS and the strongest associations in the meta-analysis
were for rs1383997 at 8q13.3 (OR 0.6, 95%CI 0.49-0.73,
P = 344 x 1077) and rs2824215 at 21q21.1 (OR 1.57,
95%CI 1.29-1.91, P = 8.7 X 10_6). Replication 2 did not
give much support for the GWAS associations, and the
strongest association in the meta-analysis of all populations
with P = 4.01x10™> was for rs12002628 at 9q21.13. The
heterogeneity between the three populations was moderate
to high as indicated by the I* values (Table IV).

For the CTA analysis, on the other hand, higher associa-
tions were found in the linear model as compared to the
logistic model (Fig. 2). In CTA, five SNPs showed an asso-
ciation at the suggestive level of significance (Table V).
Here also, the GWAS and replication 1 showed more similar
associations than the GWAS and replication 2 and the het-
erogeneity measured by the /> values was high. In the meta-
analysis of the GWAS and replication 1, one association,

rs983889 at 5pl15.1 remained statistically significant at the
suggestive level (P = 1.06 x 107°) and no significant associ-
ations were observed in the meta-analysis of all three popu-
lations. Although the SNPs from the GWAS were selected
based on the linear model, we also calculated the ORs and
95%ClIs in the logistic model (Table V). For the most signif-
icant SNP, 1s983889, the OR was 0.65 (95%CI 0.52-0.80)
in the meta-analysis of the GWAS and replication 1.

DISCUSSION

Inherited genetic variation may cause interindividual dif-
ferences in the susceptibility to CAs. We tested this
hypothesis at the whole-genome level in three populations
composed of differentially exposed individuals through
smoking, occupational or environmental factors, and
untreated cancer patients. In general, occupational exposure
and being a newly diagnosed cancer patient had a strong
influence on the frequency of CAs, while the genetic fac-
tors seemed to play a minor role. The fact that the GWAS
and replication 1 showed more similar associations with
CAs than the GWAS and the replication 2 may be explained
by the composition of these three sample sets.

In the GWAS set, more than 50% of the subjects were
occupationally exposed to different compounds such as
small organic compounds, anesthetics, styrene, and heavy
metals (Somorovska et al. 1999; Vodicka et al. 2004a, b,
2015, Musak et al. 2008, 2013; Hemminki et al. 2015b;
Forsti et al. 2016). Logistic regression analysis on this sam-
ple set showed a highly significant association of increasing
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TABLE IV. SNPs Selected from CAtot Model and Their Corresponding OR, 95% CI, and P-values in the Logistic Model in Three

Sample Sets and Meta-analyses

Logistic Model

SNP Locus Minor allele Major allele Model OR 95% CI P Iy
GWAS rs1383997 8ql13.3 T C CAtot 0.56 0.44-0.71 5.44E-06
Replication 1 0.67 0.49-0.91 0.01
Replication 2 1.09 0.89-1.34 0.39
Meta GWAS+ Replication 1' 0.6 0.49-0.73 3.44E-07 0
meta all® 0.8 0.70-0.93 0.002 0.89
GWAS rs12002628 9q21.13 T C CAtot 0.47 0.35-0.63 4.78E-07
Replication 1 0.93 0.64-1.33 0.67
Replication 2 0.79 0.60-1.03 0.08
Meta GWAS+ Replication 1 0.61 0.48-0.78 7.68E-05 0.89
meta all 0.68 0.57-0.82 4.01E-05 0.81
GWAS 17025089 9q34.13 C A CAtot 0.55 0.42-0.70 7.97E-06
Replication 1 0.86 0.63-1.18 0.35
Replication 2 1.19 0.95-1.47 0.13
Meta GWAS+ Replication 1 0.66 0.53-0.81 1.02E-04 0.8
meta all 0.87 0.75-1.02 0.08 0.9
GWAS rs16931167 9p23 T C CAtot 2.55 1.76-3.71 2.66E-07
Replication 1 0.77 0.52-1.12 0.17
Replication 2 0.96 0.73-1.28 0.8
Meta GWAS+ Replication 1 1.41 1.07-1.86 0.02 0.95
meta all 1.17 0.96-1.42 0.13 0.92
GWAS s2824215 21q21.1 C A CAtot 1.8 1.40-2.30 3.27E-06
Replication 1 1.27 0.94-1.7 0.12
Replication 2 1.02 0.83-1.24 0.88
Meta GWAS+ Replication 1 1.57 1.29-1.91 8.70E-06 0.73
meta all 1.26 1.10-1.45 0.001 0.84
GWAS 12837619 21q22.2 G A CAtot 0.61 0.47-0.77 5.51E-06
Replication 1 0.94 0.71-1.24 0.64
Replication 2 0.97 0.8-1.18 0.78
Meta GWAS+ Replication 1 0.71 0.58-0.85 3.65E-04 0.86
meta all 0.83 0.72-0.95 0.01 0.84

!(Meta-analysis between the GWAS and replication 1)

%(Meta-analysis between all three sample sets i.e. GWAS sample set, replication 1 and replication 2)

CA frequency with occupation and a moderate association
with age. In replication 1, in which 46% of individuals
were incident cancer patients, a strong association between
the frequency of CAs and cancer status was observed.
These results are also in consistence with previous studies
(Hemminki et al. 2015b; Vodicka et al. 2015). For replica-
tion 2, age was the most significantly associated factor with
smoking and occupational exposure showing a moderate
effect. In replication 2, the effect of occupational environment
was less significant than in the GWAS sample, probably
because the proportion of individuals who were occupation-
ally exposed was only 23%. The proportion of individuals
exposed to asbestos, which is equally genotoxic as the chemi-
cal compounds in the GWAS (IARC Working Group on the
Evaluation of Carcinogenic Risks to Humans et al. 2008;
IARC Working Group on the Evaluation of Carcinogenic
Risks to Humans. and International Agency for Research on
Cancer. 2012) was less than 10% of the study group. The rest
of the occupationally exposed individuals were exposed to
stone wool and glass fibers which are comparatively less gen-
otoxic (Dusinska et al. 2004a, b; Baan and Grosse 2004).

Also, a significant part of the sample consisted of individuals
from the aging, obesity, and specific food preference studies,
who were nominally unexposed to genotoxic agents
(Dusinska et al. 2003; Kazimirova et al. 2004, 2006, 2009;
Szabova et al. 2012). These differences in the composition of
the study populations were also reflected in the CA frequen-
cies, which were about twice as high in the GWAS and repli-
cation 1 as compared to replication 2.

Due to these population and CA frequency differences
and because the CAs are measured as a number of aberra-
tions per 100 cells, we used both the logistic and the linear
regression models to evaluate the associations between the
genetic variants and the frequencies of CAs. We analyzed
the CAs as three phenotypic categories, CAtot, CSA and
CTA. However, no loci were found to be associated with
CSA frequency. CSAs are also known to be affected to a
lesser extent by chemical mutagens as compared to CTAs
(Natarajan 1993). The SNPs in CAtot category were
selected from the logistic model as it provided stronger
associations. In case of CTA, linear model offered better
associations than the logistic model; this difference could
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Fig. 2. Miami plot for CTA linear and logistic models. The Y-axis shows the —log;, P — value of each SNP and the X-
axis shows their chromosomal position. Loci selected for replication are highlighted in green. The red horizontal line
represents the genome-wide significance threshold of P = 5.0 x 107® and the yellow horizontal line represents the
significance threshold of P = 5.0 x 107> as suggestive level of significance

be attributed to the difference in CApigh/CAjqy cutoff point
for CTAs (1%) and CAtot (2%). A linear regression is built
on continuous variables as outcome. It has a higher preci-
sion, and it provides more statistical power with a smaller
sample set (MacCallum et al. 2002).

In spite of differences in the study populations, five out
of six CAtot variants showed ORs in the same direction
both in the GWAS and replication 1. Two SNPs
(rs1383997 and rs2824215) reached the suggestive signifi-
cance P-value of 1 x 107> in the meta-analysis between the
GWAS and replication 1. Addition of replication 2 to the
meta-analysis resulted in only one marginal association
(rs12002628, P-value 4.01 x 107>). Variants involved in
CTA did not have significant support from the replications
either. Only one variant (rs983889) reached the significance
level of P = 1 x 107 in the meta-analysis of the GWAS
and replication 1. Similar to any GWAS, all associated loci
were located in the noncoding region of the genome, and
we evaluated their potential functional consequences using
several in silico tools and the existing literature data.

One of the most strongly associated SNPs in the CAtot
analyses was located in the gene related to transient recep-
tor potential (TRP) cation channels. Rs1383997 is mapped
to the 8q13.3 locus that codes for an antisense transcript.
This natural antisense transcript (NAT) is antisense to the
musculin (MSC) gene and the TRP cation channel subfam-
ily A member 1 (TRPAI) gene. NATs are known to regu-
late the expression of their corresponding sense transcript
(Wight and Werner 2013). Another SNP rs12002628 on
chromosome 9q21.13, which reached the suggestive level

of significance in meta-analysis between GWAS and repli-
cation 1, is present at 5.8 kb 5’ to another TRP family pro-
tein TRPM3 gene with many linked SNPs in the introns of
TRPM3. TRP channels regulate the Ca2+ ions homeostasis
in response to environmental and chemical factors. Any
deregulation in Ca2+ distribution patterns can promote the
signs of cancer development such as proliferation,
enhanced survival and invasion (Shapovalov et al. 2016).
MSC, also known as activated B-cell factor-1 (ABF-1), is a
member of basic helix loop helix (bHLH) family of tran-
scription factors which are involved in cell fate determina-
tion in several developmental processes like hematopoiesis
and myogenesis (Murre et al. 1994). It is mainly expressed
in activated B cells in humans and EBV-transformed lym-
phoblastoid cell lines (Massari et al. 1998). ABF-1 is capa-
ble of inhibiting the transactivation capability of E47 in
mammalian cells. E47 is involved with several chromo-
somal translocations and diminished activity of E47 can
lead to lymphoid malignancies (Herblot et al. 2002).

The second SNP from the CAtot analysis, rs2824215
(21g21.1) is located in a long intergenic noncoding RNA
(LiNC), and deletion in this locus has been linked to
autistic features with complex chromosomal rearrange-
ments (Haldeman-Englert et al. 2010). Interestingly, two
other SNPs, which we selected for replication, rs17215792
(2933.3) and rs2837619 (21q22.2) are located in the genes
associated with autism and Down syndrome, KLF7 (Kruppel
like factor 7) (Pescucci et al. 2003; Jang et al. 2015) and
DSCAM (Down Syndrome Cell Adhesion Molecule), respec-
tively (Yamakawa et al. 1998; Cvetkovska et al. 2013).
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Chromosomal abnormalities are an important feature of both
diseases (Liao et al. 2013). Both of these SNPs, however,
showed only weak, if any, association with CAs in the
replication sets.

The only SNP from the CTA analysis with a suggestive
level of association in the GWAS and replication 1 meta-anal-
ysis, 1983889, is an intronic SNP in the F-box and leucine-
rich repeat protein 7 (FBXL7) gene. FBXL7 belongs to F-box
proteins, which are involved in phosphorylation—dependent
ubiquitination of proteins and which display proapoptotic
activity (Zheng et al. 2016). Incidentally, one of the targets of
FBXL7 is aurora kinase A (AURKA), a known oncogene,
involved in regulation of mitosis (Tang et al. 2015). During
late G2 phase, AURKA is recruited to centrosomes (Hanisch
et al. 2006) and later on promotes centrosome maturation and
bipolar spindle formation (Gruss et al. 2001). Since CTAs also
arise during S/G2 phase (Durante et al. 2013), an indirect
involvement of AURKA can be anticipated to affect the fre-
quency of CTAs.

In conclusion, our GWAS identified 11 SNPs associated
with CA frequency, from which three were replicated at
the suggestive level of significance. In silico predictions of
functional consequences of the identified SNPs and their
loci revealed that they were directly or indirectly related to
different cancers. They included genes encoding TRP cat-
ion channel proteins, which regulate the Ca2+ ions homeo-
stasis in response to environmental and chemical factors,
genes involved in autism and Down syndrome, two syn-
dromes linked to chromosomal abnormalities, and FBXL7,
which interacts with AURKA, an important regulator of
mitosis. Although due to sample size the results of this
GWAS are not definitive in terms of pointing out the exact
rationale behind CAs development but they certainly point
towards the probable loci that could be involved in the ele-
vated frequency of CAs in the presence of environmental
stress.
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Abstract: Accumulation of non-specific structural chromosomal aberrations (CAs) and telomere
shortening contribute to genome instability, one of the hallmarks of cancer. CAs arise as a
consequence of direct DNA damage or may be driven by telomere shortening. CAs in peripheral
blood lymphocytes (PBL), proven markers of exposure, may participate in pathophysiology and
progression of cancer, however, the mechanisms are unresolved. The prognostic value of telomere
length (TL) in cancer patients also remains unclear. We focused on the evaluation of CAs and TL in
PBL of incident cancer patients (151 breast, 96 colorectal, 90 lung) and 335 controls. Obtained results
were analyzed together with baseline, clinico-pathological, and follow-up data. We observed the
accumulation of CAs in PBL appear as a marker of breast and lung cancer susceptibility (P<0.0001).
Individuals with longer TL were at increased risk of breast cancer (P<0.0001). Accumulation of
chromatid-type aberrations was associated with poor overall survival in breast and colorectal cancer
patients in a multivariate survival model. In contrast to controls, patients did not exhibit any
relationship between either TL and CAs or TL and age. In summary, we provided pilot data on CAs
and TL in PBL in the context of cancer risk and patients’ long-term survival.

Keywords: Structural chromosomal aberrations; Telomere length; Peripheral blood lymphocytes;
Breast, Colorectal and Lung cancer; Cancer susceptibility; Patients” long-term survival
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1. Introduction

Tumorigenesis is a multistep process driven by several genetic alterations, including
chromosomal rearrangements that confer a selective advantage for a dividing cell [1]. In addition,
their accumulation promotes tumor growth and progression [2]. Many cancers also exhibit epigenetic
changes that can have profound effects on the expression of key genes involved in the process of
malignant transformation [3].

The acquired non-specific structural chromosomal aberrations (CAs) represent multiple and
diverse rearrangements within or between chromosomes. Structural CAs can be either chromatid-type
(CTAs) or chromosome-type aberrations (CSAs) depending on the stage of the cell cycle and
mechanism of action of clastogenic compounds. They arise during an individual’s life as a
consequence of direct mutagenic effect and/or due to DNA repair mechanisms dysfunction [4-6]. CAs
may even be observed in peripheral blood lymphocytes (PBL) of healthy individuals. For decades,
measurement of CAs in PBL has thus been conventionally used in biomonitoring of individuals’
environmental and occupational exposure to clastogens [7, 8]. Several European cohort studies, both
prospective and retrospective, have gathered evidence proving that the increased frequencies of CAs
in PBL could serve as a predictive marker for increased cancer susceptibility [9-12].

Some CAs pose a primary event in cancer origins, other chromosomal changes are driven by the
disease progression and reflect the prognosis and cancer stage [13]. Although specific chromosomal
rearrangements detected in malignancies are generated during carcinogenesis, some authors assume
that the non-specific structural CA frequencies in PBL may represent a marker of cancer susceptibility.
Their hypothesis was based on the presumption that genetic damage in PBL reflects similar damage in
different target cells undergoing malignant transformation (summarized by Boffetta et al. 2007 [14]).

It has recently been recognized that, except for direct DNA damage where double-strand break
DNA repair is crucial, mechanisms associated with telomere shortening are important contributors to
the formation of CAs as well [15-17]. Nevertheless, there is still a lack of studies addressing this issue,
especially in PBL. Telomeres are special chromatin structures at the ends of linear eukaryotic
chromosomes that are characterized by tandem repeats (TTAGGG)n with several associated proteins
[18, 19]. Telomeres progressively shorten through cellular lifespan [20]. Their shortening can cause the
proliferation arrest and cell apoptosis through the loss of protection at chromosome ends. On the
other hand, the loss of telomere function can lead to telomere crisis and genome instability that can
induce numerical and structural CAs [21]. Therefore, telomere length (TL) plays a critical role both in
genome integrity maintenance and cancer initiation/progression.

In our present study, we focused on the evaluation of both acquired non-specific structural CAs
and TL in PBL of patients with a sporadic form of the breast (BC), colorectal (CRC), and lung (LC)
cancer and control individuals. Patients comprise individuals with any prior use of radio- or
chemotherapy or X-rays (e.g. diagnostic) to avoid the presence of additional chromosomal damage
related to the treatment. These cancer types are ranking at the top with respect to incidence and
mortality worldwide [22] and therefore, there is an urgent need to search for new diagnostic,
predictive and prognostic biomarkers. Since chromosomal instability (CIN) represents a marker of
genotoxic exposure and a predictor of cancer risk, it is necessary to study its genetic basis as well. The
novelty of this study lays in the investigation of the prognostic value of CAs and TL in PBL using
survival analyses in newly diagnosed cancer patients. Moreover, correlation of CA frequencies with
TL both in cancer patients and controls is addressed for the first time.
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2. Results
2.1. Case-control study

The levels of all studied types of structural CAs, i.e. aberrant cells (ACs), total chromosomal
aberrations (CAtot), CTAs, and CSAs were statistically significantly higher in BC and LC patients in
comparison with corresponding control groups. In CRC patients, only the frequencies of ACs and
CTAs were statistically significantly higher compared to controls (Table 1). Additionally, the risk of
particular types of studied cancers was statistically significantly associated with CA frequencies;
adjusted odds ratios (aORs) with their 95% confidence intervals (ClIs) are summarized in Table 2.
Individuals with higher frequencies of chromosomal damage markers were at higher risk of BC (aOR
for ACs =4.81, P <0.0001; aOR for CAtot = 4.49, P < 0.0001; aOR for CTAs = 2.43, P = 0.0004; and aOR
for CSAs = 2.31, P = 0.0008). Similarly to BC, elevated frequencies of CAs had an impact on the
increased risk of LC (aOR for ACs = 3.82, P < 0.0001; aOR for CAtot = 3.44 P < 0.0001; aOR for CTAs =
3.30, P < 0.0001; and aOR for CSAs = 1.75, P = 0.04). No association between CAs and CRC risk was
found in our set of patients. Both age and sex were statistically significantly associated with the risk of
CRC and LC (Table 2).
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Table 1. The levels of chromosomal damage (ACs, CAtot, CTAs, CSAs) and TL in each group of cancer patients and their corresponding controls.

FEMALE CONTROLS (N=145) BREAST CANCER PATIENTS (N=151)
Mean SD 95% CI Range Min Median Max [ Mean SD 95% CI Range Min Median Max | P-value
ACs 1.63 1.20 1.43-1.82 6 0 2 6 262 157 2.36-2.87 7 0 3 7 <0.0001
CAtot 1.72 131 1.50-1.93 6 0 2 6 273  1l.64 2.47-2.99 7 0 3 7 <0.0001
CTAs 1.00 0.99 0.84-1.16 4 0 1 4 1.63 1.34 1.41-1.85 6 0 1 6 <0.0001
CSAs 070 090  0.55-0.84 5 0 0 5 110 1.03  0.93-1.27 4 0 1 4 0.0005
TL 1.54 082 1.40-1.69 3.17 0.61 1.23 3.78 1.88  0.79 1.72-2.03 5.06 0.57 1.77 5.63 | <0.0001
CONTROLS (N=335) COLORECTAL CANCER PATIENTS (N=96)
Mean SD 95% CI Range Min Median Max [ Mean SD 95% CI Range Min Median Max | P-value
ACs 1.76  1.30 1.62-1.90 6 0 2 6 213 145 1.83-2.42 6 0 2 6 0.03
CAtot 1.89 145 1.73-2.04 7 0 2 7 226 1.67 1.92-2.60 8 0 2 8 0.06
CTAs 1.07  1.00 0.96-1.18 4 0 1 4 146 131 1.19-1.72 7 0 1 7 0.02
CSAs 0.81 110 0.69-0.93 6 0 0 6 080 1.00  0.60-1.00 4 0 1 4 0.78
TL 1.77 081 1.67-1.86 3.18 0.60 1.57 3.78 154 041 1.44-1.64 2.13 0.90 1.48 3.03 0.33
CONTROLS (N=335) LUNG CANCER PATIENTS (N=90)
Mean SD 95% CI Range Min Median Max [ Mean SD 95% CI Range Min Median Max | P-value
ACs 1.76  1.30 1.62-1.90 6 0 2 6 284 149 2.53-3.16 6 0 3 6 <0.0001
CAtot 1.89 145 1.73-2.04 7 0 2 7 288 1.53 2.56-3.20 7 0 3 7 <0.0001
CTAs 1.07  1.00 0.96-1.18 4 0 1 4 1.83 1.34 1.55-2.11 6 0 2 6 <0.0001
CSAs 0.81 110 0.69-0.93 6 0 0 6 1.06 099  0.85-1.26 4 0 1 4 0.0007
TL 1.77 081 1.67-1.86 3.18 0.60 1.57 3.78 1.54 0.93 1.22-1.85 5.42 0.77 1.35 6.19 0.06

The table summarizes the results obtained in the case-control study calculated by Median Two-Sample Test. The levels of ACs, CAtot, CTAs, and CSAs were evaluated using
the standard cytogenetic method. TL was measured as relative telomere length and its measurement was conducted using the monochrome multiplex polymerase chain
reaction. Statistically significant values are in bold.

Abbreviations: ACs—aberrant cells; CAtot— total chromosomal aberrations; CI—confidence interval; CSAs— chromosome-type aberrations; CTAs—chromatid-type
aberrations; N—number of samples; SD—standard deviation; TL —telomere length.
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Table 2. The association of CA frequencies (ACs, CAtot, CTAs, CSAs) and TL with the risk of particular types of studied cancers.

BREAST CANCER (N=151) COLORECTAL CANCER (N=96) LUNG CANCER (N=90)
aOR 95% CI P-value aOR 95% CI P-value aOR 95% CI P-value
ACs 4.81 2.84-8.12 <0.0001 1.19 0.71-1.98 0.52 3.82 2.27-6.42 <0.0001
Age (years) 0.99 0.97-1.01 0.27 1.04 1.02-1.06 <0.0001 1.06 1.04-1.08 <0.0001
Sex (0 for females) - - - 1.85 1.10-3.10 0.02 3.18 1.72-5.90 0.0002
CAtot 4.49 2.69-7.50 <0.0001 1.04 0.63-1.73 0.87 3.44 2.05-5.77 <0.0001
Age (years) 0.99 0.97-1.01 0.18 1.04 1.02-1.06 <0.0001 1.06 1.04-1.08 <0.0001
Sex (0 for females) - - - 1.87 1.11-3.13 0.02 3.32 1.79-6.15 0.0001
CTAs 2.43 1.49-3.97 0.0004 1.56 0.96-2.53 0.07 3.30 1.97-5.52 <0.0001
Age (years) 0.99 0.98-1.01 0.49 1.04 1.02-1.06 <0.0001 1.06 1.04-1.08 <0.0001
Sex (0 for females) - - - 1.84 1.10-3.09 0.02 3.40 1.84-6.29 <0.0001
CSAs 2.31 1.42-3.77 0.0008 0.92 0.57-1.47 0.73 1.75 1.03-2.96 0.04
Age (years) 0.99 0.97-1.00 0.13 1.04 1.02-1.06 <0.0001 1.06 1.04-1.08 <0.0001
Sex (0 for females) - - - 1.87 1.12-3.13 0.02 3.70 2.02-6.76 <0.0001
TL 6.49 3.00-14.04 <0.0001 0.76 0.39-1.48 0.42 0.89 0.36-2.21 0.80
Age (years) 1.02 1.00-1.05 0.09 1.03 1.00-1.05 0.04 1.05 1.02-1.08 0.003
Sex (0 for females) - - - 1.66 0.91-3.01 0.10 4.94 1.97-12.39 0.0007

The table summarizes the results obtained in the case-control study. aORs with 95% ClIs for all studied types of CAs and TL for individual cancer types expressed by Logistic
regression analysis. The levels of ACs, CAtot, CTAs, and CSAs were evaluated using the standard cytogenetic method. TL was measured as relative telomere length and its
measurement was conducted using the monochrome multiplex polymerase chain reaction. Statistically significant values are in bold.

Abbreviations: ACs—aberrant cells; aOR —adjusted odds ratio; CAtot—total chromosomal aberrations; CI—confidence interval; CSAs—chromosome-type aberrations; CTAs—
chromatid-type aberrations; N—number of samples; TL —telomere length.
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In the current study, we have newly focused on the study of TL, measured as relative telomere
length (RTL). BC patients showed statistically significantly longer TL compared to control women (P <
0.0001, Table 1). Longer TL was linked to higher risk of BC as well (aOR = 6.49, P <0.0001, Table 2). On
the contrary, CRC and LC patients had moderately shorter TL in comparison with control individuals
(Table 1) but their shortening did not affect the risk of either cancer types (Table 2). We have further
correlated TL with the frequencies of all types of CAs and also both TL and CAs were correlated with
age. We have found negative correlation between the majority of studied CA types and TL in the
whole group of controls (ACs: Spearman’s rho (rs) = -0.21, P = 0.0004; CAtot: rs = -0.22, P = 0.0003;
CTAs: rs = -0.10, P = 0.10; CSAs: rs = -0.22, P = 0.0002; Supplementary Figure Sla). Spearman’s
correlations also showed statistically significant relationship between TL and age (rs = -0.62, P <
0.0001) and between CSAs and age (rs = 0.17, P = 0.001) in control individuals. In contrast to controls,
we have not detected the same relationship either between ACs/CAtot/CTAs/CSAs and TL
(Supplementary Figure S1b for BC, Slc for CRC, S1d for LC) or between all studied parameters and
age in individual groups of cancer patients (data not shown), except for LC patients who exhibited a
moderately statistically significant correlation between ACs/CAtot/CSAs and age (rs = 0.23, P =0.03; rs
=0.22, P=0.04; rs = 0.22, P = 0.04, respectively).

2.1. Survival analyses

In our studied types of cancer, we proved well-known significant differences in both overall
survival (OS) and recurrence-free survival (RFS) between BC, CRC and LC groups of patients (P <
0.0001). The alive/dead ratio for BC patients was 134/17 (i.e. 88.7% of patients surviving 5 years), for
CRC patients 51/45 (i.e. 53.1% surviving 5 years) and for LC patients 23/63 (i.e. 26.7% surviving 5
years). Concerning RFS, patients also differed by cancer type (P < 0.0001) — in BC: 122 patients have
survived asymptomatically and 29 patients experienced an event during the follow-up period. CRC
patients were much more likely to experience an event and therefore faced decreased RFS (36
asymptomatic survival, 60 any event). In LC patients, RES was almost identical to OS (20
asymptomatic survival, 66 any event). For this reason, we analyzed individual cancer groups
separately.

2.1.1. Univariate survival analyses

All results from the univariate assessment of the impact of well-established prognostic factors
(baseline and disease characteristics) as well as of ACs, CAtot, CTAs, CSAs and TL on OS and RFS,
expressed by Cox regression hazard model, are presented in Table 3. Tumor-node-metastasis (TNM)
stage, histopathological grade, histological classification and tumor location modulated OS and RFS in
a different way. Higher age was associated with worse OS and RFS in BC and CRC patients. In BC
patients, absence of both hormonal receptors and hormonal therapy decreased OS and even more RFS.
Regarding CAs and TL, we did not observe any statistically significant relationship with OS and RFS
in any group of cancer patients.
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Table 3. Baseline and disease characteristics as well as ACs, CAtot, CTAs, CSAs and TL, and their impact on overall (OS) and recurrence-free (RFS) survival of patients with
complete follow-up.

BREAST CANCER PATIENTS (N=151) COLORECTAL CANCER PATIENTS (N=96) LUNG CANCER PATIENTS (N=86)
(o5} RFS (o5} RFS (o5} RFS
P- P- P- P- P- P-
HR 95% CI value [ HR 95% CI value | HR  95% CI  value HR 95% CI  value HR 95% CI  value | HR 95% CI  value
Age Under cut-off (Ref) vs. Over cut-offs 421 1.48-12.00 0.007 [ 2.73 1.02-7.29 0.05 |2.49 132470 0.005 196  1.05-3.69 0.04 0.61 0.34-1.11 0.10 0.60 0.33-1.09 0.09
Sex Females (Ref) vs. Males - - - - - - 126 0.68-2.34 0.47 1.32 0.73-2.36 0.36 1.59 0.88-2.89 0.13 1.56 0.87-2.77  0.13
Family No (Ref) vs. Yes 047 0.18-1.22 0.12 042  0.19-0.93 0.03 |1.20 0.66-2.18 0.55 1.02 0.59-1.76 0.95 md md md md md md
history
of cancer
Smoking Non-smokers (Ref) 1.57  0.60-4.12 0.36 1.62 0.73-3.62 024 |1.57 0.86-2.86 0.14 1.69 0.97-2.93 0.07 1.44 0.75-2.77 0.28 1.56 0.81-3.00 0.18
status vs. Ex-smokers + Smokers
TNM stage I (Ref) vs. II+III+IV 3.69 1.30-1049 0.01 | 241 1.08-5.37 0.03 * * 0.11 1.02 025422 098 3.36 0.81-13.95  0.09 169  0.60-4.73 0.32
I+II (Ref) vs. ITI+IV 6.06 231-1586 0.0002 | 3.52 1.51-8.22 0.004 [3.50 1.72-7.15 0.0006 2.10 1.16-3.81 0.01 244 0.75-7.89 0.14 1.50 0.59-3.80  0.39
I+II+1I1I (Ref) vs. IV 27.46 9.31-80.97 <0.0001 [ 10.75 3.16-36.52 0.0001 | 9.99 4.96-20.11 <0.0001| 4.21 2.19-8.11 <0.0001 1.38 0.77-2.47 0.29 1.37 0.78-241  0.27
Histopathol. 1 (Ref) vs. 2+3+4 1.00 0.35-2.83 0.99 172 0.65-4.60 028 |4.79 0.66-34.86 0.12 1.73 0.54-5.57 0.36 - - - - - -
grade 1+2 (Ref) vs. 3+4 222  0.86-5.76 0.10 260 1.18-5.72 0.02 |1.74 0.93-3.26 0.08 1.42 0.79-2.55 0.24 0.40 0.04-4.44 0.46 0.12 0.02-0.84  0.03
1+2+3 (Ref) vs. 4 345 0.99-12.08 0.05 | 2.07 0.62-6.93 0.24 |6.39 1.86-21.98 0.003 8.16  2.38-28.00 0.0008 5.34 1.05-27.12  0.04 236  0.57-9.79 024
Histological Ductal (Ref) vs. Lobular 095 0.224.18 0.95 0.90  0.27-3.00 0.86 - - - - - - - - - - - -
classification = Pulmonary (Ref) vs. Bronchogenic - - - - - - - - - - - - 1.72 1.03-2.89 0.04 1.70  1.02-2.82  0.04
Non-small cell (Ref) vs. Small cell - - - - - - - - - - - - 0.92 0.39-2.17  0.85 086 0.39-194 0.72
Tumor Right (Ref) vs. Left (BC, LC), 1.89 0.70-5.11 0.21 1.87 0.83-423 0.13 |0.60 0.33-1.09 0.09 179  1.03-3.10 0.04 1.79 1.06-3.01 0.03 185 1.12-3.08 0.02
location Rectum (Ref) vs. Colon (CRC)
Hormonal Yes (Ref) vs. No 374 1.37-10.17 0.01 385 1.64-9.07  0.002 - - - - - - - - - - - -
therapy
Hormonal ER+ (Ref) vs. ER- 192  0.62-5.95 0.26 242 1.01-5.81 0.05 - - - - - - - - - - - -
receptors PR+ (Ref) vs. PR- 284 1.05-7.65 0.04 | 259 1.16-5.78 0.02 - - - - - - - - - - - -
Her2+ (Ref) vs. Her2- 2.88  0.93-8.96 0.07 | 333 1.33-8.36 0.01 - - - - - - - - - - - -
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Others (Ref) vs. ER-PR-Her2- 1.58 0.21-12.17 0.66 6.69 222-20.19 0.0007 | - - - - - - - - - - - -

Others (Ref) vs. ER-PR-Her2+ 4.00 1.14-14.03 0.03 240 0.72-8.05 0.16 - - - - - - - - - - - -
ACs Under (Ref) vs. Over median value 199  0.75-5.24 0.16 196  0.88-4.39 0.10 [1.06 0.57-2.01 0.85 1.13 0.63-2.01 0.68 0.89 0.51-1.56 0.69 0.99 0.58-1.69  0.97
CAtot Under (Ref) vs. Over median value  1.82  0.69-4.79 0.23 1.78  0.80-3.96 0.16 |[1.14 0.61-2.13 0.67 1.20 0.68-2.12 0.53 0.89 0.51-1.56 0.69 0.99 0.58-1.69  0.97
CTAs Under (Ref) vs. Over median value  1.13  0.44-2.94 0.80 0.83 0.37-1.84 064 [133 0.74-2.39 0.35 1.33 0.77-2.28 0.30 1.35 0.79-2.30 0.27 134 080225 027
CSAs Under (Ref) vs. Over median value  0.47  0.14-1.65 0.24 0.85 0.35-2.02 071 |1.51 0.76-2.98 0.24 1.64 0.88-3.06 0.12 091 0.50-1.65 0.75 0.95 0.53-1.69  0.86
TL Under (Ref) vs. Over median value  1.02  0.34-3.05 0.97 072 0.29-1.77 047 120 0.59-2.41 0.62 1.21 0.63-2.34 0.57 0.88 0.42-1.86 0.73 088  042-1.86 0.73

The table summarizes the results obtained by univariate assessment of the impact of well-established prognostic factors as well as ACs, CAtot, CTAs, CSAs and TL on overall
(OS) and recurrence-free (RFS) survival expressed by Cox regression hazard model. Statistically significant values are in bold. aThe most suitable cut-offs for age (in years): OS
and RFS (BC, CRC, LC) =72,73,57, respectively. *Not calculated because 0 patients failed in stage I.

Abbreviations: ACs—aberrant cells; CAtot— total chromosomal aberrations; CI—confidence interval; CSAs— chromosome-type aberrations; CTAs —chromatid-type

aberrations; ER+/-—a-estrogenic receptors positive/negative; Her2+/- —ErbB2 (Her2/neu) receptors positive/negative; HR —hazard ratio; md — missing data; N—number of

samples; OS—overall survival; PR+/-—progesterone receptors positive/negative; RES—recurrence-free survival; TL —telomere length TNM — tumor-node-metastasis.
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2.1.1. Multivariate survival analyses

To assess the prognostic utility of all variables, we explored the interactive effects of all studied
types of CAs and TL together in association with baseline and disease characteristics using a
classification and regression tree (CART) analyses. The same covariates, as in the univariate analyses,
were included in the multivariate model. The classification and regression trees related to both OS and
RFS were generated for each group of cancer patients. The first split at the top of the tree denoted the
most statistically significant prognostic factor. The percentages shown in the brackets below indicate
the proportion of patients with 5-year survival. Our results indicated that TNM stage was the initial
split-up factor for predicting both OS (Figure 1) and RFS (Figure 2) in BC and CRC patients, however,
in LC patients the start-up point was at laterality of tumor.

In BC patients, more factors (besides TNM stage) played a key prognostic role in both OS and
RFS. Variables determining the OS tree structure in BC patients were progesterone receptors,
histopathological grade, age and CTAs (Figure 1la). Among TNM stage O+I+II+IIl, the next split
showed the interaction between progesterone positivity (positive: 94.9% vs. negative: 85.4%) and
histopathological grade (grade 1+2: 98.5% vs. grade 3+4: 86.7%). Subsequently, those BC patients with
grade 1+2 displayed better OS if they were over 48 years of age (>48 years: 100% vs. <48 years: 90%).
On the other hand, BC patients with grade 3+4 had better OS provided their levels of CTAs were
lower than 2 (0-2: 95% vs. 3-7: 70%). With regard to RFS, BC patients were divided into 2 categories
after the initial split - TNM stage 0+I+Il and TNM III+IV (Figure 2a). In TNM 0+I+1l, the subsequent
split was, again, progesterone receptors positivity/negativity (positive: 94.3% vs. negative: 65.1%)
which interacted with Her2 (ErbB2 or Her2/neu) receptors positivity/negativity. The prognosis of BC
patients who had negative progesterone receptors was improved by the presence of Her2 receptors
(Her2+: 87.5% vs. Her2-: 50%). Similarly, this was the case in BC patients with progesterone positivity -
the next most statistically significant factor in RFS was the presence of Her2 receptors (positive: 100%
vs. negative: 88.8%). BC patients’” RFS with Her2 negativity (after their stratification for progesterone
positivity) was then influenced by age (<64 years: 90.8% vs. >64 years: 83.3%). Moreover, BC patients
below 64 years of age showed CSA frequency as a terminal node of RFS CART analysis. BC patients
without any CSAs displayed worse prognosis (0: 72.7% vs. 1-4: 100%).

The only statistically significant split after TNM stage was CTA frequency in CRC patients as
well (Figure 1b); CRC patients in TNM stage III have experienced highly increased OS when they had
CTA levels under the threshold of 1 (0-1: 84.6% vs. 2-7: 31%). The only statistically significant
prognostic factor connected with RFS seemed to be TNM stage in our group of CRC patients (Figure
2b).

LC patients” OS was associated with tumor laterality and histological classification (Figure 1c);
LC patients with left-sided tumors who also had a pulmonary type of tumor were more likely to
survive 5 years than LC patients with a bronchogenic type of tumors (pulmonary: 24.5% vs.
bronchogenic: 0%). Similarly to OS, LC patients with left-sided tumors and pulmonary histology had
better RFS (pulmonary 24.5% vs. bronchogenic 0%, Figure 2c). Furthermore, LC patients with right-
sided tumors demonstrated age-depending prognosis.
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Figure 1. Overall survival (OS) classification and regression trees for BC (1a), CRC (1b), and LC (1c) patients.

Figure 1a. OS CART - BC patients

Figure 1b. OS CART - CRC patients

Figure 1c. OS CART - LC patients
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Abbreviations: BC—breast cancer patients; CRC— colorectal cancer patients; CTAs—chromatid-type aberrations;
LC—lung cancer patients; OS—overall survival; TNM—tumor-node-metastasis.
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Figure 2. Recurrence-free survival (RFS) classification and regression trees for BC (2a), CRC (2b), and LC (2c)
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Abbreviations: BC—breast cancer patients; CRC —colorectal cancer patients; CSAs—chromosome-type
aberrations; LC—lung cancer patients; RFS—recurrence-free survival; TNM —tumor-node-metastasis.

3. Discussion

bronchogenic
20/20
0%

Both the accumulation of chromosomal damage and telomere shortening contributes to genome
instability, including CIN [23], enabling the acquisition of the hallmarks of malignant diseases [24, 25].
The main purpose of our present study was to investigate the frequencies of particular types of
chromosomal damage (ACs, CAtot, CTAs, and CSAs) and TL in PBL of newly diagnosed cancer
patients and corresponding control individuals. Obtained results were analyzed together with
collected baseline, clinico-pathological, and follow-up data. We sought to identify the impact of
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increased CAs and shorter TL on the risk of the most common cancers (BC, CRC, and LC). To our best
knowledge, no studies have previously addressed the relationship between frequencies of CAs with
TL in PBL in both cancer patients and control individuals. For the first time, we also focused on the
determination of possible prognostic utility of these biomarkers by assessment of patients’ 5-year OS
and RFS (with the use of univariate and multivariate models).

This report successively concludes our long-term cytogenetic studies that were launched in 2006
and initiated the collection of samples of cancer patients and control individuals. Initially, we reported
the first retrospective case-control study where we have addressed the frequencies of chromosomal
damage in 300 incident cancer patients matched with 300 controls [11]. In that study, the group of
patients mainly consisted of individuals suffering from breast, colorectal, prostate, uterus + ovary,
head + neck and bladder + kidney cancers. When studying the entire group of cancer patients and
comparing it with control individuals, we found statistically significant differences in CA frequencies
between these two groups. However, when we classified individual patients by tumor type, only
patients with certain solid tumors differed in terms of CA frequencies from controls. For this reason,
we further decided to focus on the most frequent BC, CRC and LC and extend the number of patients
within the groups. In 2015, we described increased levels of chromosomal damage markers in BC,
CRC and LC patients in comparison with control individuals [12]. In our present study, we conducted
complex regression analyses to determine the predictive value for each type of CAs. Despite the fact
that we calculated statistically significant aORs for particular types of CAs in our groups of cancer
patients compared to control individuals, only the aORs over 3.0 may be considered as clinically
significant. From the clinical point of view, only higher frequencies of ACs and CAtot (in the case of
BC and LC) and CTAs (in the case of LC) influenced the risk of these cancers. Specifically, patients
with elevated ACs and CAtot were at higher risk of BC by 48% and 45%, respectively) and LC by 38%
and 34%, respectively). Higher levels of CTAs increased the risk of LC by 33%. Our results confirmed
the findings from prospective studies (summarized by Bonassi et al. 2008 [10]). A cohort study from
Central Europe suggested that rather than CTAs, CSAs are predictors of cancer risk [14]. However, a
pooled analysis of thousands of control individuals revealed an equally strong cancer predictivity of
both CTAs and CSAs [9].

The examination of CA frequencies in cancer patients and cancer-free individuals was newly
supplemented by TL determination. Telomeres are nucleoprotein structures that protect chromosomal
ends from exonucleolytic degradation and inappropriate activation of DNA repair pathways followed
by end-to-end fusion of non-homologous chromosomes [26]. Li et al. 2013 [15] and Xu et al. 2013 [16]
provided the evidence that CAs may arise as a consequence of telomere dysfunction and mechanisms
associated with telomere shortening rather than as a result of the direct DNA damage. Moreover, sub-
telomeric regions seem to be the hot spots for the formation of symmetrical exchanges between
homologous chromatids. Cryptic aberrations in these regions have been shown to be associated with
several human congenital abnormalities [4]. By comparison of TL between cases and controls, we
found that BC patients exhibited statistically significantly longer TL than control females. Moreover, a
group of BC patients had the longest TL out of all measured samples (both CRC and LC patients and
all control individuals). This observation may have a possible explanation as it is widely believed that
females have longer telomeres than males [27] and our set of BC patients consisted of only women.
Several hypotheses have been postulated to clarify this association, one of which suggested that this is
caused by the presence of estrogen [28]. An estrogen-responsive element is present in telomerase
reverse transcriptase [29], which is a catalytic subunit of the enzyme telomerase. Telomerase is
responsible for extending the telomeric DNA at the very tips of linear chromosomes and thus
preventing the loss of genetic material in proliferating cells [18]. Estrogen may, therefore, stimulate
telomerase to add telomere repeats to the chromosome ends. It is also known that overexpression of
estrogen is one of the typical features of breast tumors and predispose the risk of BC. We proved this
claim in our set of BC patients by discovering that individuals with longer telomeres were at increased
risk of BC by 65%. However, evidence based on the results from previous studies, both prospective
and retrospective, shows that associating telomere length in PBL with BC risk is still conflicting.
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Certain studies found an elevated risk among women with longer telomeres [30, 31], whereas other
studies showed short telomere length to be associated with increased risk of BC [32-34]. The rest of
these studies did not record any significant association [35-37].

In terms of the relationship between CAs and TL, Hemminki et al. 2015 [17] proved that shorter
TL correlates with elevated levels of CAs in control individuals. In our present study, we observed
independently the same trend of statistically significant negative correlation between
ACs/CAtot/CSAs and TL in the entire group of controls. It is well recognized that telomeres
progressively shorten with increased age as well. Initial TL can vary between individuals, while the
rate of telomere shortening reflects replicative exhaustion during ageing [38] and in the absence of a
mechanism to maintain telomeres, cells eventually undergo replicative senescence [20]. In our group
of controls, we also found the dependence of TL on age as telomeres gradually shortened with rising
age. Age was also associated with accumulation of CSAs in control individuals. We suppose that this
may be related to the lower DNA repair rate in subjects with higher age. Nevertheless, with the
exception of correlation between TL and age in control individuals, all the remaining statistically
significant results should be treated with caution as the Spearman’s rho were small. This means that
even if the relationships may be statistically significant, they may not be biologically as important. In
addition, Bernadotte et al. 2016 [38] proposed that, instead of the measurement of average TL, it is
reasonable to consider the amount of shortened telomeres as an indicator of cellular and tissue
proliferative potential. This is because cells do not exhaust their proliferative potential in a
simultaneous manner. Interestingly, cancer patients did not exhibit any relationship between TL and
any type of CAs. Since there is no available literature to discuss this phenomenon, we can just
hypothesize that in complex and multifactorial diseases such as cancer, there are more interactive
pathways that contribute to the formation of DNA damage and CIN. We propose that there is a need
to conduct more studies to elucidate the association between CAs and TL in PBL of cancer patients.
We also did not record any clear correlation between TL and age in cancer patients. This was in
contrast with the results obtained from most studies covering this topic summarized by Xu et al. 2016
[39], which concluded that TL negatively correlated with age in cancer patients.

CAs in PBL are proven markers of exposure, however, the question of whether and how they
participate in pathophysiology and reflect progression (stage) of the disease is still unresolved today
[40]. The prognostic value of TL in PBL in cancer patients remains unclear as well. The hypothesis that
different frequencies of CAs and TL variations are determinants of prognosis is plausible to explain
the heterogeneity in clinical outcomes of patients suffering from cancer. This problem, therefore,
deserved further attention. In our present study, we focused on the determination of the prognostic
utility of CAs and TL in all groups of cancer patients. We did not observe any association between any
type of CAs and OS or RFS using univariate survival analysis based on median value cut-offs.
However, outputs obtained from the CART analysis showed involvement of CTAs in the
determination of patients’ survival/mortality such that elevated CTAs occurred as a terminal node for
a poor OS prognosis for BC patients in TNM 0+I+II+III stages and for CRC patients in TNM III stage.
In CRC, an increase of CTAs over 1 even decreased OS by approximately 55%. Interestingly, BC
patients without any CSAs exhibited worse RFS. Based on our results, it seems that different types of
CAs play a different role in both cancer risk and patients’ survival. Numerous authors have explored
the relationships between chromosomal rearrangements/CIN and the prognosis of patients suffering
from leukemia and lymphoma (summarized by Tanaka et al. 2016 [41]). However, there are no
available publications exploring this relationship in solid tumors and therefore we propose it is
necessary to carry out larger studies on this topic. In terms of TL, we did not find any association of
telomere shortening with OR and RFS in our groups of cancer patients, either using univariate or
multivariate survival model. There are several studies that have been studying the effect of telomere
length on cancer prognosis, both in PBL and tumor tissue. Recently published meta-analysis [39]
composed from 29 studies which evaluated telomere length in blood revealed the association between
shortened telomere length and poor OS and RFS in solid cancers and even stronger association in
hematological malignancies. Nevertheless, these TL results obtained from blood were in contrast to
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the data obtained by measurement of TL in tissues [42]. By comparing the outputs obtained from both
univariate and multivariate analyses between individual groups of cancer patients, LC patients’
survival was not affected by alteration of any type of the studied genetic markers. Even well-
established TNM stage did not influence survival, however, this was probably due to the fact that
these patients were mostly diagnosed in advanced stages (TNM III+IV).

4. Materials and Methods

4.1. Study population

This study was performed by pooling data from our cytogenetic studies carried out between 2006
and 2013. The study population consisted of three groups of newly diagnosed and histologically
confirmed individuals with BC (N=151), CRC (N=96) and LC (N=90), and a group of control
individuals (N=335). Patients were recruited at the 3rd Faculty of Medicine, Charles University,
Prague, Czech Republic (BC, CRC) and at the Jessenius Faculty of Medicine, Comenius University and
University Hospital, Martin, Slovakia (LC).

Control individuals (containing 145 control females for comparison with the group of female BC
patients) of similar age and sex were obtained from the Blood Centre of Faculty Hospital Kralovske
Vinohrady, Prague, Czech Republic and from the Department of Surgery, General University Hospital
in Prague, Czech Republic. Characteristics of the study participants were previously described in
details in Vodenkova et al. 2015 [12]. The present study adhered to the ethical guidelines as set out in
the Helsinki Declaration - all participants were sufficiently informed about all aspects of the study,
agreed with the study purpose and procedures to be undertaken and provided informed consent. The
design of the study was approved by the local Ethics Committees of all participating hospitals.

4.2. Samples and data collection

Two tubes of blood were drawn from control individuals (without any personal cancer history)
and incident (i.e. newly diagnosed) cancer patients. During the transportation of samples, blood was
kept at 4°C until the processing and/or long-term storage. Fresh heparinized blood samples were
immediately after transportation used for cytogenetic analysis of chromosomes and EDTA blood
samples were frozen at -20°C for subsequent DNA isolation and TL measurement.

Baseline patient characteristics such as demographics, family history of cancer, smoking habit,
occupational history, body mass index, and the presence of other diseases such as hypertension,
diabetes mellitus, cardiovascular disease, including their treatment, were collected at the time of
diagnosis using a structured questionnaire. Disease characteristics, including tumor location, TNM
stage, histopathological grade, histological classification, and the presence of hormonal receptors and
administration of hormonal therapy in breast tumors, were collected after surgical resection (detailed
in Vodenkova et al. 2015 [12]). The last update of patients’ follow-up for this study was in July 2017.

The exclusion criteria for cancer patients were a personal history of any previous malignancy,
any prior use of radio- or chemotherapy to avoid the presence of additional chromosomal damage
related to the treatment, any prior use of X-rays (e.g. diagnostic) and any hereditary forms of cancer.
For survival analyses, we further excluded patients who either had missing data about living status
below 5 years, underwent a 2nd surgery for an unknown reason or had experienced duplicate tumor.
As a consequence, our final set of patients was reduced by 4 LC patients. The entire data set contained
208 patients who were still alive and 125 patients who have died as a consequence of particular cancer.

4.3. Chromosomal analysis

Levels of structural CAs in PBL were evaluated using the standard cytogenetic method, as
described by Vodicka et al. 2010 [11]. Briefly, blood cultivation was carried out in complete medium
(Chromosome medium P - EKAMTB-100, EuroCloneS.p.A., Italy) for 50 hours at 37°C. After 48 hours
of cultivation, cell division was stopped by colchicine (Sigma, USA) in the first metaphase of mitosis.
After a cytogenetic procedure, microscopic slides were stained by conventional Giemsa staining
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(Sigma, USA). Microscopical analysis of 100 metaphases with 46 +1 chromosomes has been blindly
performed by two independent scorers. The percentages of ACs, CAtot, CTAs (i.e. chromatid breaks
and exchanges), and CSAs (i.e. chromosome breaks, terminal and interstitial deletions, dicentric and
ring chromosomes with their difragments, abnormal chromosomes) were detected.

With regard to CAs scoring, standardization procedure has been applied in former
Czechoslovakia (and later in both separate countries) [43]. In addition, to minimize inter-laboratory
and inter-scorer differences in the results, random exchanges of microscope slides for standardization
between the two laboratories in Prague and Martin have been a part of the standard operating
procedure.

4.4. Measurement of TL

TL was measured as RTL and its measurement was conducted using the monochrome multiplex
polymerase chain reaction (PCR) assay previously described by Cawthon 2009 [44] with the
implementation of slight modifications [45, 46]. All details about standard and calibration curves,
DNA concentrations, negative and quality controls, master mix, conditions for telomere sequence and
albumin gene amplification were recently published in Kroupa et al. 2018 [47]. All reactions were
performed in triplicates in an optical 384-well reaction plate. Real-time PCR experiments were carried
out on Viia 7 Real-time PCR System (Applied Biosystems, USA) with the use of two simultaneous
programs to acquire the respective cycle threshold values for telomere sequences and the albumin
gene. RTL was expressed as the ratio (I/S ratio) between telomere (T) and albumin (S; single copy
gene).

4.5. Statistical analysis

Obtained results and collected baseline, clinico-pathological and follow-up data were analyzed
using statistical software SAS (SAS Institute Inc., USA). The results were processed into graphs using
SW Statistics (StatSoft, Inc., USA). Statistical significance of all tests was set at o = 5% threshold (P-
value = 0.05). Descriptive statistical analysis was carried out for the measured parameters on the
whole data set as well as on individual groups.

The differences in the levels of all investigated parameters between controls and patients were
tested by nonparametric analysis of variance (Median Two-Sample Test) or Chi-square test. The
relationships between the examined variables (all types of CAs, TL, and age) were investigated using
Spearman’s correlation, expressed by Spearman’s tho and graphically plotted by linear regression. For
stratification of subjects with lower or higher CAs and TL, a median value of control individuals was
used. The effect of each parameter on the risk of studied cancer types was determined by logistic
regression and was calculated by estimating the odds ratios (ORs) with the 95% Cls. Additionally,
ORs were adjusted for age and sex (aORs) as the frequencies of some cytogenetic markers increase
with age and female gender [48]. BC patients and their controls contained only women and therefore
were only adjusted for age.

Clinical outcomes were evaluated by calculating patients’ 5-year OS and RFS. OS was defined as
the time from the date of diagnosis to the date of the patient’s death — defined as a negative event or
last follow-up (July 2017) — defined as censored data. RFS was calculated from the date of diagnosis to
the date of occurrence of local recurrence, distant metastasis, or death, whichever came first - defined
as a negative event, time to last follow-up date (patients without event) was defined as censored data.
The relative risk of death and recurrence was estimated as a hazard ratio (HR) with the 95% CIs, with
the use of Cox regression

Moreover, we performed a multivariate analysis, referred to as a CART [49] using the Cox
regression model to identify the most prognostically significant interactions between investigated
factors and patients” 5-year OS and RFS. Covariates used in the CART were baseline and clinico-
pathological factors, such as age, sex, family history of cancer, smoking status, TNM stage,
histopathological grade, histological classification, invasiveness, tumor location, type of subsequent
therapy received and presence of hormonal receptors in breast tumors, as well as all types of CAs and
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TL. The analysis comprised a set of decision rules that stratify consistent risk groups for the
responsive variable. Splits for each variable were examined and the variable that provides the best
split was selected. Each subgroup was further divided in the same manner.

5. Conclusions

In summary, the results of this study suggest that increased frequency of ACs, CAtot and CTAs
in PBL may be considered as a marker of BC and LC risk. We discovered that individuals with longer
TL in PBL were at increased risk of BC. Accumulation of CTAs in PBL was associated with poor OS in
BC and CRC patients after their stratification according to disease characteristics when a multivariate
survival model was used. Neither OS nor RFS was influenced by TL alterations. Interestingly, in
contrast to control individuals, cancer patients did not exhibit any relationship between either TL and
CA frequencies or TL and age. We are aware that our present study has certain limitations,
particularly in relation to small sample sizes included in our analyses. This is probably one of the
reasons that led to reduced statistical power. Moreover, outputs acquired by CART analysis should be
treated with caution as only individuals with full data in all implied variables were included in the
procedure which could have introduced a selection bias. On the other hand, our study is based on
validated and well-established methods and well-defined clinical data. In conclusion, consideration of
the increased frequency of chromosomal damage and TL in surrogate tissues (such as blood) as
markers of cancer risk and progression is a topic attracting increasing interest due to its potential
applications in clinical oncology and public health. This is confirmed by the dramatically increasing
number of published papers. Therefore, additional studies with larger cohorts and consistent data on
CAs and TL are warranted.
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CIN Chromosomal instability

CRC Colorectal cancer

CSAs Chromosome-type aberrations
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ER a-estrogenic receptors

Her2 ErbB2 (Her2/neu) receptors

HR Hazard ratio

LC Lung cancer

md Missing data

N Number of samples

OR Odds ratio

OS Overall survival

PBL Peripheral blood lymphocytes

PCR Polymerase chain reaction

PR Progesterone receptors

RFS Recurrence-free survival

s Spearman’s rho

RTL Relative telomere length

S Single copy gene

SD Standard deviation

T Telomere

TL Telomere length

TNM Tumor-node-metastasis
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Abstract

Disruption of genomic integrity due to deficient DNA repair capacity and telomere shortening con-
stitute hallmarks of malignant diseases. Incomplete or deficient repair of DNA double-strand
breaks (DSB) is manifested by chromosomal aberrations and their frequency reflects inter-
individual differences of response to exposure to mutagenic compounds. In this study, we investi-
gated chromosomal integrity in peripheral blood lymphocytes (PBL) from newly diagnosed cancer
patients, including 47 breast (BC) and 44 colorectal cancer (CRC) patients and 90 matched healthy
controls. Mutagen sensitivity was evaluated by measuring chromatid breaks (CTAs) induced by
bleomycin and supplemented by the chemiluminescent measurement of y-H2AX phosphorylation
in 19 cancer patients (11 BC, 8 CRC). Relative telomere length (RTL) was determined in 22 BC, 32
CRC, and 64 controls. We observed statistically significant increased level of CTAs (P = .03) and
increased percentage of aberrant cells (ACs) with CTAs (P = .05) in CRC patients compared with
controls after bleomycin treatment. No differences were observed between BC cases and corre-
sponding controls. CRC and BC patients with shorter RTL (below median) exhibited significantly
higher amount of ACs (P = .02), CTAs (P = .02), and cells with high frequency of CTAs (>12
CTAs/PBL; P = .03) after bleomycin treatment. No such associations were observed in healthy
controls. y-H2AX phosphorylation after bleomycin treatment in PBL did not differ between CRC
and BC patients. Our results suggest that altered DSB repair measured by sensitivity towards
mutagen in PBL occurs particularly in CRC carcinogenesis. Irrespective of cancer type, telomere

shortening may be associated with a decreased capacity to repair DSB.
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1 | INTRODUCTION

Tumor development, a multistep process, is driven through the accu-
mulation of genetic and epigenetic changes. Chromosomal aberrations
(CAs) play a crucial role in the carcinogenic process.! CAs may directly
trigger tumorigenesis through rearrangements leading to increased
proto-oncogene expression or alternation of its structure as in Burkitt's
lymphoma and chronic myeloid leukemia. Other CAs, like chromosomal
losses or gains, can be either as causative events in malignant disease
or as secondary consequence. Elevated frequency of CAs has been
consistently described in various prospective studies as a marker and a
predictor of subsequent malignancies. Increased CAs have also been
described in newly diagnosed cancer patients in retrospective
studies.! ™

All CAs arise as a consequence of unrepaired or insufficiently
repaired DNA double-strand breaks (DSB). Dependent on the cell cycle
stage and type of DNA damage, chromatid-type (CTAs) or
chromosome-type aberrations (CSAs) occur in somatic cells: CSAs origi-
nate as a consequence of DSB generated by genotoxic damage during
GO or G1 phase, whereas CTAs arise during late S or G2 phase of the
cell cycle mainly due to the insufficiently repaired DNA breaks* CAs
can ultimately result in chromosome deletions, translocations, and gene
amplifications observed frequently in human cancers.

Mechanisms associated with telomere shortening are important
contributors to formation of CAs. Telomeres are nucleoprotein struc-
tures composed of TTAGGG tandem repeats and associated proteins
that cap ends of eukaryotic chromosomes. Telomere complex regulates
a “cellular mitotic clock” and protects chromosomes against exonucleo-
lytic degradation, DNA damage and chromosomal instability.”~” Recent
studies report shorter telomeres associated with higher frequency of
CAs in peripheral blood®? Telomere shortening has been for long
hypothesized to be associated with cancer development,*®! primarily
through the induction of genomic and chromosomal instability.}%13

Telomere shortens at each round of replication and critically short-
ened telomeres may be poorly end-capped and recognized as DSB by
repair machinery.2* These processes lead to end-to-end fusions of
chromosomes, initiation of breakage-fusion-breakage cycles and devel-
opment of numerical and structural CAs.2>~” Reactivation of telomer-
ase leads to stabilization of telomeres and immortalization of pre-
malignant cells, thus enabling cancer progression.*&*?

Mutagen sensitivity can serve as functional biomarker of DNA
repair capacity. Mutagen sensitivity is measured in cells (usually periph-
eral blood lymphocytes; PBL) from subjects with disease and from
healthy subjects after induction of DNA damage by chemical or physi-
cal agents.2%2! Such challenge assay is based on the determination of
CTAs.22"?7 |ncreased amount of CTAs usually indicates an impaired
ability to repair DSB.28

The main aim of this exploratory study was to employ the mutagen
sensitivity for assessment of the potential interactions between
induced DSB in PBL and cancer predisposition, particularly to breast
(BC) and colorectal (CRC) cancer. Inter-individual variation in DNA
repair capacity was evaluated in vitro utilizing the G2 chromosomal

mutagen sensitivity assay to quantify bleomycin-induced CTAs.?2

Furthermore, we also measured relative telomere length (RTL) and
compared mutagen sensitivity with y-H2AX phosphorylation which is a
hallmark of DSB.2?

This study is the first to link telomere shortening and the radiomi-
metic effect of bleomycin in PBL of cancer patients and raises the pos-
sibility that telomere shortening may be a proxy for underlying
mutagen inter-individual sensitivity.

Above parameters followed in cancer patients may also be inform-

ative about the disease prognosis and prediction of the therapy.

2 | MATERIALS AND METHODS

2.1 | Study population

Blood samples from newly diagnosed, untreated, and histologically con-
firmed BC and CRC patients were collected at Thomayer Hospital and
General University Hospital, both in Prague, Czech Republic. All
patients signed informed consent. Sampling of peripheral blood was
carried out according to the Helsinki Declaration and the study design
was approved by the appropriate Ethics committees. In all participating
cancer patients basic clinico-pathological characteristics were collected.

The control study population was made up of hospital healthy vol-
unteers and healthy individuals without any previous cancer disease
recruited between 2012 and 2015 in central Bohemia (Faculty Hospital
Kralovske Vinohrady and Department of Surgery, General University
Hospital, both in Prague). The control subjects enrolled in the study
filled in a questionnaire, in which they declared an occurrence of seri-
ous diseases (malignancies, cardiovascular, and diabetes). Any individual
apparently suffering from above diseases were excluded from the
study. Peripheral blood sampling was preferentially carried out only in
the subjects apparently healthy at the time of sampling.

Formal matching for age and sex was performed between group of
patients and control population.

The description of the studied population including fundamental
characteristics of particular cancer and background variables are pre-
sented in Table 1.

2.2 | Blood collection

Five ml of heparinized peripheral blood was collected from all individu-
als and used for the bleomycin test and y-H2AX assay, additional 5 ml
of blood collected into ethylenediaminetetraacetic acid was used for
DNA extraction and further RTL measurement. All the blood samples
in our study were drawn before any chemotherapy and radiotherapy
treatments to exclude reverse causality for our results. Genomic DNA
was isolated from PBL using standard procedures and the aliquots
were used for RTL measurements. The time between blood collection
and the chromosome analysis did not exceed 2 h, this interval was
standardized. Blood was stored on ice (during transport) or in a refriger-
ator prior to the processing. DNA damage was induced by the treat-
ment of the samples using bleomycin. All blood samples were cultured
also without the bleomycin treatment and served as a reference for

determination of background chromosome damage.



KROUPA ET AL

TABLE1 The characteristics of the studied population

CRC cases
All subjects N = 44
Sex Females 23
Males 21
Age (y) 65.3 = 1338
Diagnosis Colon cancer (C18) 24
Rectosigmoid cancer (C19) 6
Rectal cancer (C20) 9
Anus cancer (C21) 1
Unspecified colon cancer 4
Central portion of breast (C501) -
Outer upper quadrant of breast (C504) -
Unspecified breast cancer (C509) -
Smoking Non-smokers 17
Ex-smokers 11
Current smokers 5

Abbreviations: BC, breast cancer; CRC, colorectal cancer

2.3 | Chromosome analysis (mutagen sensitivity assay)

Mutagen sensitivity assay was performed according to the previously
described protocol with minor modifications (Hsu et al., 1989). Briefly,
two whole-blood samples from each subject were cultured for 72 h in
EKAMTB-100 complete medium with phytohaemagglutinin (EuroClone
S.p.A.,, Italy). Five hours before harvesting (late S and G2 phase of the
cell cycle), bleomycin (Sigma) was added (final concentration 30 pg/ml)
in one of the two cultures, the other culture served as a reference. Two
hours prior to harvest, Colcemid (Calbiochem, 0.1 pug/ml) was added to
arrest cells in metaphase. The PBL were harvested and after cytoge-
netic procedure dropped onto slides and stained with Giemsa. At least
100 cells per subject were analyzed microscopically for CTAs. Two
scorers conducted microscopic analysis (each evaluating 50 cells per
subject) in a double-blind fashion on coded slides. CTAs (breaks and
exchanges) were cytogenetically assessed in samples of all groups after
the bleomycin treatment, while not affected samples served for detec-
tion of baseline CAs level. Extremely low values of spontaneous CTAs
(common in peripheral blood lymphocytes) in all control slides were
considered as negligible and data were not included for the whole anal-
ysis. Only metaphases with 46 = 1 chromosomes were included. Gaps
were scored but not included to the number of CTAs. Mutagen sensitiv-
ity was expressed as the average number of breaks per cell (CTAs/cell,
according Hsu et al.2?)
dation of the Chatham Bars Inn Workshop Conference (1971), that is,

an achromatic lesion whose length is smaller than the diameter of the

. By recording CTAs, we followed the recommen-

chromatid was classified as a chromatid gap and a lesion whose length

was equal to or longer than the diameter of the chromatid was regarded

WILEYL®

Controls to CRC cases BC cases Controls to BC cases
N = 44 N = 47 N = 46
23 47 46
21 0 0
59.3 = 16.6 63.0 = 11.2 62.7 = 18.5
1
29
17
17 23 19
11 8 1
5 11 7

as a CTA.?? Cells with more than (>12) CTAs were assessed as those

with high chromosome damage, as previously reported.??

2.4 | RTL measurement

RTL was measured in DNA aliquots of subjects prior to bleomycin
treatment using the monochrome multiplex polymerase chain reaction
(PCR) assay as described previously®>® with minor modifications.>%%2
We carried out two-fold serial dilution standard curve which produced
seven known concentrations (genomic DNA pooled from 10 healthy
individuals). Range of DNA concentration for calibration curve
descended from 28.5 to 0.5 ng/pl. Based on the known concentration
of DNA, we could prepare standard curve for telomere (T) and also for
albumin (S) using multiplex assay. Samples lacking any genomic DNA
were included as negative controls. All reactions were carried out in
triplicates in an optical 384-well reaction plate with final volume of
master mix in each well 1.75 pl. Master mix was prepared using 740 pl
of X5 HOT FIREPol Probe gPCR Mix Plus with ROX (Solis BioDyne,
Tartu, Estonia), 5.5 pl, 1.5 uM of Syto 9 (Invitrogen, Carlsbad, California,
USA), 7.4 ul Telg primer (at 200 nM), 14.8 pl Telc primer (at 400 nM),
7.4 ul primer albugcr2 (at 200 nM), albdgcr2 primer (at 400 nM) and
finally 2262 pl of double-distilled water. Sequences of primers are
given in Supporting Information, Table S1. Pipetted volume of DNA
samples in each well was 1.75 pul with approximate concentration 2 ng/
ul. Real-time PCR experiments were performed on Viia 7 Real-time
PCR System (Applied Biosystems, Foster City, California, USA) using

two simultaneous programs to acquire the respective CT values for
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telomere sequences and the albumin gene. The conditions for telomere
sequence amplification were 95°C/15 min, 2 cycles of 95°C/20 sec and
49°C/1 min, followed by 25 cycles of 85°C/20 sec with signal acquisi-
tion at 59°C/30 sec. The conditions for albumin gene were 35
cycles of 95°C/15 sec, 85°C/30 sec with signal acquisition at 84°C/
30 sec. The specificity of all amplifications was determined by melt-
ing curve analysis done at default settings (95°C/15 sec, 60°C/1 min
with continuous signal acquisition at 0.05°C/sec ramping, 95°C/
15 sec). The quality control was performed using the Applied Bio-
systems software. The standard curve was used to quantify the telo-
mere and albumin genes based on the respective CT values and the
obtained triplicate values were averaged. RTL was expressed as the
ratio between T/S. Inter-assay and intra-assay variations were deter-
mined by duplicating the reference DNA for all the dilutions in all
the assays performed.? If T/S ratio exceeded 1, the DNA sample
had longer telomeres. On the contrary if T/S ratio was lower than
1, the DNA sample had shorter telomeres. PCR efficiency varied
between 95% and 102%. Inter-plate variation for T and S was 3.5%
and 3.37%, respectively. Intra-plate variation for T was 0.42% and
0.28% for S.

2.5 | y-H2AX concentration measurement

Similarly as in “Chromosome analysis” blood samples were processed
for y-H2AX concentration measurement. Briefly, whole-blood samples
from each subject were cultured for 72 h in EKAMTB-100 complete
medium with phytohaemagglutinin (EuroClone S.p.A,, Italy). Five hours
before harvesting (late S and G2 phase of the cell cycle), bleomycin
(Sigma) was added (final concentration 30 ug/ml) in one of the two cul-
tures, the other culture served as a reference.

Histone 2AX is a 14 kDa ubiquitous member of the H2A histone
family that contains an evolutionarily conserved SQ motif at the C-
terminus in eukaryotes. Serine 139 within this motif becomes rapidly
phosphorylated by ATM and ATR kinases to yield a form known as
~y-H2AX in response to DSB and apoptosis.2’

This assay documents differences of y-H2AX levels in human PBL.
Immobilized y-H2AX antibody in the wells of a 96-well plate captures
v-H2AX from sample lysate. Incubation with a H2AX detecting anti-
body (Trevigen, Gaithersburg, MD), followed by addition of a Goat
anti-mouse horseradish peroxidase (HRP) conjugate and a chemilumi-
nescent HRP substrate yields relative light units that directly correlates

with the amount of y-H2AX in the sample.

2.6 | Statistical evaluation

The differences in RTL and mutagen sensitivity parameters between
the particular groups were assessed by non-parametric tests (Mann-
Whitney U test, Kruskal-Wallis test). For stratification of subjects with
lower or higher RTL a median value of control individuals was used.
Associations between the RTL and mutagen sensitivity parameters
were determined by Logistic regression adjusted for age and sex, 32-
test and by Spearman correlation. A difference was considered statisti-

cally significant if the P value will be .05 or smaller.

3 | RESULTS

The results from mutagen sensitivity assay in individual groups of can-
cer patients and corresponding controls, which serve as an indirect
functional biomarker of DNA repair capacity, are summarized in Table
2. We observed significantly higher amount of bleomycin-induced
CTAs (P = .03) and aberrant cells (ACs; P = .05) in PBL of 44 CRC
patients in comparison with 44 corresponding healthy controls,
whereas there were no significant differences between BC patients
and female controls (P = .39 for CTAs and P = 0.41 for ACs, respec-
tively, Figure 1). Neither CTAs nor ACs were significantly affected by
age and gender in any group of patients or controls. Smoking status
was the only variable associated with lower amount of ACs after bleo-
mycin treatment in smoking patients in comparison with non-smoking
cases (P = .03).

Results from mutagen sensitivity assay were compared with
v-H2AX concentration measurement in 11 BC and 8 CRC cases. No
correlation between y-H2AX concentration and amount of ACs and
CTAs was observed in either group of patients (r = —0.14; P = .64).
We did not find any difference between BC and CRC cases in y-H2AX
concentration after bleomycin treatment (Figure 2; P = .72).

RTL was measured in 118 patients and healthy controls. We
observed an inverse association between RTL and age (P = .005). Addi-
tionally, the RTL was longer in women than men (P = .0008). There-
fore, the results for associations between RTL and mutagen sensitivity
assay outcomes were adjusted for age and sex.

All individuals with shorter RTL (below median = 1.5) showed sig-
nificantly increased CTAs in PBL after bleomycin treatment (P = .05)
and also increased number of cells with >12 CTAs (P = .03). After
combining patients (both CRC and BC; N = 54) with shorter RTL
(below median RTL) we observed significantly increased number of
ACs (P = .02), CTAs (P = .02) and cells with high amount of CTAs
(>12 CTAs/PBL; P = .03) after bleomycin treatment. However, the
same parameters were not affected in the control group. Figure 3
documents Spearman correlation of RTL with CTAs in a pooled group
of cases (upper box, R = —0.36) and in controls (lower box,
R = —0.09). A separate analysis showed that lower amount of CTAs
(P = .03) is associated with higher than median RTL in BC (N = 22),
whereas shorter than median RTL resulted in a tendency to higher
amounts of ACs (P = .09), CTAs (P = 0.09) and cells with >12 CTAs
(P = .05)in CRC (N = 32) patients.

4 | DISCUSSION

In the present study, we investigated chromosomal integrity in PBL
from newly diagnosed BC and CRC patients and matched healthy con-
trols. We observed significantly increased levels of CTAs and ACs only
in CRC patients compared with controls after bleomycin treatment.
Interestingly, CRC and BC patients with shorter RTL exhibited signifi-
cantly higher amount of ACs, CTAs and cells with high frequency of
CTAs after bleomycin treatment. We observed that altered DSB repair

measured by sensitivity toward mutagen in PBL occurs particularly in
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TABLE 2 Mutagen sensitivity and RTL in individual groups of cancer patients and corresponding controls

CRC cases
Mutagen sensitivity Subjects N = 44
ACs (%) Untreated culture 089 =+ 14
Bleomycin treatment 50.8 = 114
CTAs Untreated culture 0.93 = 1.6
Bleomycin treatment 158 = 0.6
Cells with >12 Untreated culture 0
CTAs (%)
Bleomycin treatment 3.70 = 2.6
RTL Subjects N = 32
Mean 135 £ 0.5

Controls to Controls to
CRC cases BC cases BC cases
N =44 N = 47 N = 46
1.14 = 1.2 0.87 + 1.2 1.00 + 1.2
462 + 9.5 47.6 = 10.0 49.8 = 10.7
121+ 13 102 = 14 111 + 15
130 = 0.4 136 + 0.5 146 = 0.5
0 0 0

257 + 1.7 283 + 21 3.30 £ 25
N =231 N =22 N =33
1.59 = 0.5 1.77 = 0.4 1.52 £ 0.5

Abbreviations: AC, aberrant cells; BC, breast cancer; CRC, colorectal cancer; CTA, chromatid-type aberrations; RTL, relative telomere length

CRC. Irrespective of cancer type, telomere shortening may be associ-
ated with a decreased capacity to repair DSB.

Unlike comet assay or host cell reactivation, 334

the mutagen sen-
sitivity has been employed as one of the well-established marker for
cancer susceptibility.3> Mutagen sensitivity, expressed as a mean num-
ber of CTAs per cell at metaphase PBLs, is measured by following bleo-
mycin exposure in the G2 phase of the cell cycle. Several studies have
considered that this functional test may reflect the inter-individual dif-
ferences in DNA damage response.?22325-27:35-38 The reported
increased amount of CTAs correlates with suboptimal ability to repair

DSB, suggesting that the outcome from mutagen sensitivity assay may
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FIGURE 1 CTAs in all investigated groups; *P = .03. Axis “y”
depicts the number of chromatid-type aberrations (we scored 100
cells/individual; mean = SD) in all investigated groups (axis “x”).
Significant difference is marked by an appropriate P value

reflect DSB repair capacity.?® Our present results suggest that altered
DSB repair measured by sensitivity toward mutagen in PBL occurs par-
ticularly in CRC patients. It was postulated that mutagen sensitivity
may particularly be associated with carcinogenesis of organs and tis-
sues that are in direct contact with the external environment (eg, respi-
ratory, digestive, and bowel cancers) but not in those which are lacking
direct environmental exposure (eg, BC and brain).?%%” This is supported
by the role of bleomycin sensitivity phenotype as an important predis-
position factor in relation to lung, CRC, and head and neck
cancers.®?~*? However, other authors attributed the results from muta-
gen sensitivity rather to the effect of life-style factors.*>** Moreover,
most recent reports suggest important roles of somatic mutations not
only induced by environmental factors, but those connected with repli-
cation errors.*® These data may further pinpoint the importance of
mutagen sensitivity together with mapping telomere biology.

Here, we provide further evidence that bleomycin sensitivity is sig-

nificantly associated with CRC. However, the bleomycin sensitivity
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FIGURE 2 vy-H2AX concentration (pM) in breast cancer (BC) a
colorectal cancer (CRC) patients; R = —0.14; P = .64. y-H2AX con-
centration (pM) in BC a CRC patients. Axis “y” shows the concen-
tration of y-H2AX (mean = SD) in individual groups of cancer
patients (axis “x")
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Spearman correlation of RTL with CTAs in a pooled group of controls (R=-0.09; p=0.87).
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FIGURE 3 Spearman correlation of relative telomere length (RTL) with chromatid-type aberrations (CTAs) in a pooled group of cases
(upper graph; R = —0.36; *P = .02) and controls (lower graph; R = —0.09; P = .87) [Color figure can be viewed at wileyonlinelibrary.

com]

profile of BC patients was similar to that of the control population. Our

results are in agreement with Hsu et al,??

who confirmed that bleomy-
cin response profile in PBL differs in CRC, lung, and head/neck cancer
patients (but not in BC) compared with healthy controls. Some stud-
ies?7447 have shown strong bleomycin sensitivity not only for familial

BC, but also for sporadic patients. Possible explanation for these

discordant results could be different aetiology of familial BC as com-
pared with the sporadic form and the heterogeneity of BC. Mutated
BRCA1 and BRCA2 genes in familial BC, which are involved in DSB
repair machinery,*® could cause higher DNA damage in bleomycin
exposed PBL. Natarajan et al.*® postulated that mutagen sensitivity

phenotype is a risk factor for BC.
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Mutagen sensitivity was not affected either by age or gender in all
groups of patients and controls, which is in agreement with Hsu et al.??
However, we observed lower ACs in smoking patients compared with
non-smoking relatives. Some studies®”*? showed that the effect of
tobacco smoking may modulate mutagen sensitivity status. Others
postulated that mutagen sensitivity may be a tool for characterization
of genotoxic exposure to heavy tobacco and alcohol use rather than
for individual susceptibility toward cancer.**>° Our results indicate that
smoking status may exert an influence on mutagen sensitivity probably
due to induced DSB repair. Similar phenomenon has been described by
us on induced base excision repair capacities among smokers and
workers exposed to industrial xenobiotics.>>>2

Mutagen sensitivity profile from 19 BC and CRC patients were
compared with the measurement of y-H2AX as a hypothesized alterna-
tive for mutagen sensitivity assay. y-H2AX is a hallmark of DSB2?? and
we postulated that quantification of chromosomal damage after bleo-
mycin treatment in PBL may be comparable with the concentration of
v-H2AX. Our results did not show any correlation between mutagen
sensitivity and y-H2AX. In contrast, the concentration of y-H2AH was
higher in CRC, which exhibit higher amount of CTAs, suggesting a
lower DSB repair capacity in CRC. We assume that y-H2AX is the first
acute response of the cell to cope with DSB, however CTAs are the
final results of unrepaired DSB with the absence of y-H2AX. Therefore,
v-H2AX measurement could not be used instead of mutagen sensitivity
assay.

The investigation of mutagen sensitivity in cases and controls was
supplemented by RTL determination in the group of 118 CRC and BC
patients and corresponding healthy controls. According to Valls-
Bautista et al.,”® RTL in PBL reflects changes connected with tumor
and differs from that in healthy control subjects. The authors suggested
that changes in RTL take place in the early stages of the tumor devel-
opment. RTL was measured in PBL due to its non-invasive availability
and could therefore be used as an initial marker for CRC.>*

Telomere shortening has also been linked to reduced DSB repair
capacity.>® Our results showed statistically significant correlation
between shortening of telomeres and mutagen sensitivity profile in a
group of BC and CRC patients. To our knowledge, this is the first study
describing DSB repair capacity in BC and CRC patients in correlation
with a shortening of telomeres. It has recently been reviewed that PBL
from Fanconi anemia patients bearing mutations in homologous recom-
bination repair gene Fanconi anemia complementation group D2
(FANCD2) show short telomeres and telomere dysfunction induced
foci.” Recently, Pooley et al. and Thorvaldsdottir et al.>>>¢ suggested
that BC BRCA2 mutation carriers have significantly shorter or longer
telomere length than unaffected women. Above observation add to the
chain of evidence on the interplay between telomere complex and DSB

repair.
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Abstract

Telomeres, repetitive DNA capping ends of eukaryotic chromosomes, are important in
maintenance of genomic integrity. Perturbed telomeres are common features of many human
malignancies. The aim of the present study was to investigate correlation of telomere length
(TL) in tumor tissues, adjacent mucosa and blood from patients with colorectal cancer with
different clinicopathological features and impact on patient survival. In addition, we also
measured TL in a limited number of liver metastases, non-cancerous liver tissues or
corresponding tissues from the same patients. We observed that TL in tumor tissues was shorter
than the adjacent mucosa (Wilcoxon test, P<0.0001). Shorter TL was observed in tumors with
lower stage than in those exhibiting advanced stages (Wilcoxon test P=0.001). Telomeres were
shorter in tumors at the proximal than at the distal sites of the colon (Wilcoxon test, P<0.0001).
Shorter telomeres were also associated with microsatellite instability (Wilcoxon test, P=0.001),
and mucinous tumor histology (Wilcoxon test, P<0.0001). Patients with smaller TL ratio
between tumor tissues and adjacent mucosa were associated with an increased overall survival
(Log-rank test, P=0.022). Metastasized tumors had shorter telomeres than the adjacent non-
cancerous liver tissues (Wilcoxon test, P=0.0005). Overall, our results demonstrate differences
in TL between tumors and adjacent mucosa, between tumors located at different sites and

association with patient survival.



Introduction

Telomeres, tandem G-rich hexanucleotide repeats that are involved in maintenance of
genome integrity, undergo a progressive shortening though successive cell division. Gradual
telomeric attrition is caused by incomplete DNA replication of a lagging strand. Telomere
length (TL) is also affected by the genotoxic effect of environmental and intra-cellular DNA-
damaging agents [1-3]. Telomere shortening correlates with age [4]. Tumor cells undergo faster
telomeric attrition than non-cancerous somatic cells due to increased proliferation. Telomere
shortening can act as potent tumor-suppressing mechanism limiting cells from an uncontrolled
growth. However, most cancers evolve mechanism to overcome proliferative barrier due to
telomere attrition through telomerase rejuvenation. The rejuvenated telomerase preferentially
stabilizes shortest telomeres and critically short telomeres can lead to the formation of anaphase
bridges through breakage-fusion-bridge cycles that contributes to chromosome instability
(CIN) [5].

CIN along with microsatellite instability (MSI) represent two major pathways prevalent
in the genesis of CRC [6]. Impaired mismatch repair (MMR) leading to MSI is characterized
by excessive in-del mutations in microsatellite sequences [7]. It is possible that a compromised
MMR pathway could as well affect telomeric repeats. MSI accounts for 10-15% of all CRC
cases [8-10], and are usually associated with better prognosis in patients [11, 12].

Due to importance in cancer initiation, progression and patient prognosis, it is
imperative to understand the status of TL and the factors affecting it in tumor tissue of CRC
patients. In this study, we determined TL in tumors and adjacent mucosa in order to find a
correlation, if any. We also investigated the impact of tumor location on TL. The impact of TL

in tumor/mucosa on overall patient survival was also determined.

Materials and Methods

Population characteristic

Sporadic CRC patients (N=721) with histologically confirmed tumors were included in
the study. Personal data that included date of birth, sex, and diabetes mellitus were obtained
using a structured questionnaire. For all patients, clinical data including tumor-related

parameters, such as the tumor location, international union against cancer (UICC) TNM stage



system status, degree of tumor differentiation, were collected along with information about
distant metastases, relapse, and date of death.

Patients were recruited from 2004 to 2014 in different oncological and
gastroenterological departments of various hospitals within the Czech Republic. The last update
of patient follow-up for this study was December 2015. The description of the studied
population including fundamental characteristics of CRC and background variables is presented
in Table L.

The study included paired tumor tissues and adjacent non-malignant mucosa from 721
patients collected during surgical resection. In addition, peripheral blood was available from
164 of those patients, sampled prior to surgery. Further, we also had access to primary tumors,
adjacent mucosa, liver metastatic tissues, and paired adjacent liver tissue from 12 patients from
the original group of patients. We also included metastatic and adjacent liver tissues from 122
patients with CRC without primary tumors in the study.

DNA was extracted from tumor tissues, non-affected adjacent mucosa, blood, metastatic
tissues, and liver samples using the DNeasy Blood and Tissue Kit (Qiagen, Courtaboeuf,
France). The study was approved by the local ethics committee of each participating hospital.
Written informed consent to participate in the study and to approve the use of biological
samples for genetic analyses was obtained from all patients, according to the Helsinki

declaration.

Relative telomere length

TL was measured as relative telomere length (RTL) as described previously with some
modifications [8-13]. Syto 9, a single fluorescent dye, was used in real-time qPCR for the
collection of a signal from telomere (T; repeat copy number) and albumin (S; human single-
copy gene) amplicon, two target sequences greatly differing in copy number. The values of
cycle threshold (Ct) for albumin amplicon were collected above the melting temperature of the
telomere product. Measurement of TL from all DNA samples was carried out in triplicate using
a MicroAmp Optical 384-Well Reaction Plate (Applied Biosystems, Foster City, California,
USA). A standard two-fold serial dilution was prepared based on the known initial
concentration of reference DNA (genomic DNA pooled from 30 individuals with 40-55 years
age range and without any specific sex ratio [9]). Real-time qPCR experiments were performed
on a Viia 7 Real-time PCR System (Applied Biosystems) using two simultaneous programs to
acquire the respective Ct values for telomere sequences and the albumin gene (primer sequences

in Supplementary Table I). The standard curve was used to quantify telomere and albumin
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genes based on respective Ct values, and the obtained triplicate values were averaged [14]. TL
was expressed as the ratio between T/ S. Inter-assay and intra-assay variations were determined
by duplicating the reference DNA for all dilutions in each assay performed. If T/ S ratio
exceeded 1, the DNA sample had longer telomeres. On the contrary, if T/ S ratio was lower
than 1, the DNA sample had shorter telomeres. PCR efficiency for TL measurement varied
between 95% and 102%. Inter plate variation for T & S was 3.5% & 3.4%, respectively. Intra-
plate variation for T was 0.42% & 0.28% for S.

Microsatellite instability

Microsatellite instability (MSI) status was determined by the molecular testing of 5
mononucleotide repeat markers (Bethesda consensus panel, BAT 25, BAT 26, NR 21, NR 24,
NR 27) that were run as a pentaplex using fluorescently labeled primers and standard PCR.
Fragment analysis was performed on ABI 3130 (Applied Biosystems). Final comparison
between tumor and non-tumor DNA short tandem repetition profiles was analyzed with
GeneMapper v4.1 software (Applied Biosystems). Tumor specimen was classified as MSI

when 2 or more loci were unstable.

Statistical analysis

TL measured in the tissues and blood cells of CRC patients were expressed as median
and range to characterize individual groups (by means of SAS descriptive statistics, see below).
Statistical analyses were conducted on natural data by using non-parametrical tests. Differences
between TL in two distinct tissues were analyzed using non-parametrical ANOVA (Wilcoxon
signed-rank test). An interquartile range was defined as the distribution of TL values between
25th and 75th percentiles. The relationship between the patient age at diagnosis and TL values
was calculated by Pearson correlation coefficient. TL ratio was expressed as TL in tumor/TL
in adjacent mucosa. If TL ratio exceeded 1, telomeres were longer in tumor tissue than the
adjacent mucosa. The curves for overall survival (OS) were derived by the Kaplan—-Meier log-
rank test. OS was defined as the time from the surgery to the date of death, or the date of last
follow up. Based on the median TL cut-off, all CRC patients were stratified into two groups.
Statistical analyses were conducted using SAS Institute Inc. software (Cary, NC, USA). The
final results were graphically illustrated using Prism8 GraphPad software (San Diego,

California, USA). Statistical significance for all tests was set at P-value=0.05.
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Results

The median age for the group of CRC patients, for whom tissue pairs were available, at
the time of diagnosis was 68 years (range 33-96 years); of those 62.9% were men and 37.1%
were women. The patients for whom metastasized tissues were available without primary
tumors, had median age of 63 (range 39-79 years); 66.1% men and 33.9% women. Table I
summarizes TL data in tumor and adjacent mucosa tissues of CRC patients along with various

personal and clinicopathological characteristics.

Telomere length in tumor tissue, adjacent mucosa, peripheral blood lymphocytes, liver
metastases, and adjacent liver tissues

TL in tumor tissues (n=696) was statistically significantly shorter (median [inter quartile
range]: 0.99 [0.65-1.50]) than the adjacent mucosa (n=677, 1.29 [0.83-2.26], Wilcoxon test,
P<0.0001; Figure I). Shorter TL in tumor tissue (i.e. TL ratio <1) was observed in tumors from
74% patients, while for the remaining 26% of CRC patients, tumors had longer TL in tumors
than the adjacent mucosa (based on 661 comparisons, where the data for TL in both tissues
were available). We did not find any difference between TL in peripheral blood lymphocytes
(PBL, n=164, 0.76 [0.56-1.04]) and corresponding tumor tissues (0.78 [0.58-1.04], P=0.2).

TL was statistically significantly higher in 10 (83%) primary tumor tissue samples (1.62
[1.34-1.94]) than in respective liver metastases (0.71 [0.52-1.01], P<0.0001), which was
measured in tumors from only 12 CRC patients (Figure II).

TL was statistically significantly (P=0.0005) shorter in a group of liver metastasized
tumors (0.76 [0.56-0.98]) than in the adjacent non-cancerous liver tissues (0.86 [0.76-1.02])
from 122 patients.

Telomere length vs. tumor localization

TL in tumor tissues was shorter in the proximal colon ((diagnosis C18.0-C18.4), 0.87
[0.62-1.2]) than in the distal part of the colon (C18.5-C19, 1.03 [0.65-1.53], P=0.006) and
rectum (C20, 1.27 [0.8-1.91], P<0.0001; Figure III). Adjacent mucosa in CRC patients with
proximal tumor origin had shortest TL (1.11 [0.79-1.86]). However, the longer TL in the
adjacent mucosa of distally located colon tumors (1.37 [0.89-2.42]) was not statistically

significant (P=0.18) than that in proximal colon. Interestingly, TL in adjacent mucosa within



the proximal tumor origin was statistically significantly shorter than the TL in non-cancerous

mucosa attributable to rectal tumors (1.50 [0.93-3.05], P=0.03).

Telomere length vs. microsatellite instability status

Tumor tissues from patients with MSI had statistically significantly shorter TL (n=61,
0.72 [0.60-1.04]) than the microsatellite stable (MSS) tumors (n=553, 0.99 [0.70-1.30],
P=0.009). MSI tumors localized within the proximal part of the colon (n=51, 83.6% from all
MSI patients) had statistically significantly shorter TL in tumor tissue (0.72 [0.61-1.07] than
the MSS tumors in proximal colon (1.12 [0.75-1.62], P=0.001). MSS tumors in the proximal
colon also had statistically significantly shorter TL than MSS tumors from the rectum

(P<0.0001).

Telomere length vs. TNM status

Increased TL was observed in tumors with increased TNM stages. A similar trend was
not observed in the adjacent mucosa. Patients with TNM stage I had statistically significantly
shorter TL in tumor tissue (P=0.001; Figure IV) than in tumors with TNM stages [I+11I+1V.
The TL ratio in colon TNM stage I was statistically significantly lower than TNM stages
[+II+1V (P=0.001). Any difference in the TL ratio was not observed in TNM stages of rectal

tumors.

Telomere length vs. tumor histology

TL was statistically significantly shorter in mucinous cancer tissue (n=80, 1.00 [0.66-
1.44]) than in tubular cancer tissue (n=287, 1.46 [1.07-2.13], P<0.0001). TL in the adjacent
mucosa of patients diagnosed to have mucinous tumors (n=77, 1.41 [0.92-2.14]) was also
statistically significantly shorter than the adjacent mucosa of CRC patients with tubular

carcinoma (n=281, 2.31 [1.54-3.98], P<0.0001).

Overall survival vs. telomere length ratio

Patients with a TL ratio higher than median (0.70) had a statistically significantly poorer
OS than those patients with lower TL ratios (P=0.02; Figure V). We also analyzed the possible
effect of TL differences on OS in association with MSS and MSI tumor characteristics. We did



not observe any significant difference in OS between CRC patients with MSI or MSS tumors

(P=0.16).

Discussion

In this study, we observed that the telomeres were consistently shorter in a majority of
tumor tissues than in adjacent mucosa. The proliferating activity of the rapidly growing tumors
underlies this phenomenon as described in some studies carried out in smaller groups of CRC
patient [15-17]. However, some studies have also shown contradictory results [18, 19]. We
observed statistically significantly shorter TL in the tumors classified as TNM stage I than in
tumors with advanced stages of the disease. One of the probable interpretations could be that
the tumors with longer telomeres have increased possibility of advancing to higher disease
stages than the tumors with short telomeres. We also demonstrated a prolonged OS in CRC
patients with decreased TL ratio between tumor tissues and adjacent mucosa. A similar
relationship between TL and OS, measured in 57 CRC patients, was observed earlier [15].

The determination of TL in paired primary tumors and metastatic lesions and paired
liver samples and metastatic lesions showed excessive telomere erosion in the vast majority of
metastases. Since all patients with distant metastases underwent various regimens of
chemotherapy, short telomeres could be related to the treatment.

Studies investigating the relationship between MSI status and TL remain rare and
inconsistent [16, 20]. Boardman ef al. reported that MSS CIN- rectal cancers have statistically
significantly longer telomeres than MSS CIN+ rectal samples [20]. We observed shorter
telomeres in MSI tumor tissues than in MSS tumors. Previously studies [21] & [16], conducted
on 55 & 118 CRC patients, respectively, support our observations of shorter TL in MSI CRC
patients than in MSS patients. An explanation for pronounced shorter telomeres in MSI tumors
may be the accumulation of unfixed deletions caused by DNA polymerase slippage events
during DNA replication, as suggested by [22]. Such deletions could result in decreased levels
of shelterin subunits at telomeres resulting in a disruption of telomere homeostasis [23]. We
also observed that MSS tumors in the proximal colon had shorter telomeres than those arising
in the rectum, which is in accordance with earlier reports [16]. While MSI status and MMR
deficiency may only partly explain shorter telomeres in tumors arising at the proximal colon.

MSI tumors occur predominantly in in the proximal part of the colon [24-26]. Indeed,
we found shorter TL in tumors arising from the proximal part of the colon than those in the

distal colon and rectum. Those results highlight differences in the molecular carcinogenesis



between the colon and rectum [27]. The assumption that TL in malignant tissue is influenced
by the site of tumor origin has been previously addressed by several authors, some of which are
contradictory probable owing to limited sample sizes.

Mucinous histology can be counted as another characteristic of MSI tumors. Even
though mucinous tumors are predominantly located in the proximal colon, the proportion of
patients with mucinous histology in our cohort was not statistically significantly different in
relation to other tumor origin sites. However, we found that patients with mucinous tumor
histology had statistically significantly shorter TL in the tumor and adjacent mucosa, than the
patients with tubular carcinoma.

Overall, TL was shorter in tumor tissues than in adjacent mucosa, in lower (initial)
stages, in proximal colon and tumors with MSI instability. Furthermore, metastases originating
from primary CRC tumors had shorter telomeres than the adjacent non-cancerous liver tissues.
Finally, the smaller TL ratio between tumor tissues and adjacent mucosa, conferring to shorter
telomeres in tumor, may represent a positive prognostic factor. The characteristics of TL in
relation to the CRC heterogeneity emerges as an urgent predictive issue since the advent of
therapeutically concepts based on targeting telomere or telomerase inhibition in order to
overcome resistance, lack of drug sensitivity, toxicity etc. The understanding of TL in CRC

with different clinicopathological features will be an important step.
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RTL ratio age-adjusted RTL tumor age-adjusted RTL adjacent mucosa age-adjusted
(RTL tumor / RTL adjacent mucosa)
mean + SD median [IQR] P value mean + SD median [IQR] P value mean + SD median [IQR] P value
All All All
Sex n=661~ n =696 n=:677
male 415 0.85 +0.56 0.75 [0.51 - 1.03] 438 1.27+£0.92 1.01 [0.69 - 1.54] 423 1.94+1.73  1.30 [0.83 - 2.26]
female 246 0.76 + 0.40 0.72 [0.48 - 0.98] 0.036* 258 1:21+£0.91  0.99 [0.64 - 1.40] 0.38 254 1.94 +1.57 1.32[0.86 - 2.42] 0.98
Smoking status n =635 n=:671 n =650
smokers 276 0.89 +0.58 0.78 [0.54 - 1.08] 293 1.29+1.01 1.01 [0.70 - 1.49] 285 1.81+1.51 1.25[0.85 - 2.16]
nonsmokers 359 0.76 + 0.44 0.70 [0.46 - 0.95] 0.0051* 378 1.25+0.86 1.02 [0.66 - 1.56] 0.99 365 2.09+1.80 1.42[0.87 - 2.58] 0.017+
Tumor stage n =634 n=:670 n =650
I (Ref) 88 0.67 +0.34 0.62 [0.39 - 0.90] 95 1.08 £0.78  0.86 [0.58 - 1.39] 91 2.10£2.00 1.35[0.76 - 2.10]
I 224 0.84 +0.55 0.75 [0.49 - 1.03] 236 1.23+£0.93  0.99 [0.65 - 1.55] 229 1.91+1.64 1.33[0.79 - 2.47]
111 200 0.82 +0.49 0.74 [0.51 - 1.00] 209 1.32+£0.93 1.10 [0.74 - 1.54] 206 1.98 +1.66 1.27 [0.89 - 2.42]
v 122 0.86 + 0.51 0.76 [0.53 - 1.10] 0.0013+ 130 1.38+£0.99 1.12[0.72 -1.73] 0.0012+ 124 2.02+£1.60 1.49 [0.95 - 2.35] 0.77
I+1I (Ref) 312 0.79 +0.51 0.71 [0.46 - 0.98] 331 1.19+0.89  0.95[0.63 - 1.47] 320 1.96 £1.75 1.34[0.79 - 2.43]
I+ IV 322 0.84 +0.50 0.75 [0.52 - 1.03] 0.3 339 1.34+£0.95 1.10[0.74 - 1.57] 0.095 330 2.00£1.63 1.36 [0.91 - 2.39] 0.99
Tumor localisation n = 656 n =693 n=:672
proximal (C18.0 - C18.4) (Ref) 222 0.78 + 0.47 0.73 [0.46 - 0.98] 239 1.02+0.67 0.87 [0.62 -1.2] 231 1.73+1.59 1.11 [0.79 - 1.86]
distal (C18.5 - C19) 272 0.79 +0.42 0.71 [0.51 - 0.98] 0.70 286 1.32+1.07 1.03 [0.65 - 1.53] 0.0057* 277 2.03£1.78 1.37 [0.89 - 2.42] 0.18
rectum (C20) 162 0.92 + 0.66 0.80 [0.54 - 1.11] 0.023* 168 1.46+0.86 1.27 [0.80 - 1.91] <0.0001* 164 2.11+£1.57 1.50 [0.93 - 3.05] 0.031+
distal (C18.5 - C19) (Ref) 272 0.79 +0.42 0.71 [0.51 - 0.98] 286 1.32+1.07 1.03 [0.65 - 1.53] 277 2.03£1.78 1.37 [0.89 - 2.42]
rectum (C20) 162 0.92 + 0.66 0.80 [0.54 - 1.11] 0.017* 168 1.46+0.86 1.27 [0.80 - 1.91] 0.25 164 2.11+£1.57 1.50 [0.93 - 3.05] 0.65
MSI status n =588 n=614 n =604
stable 523 0.81 +0.49 0.73 [0.49 - 1.00] 553 1.34+£0.96 1.12[0.75 - 1.62] 544 2.10+£1.72  1.44[0.93 - 2.60]
unstable 57 0.69 +0.36 0.67 [0.39 - 0.91] 0.098 61 0.90£0.52 0.72 [0.61 - 1.07] 0.0012* 60 1.83+1.72 1.39[0.77 - 1.99] 0.33
Tumor histology n =353 n =367 n =358
mucinous carcinoma 75 0.79 + 0.54 0.65 [0.49 - 0.93] 80 1.16 £0.64  1.00 [0.66 - 1.44] 77 1.90 £1.55 1.41[0.92 -2.14]
tubular carcinoma 278 0.74 +0.52 0.62 [0.41 - 0.91] 0.28 287 1.78 £+1.10  1.46 [1.07 - 2.13] <0.0001* 281 3.00£1.88 2.31 [1.54 - 3.98] <0.0001*
Tumor grade n =629 n =662 n =644
low-grade 519 0.81 +0.52 0.72 [0.49 - 1.01] 546 1.29+0.93 1.01[0.70 - 1.57] 532 2.02+£1.68 1.39 [0.89 - 2.52]
high-grade 110 0.88 +0.43 0.82 [0.58 - 1.10] 0.16 116 1.13+0.88 1.0 [0.64 - 1.32] 0.13 112 1.68 +1.71  0.99 [0.72 - 1.87] 0.051

Table I: RTL values and clinicopathological characteristics of studied population
*Numbers of patients may not add up to 100% of available subjects because of RTL measurement failure or due to the lack of clinicopathological data
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Figure V: Kaplan-Meier OS curves stratified for RTL ratio (RTL ratio cut-off=0.7, p=0.022)

Telg 5" ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT 3’

Telc 5" TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA 3’

Albugcr2 5" CGGCGGCGGGCGGCGCGGGCTGGGCGGCCATGCTTTTCAGCTCTGCAAGTC 3’
Albdgcr2 5" GCCCGGCCCGCCGCGCCCGTCCCGCCGAGCATTAAGCTCTTTGGCAACGTAGGTTTC 3’

Supplementary Table I: Primers for RTL measurement
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ABSTRACT

Human malignancies are often hallmarked with genomic instability, which itself is also considered a causative
event in malignant transformation. Genomic instability may manifest itself as genetic changes in the nucleotide
sequence of DNA, or as structural or numerical changes of chromosomes. Unrepaired or insufficiently repaired
DNA double-strand breaks, as well as telomere shortening, are important contributors in the formation of
structural chromosomal aberrations (CAs). In the present review, we discuss potential mechanisms behind the
formation of CAs and their relation to cancer. Based on our own studies, we also illustrate how inherited genetic
variation may modify the frequency and types of CAs occurring in humans. Recently, we published a series of
studies on variations in genes relevant to maintaining genomic integrity, such as those encoding xenobiotic-
metabolising enzymes, DNA repair, the tumour suppressor TP53, the spindle assembly checkpoint, and cyclin D1
(CCND1). While individually genetic variation in these genes exerted small modulating effects, in interactions
they were associated with CA frequencies in peripheral blood lymphocytes of healthy volunteers. Moreover, we
observed opposite associations between the CCND1 splice site polymorphism rs9344 G870A and the frequency of
CAs compared to their association with translocation t(11,14). We discuss the functional consequences of the
CCND1 gene in interplay with DNA damage response and DNA repair during malignant transformation.

Our review summarizes existing evidence that gene variations in relevant cellular pathways modulate the
frequency of CAs, predominantly in a complex interaction. More functional/mechanistic studies elucidating
these observations are required. Several questions emerge, such as the role of CAs in malignancies with respect
to a particular phenotype and heterogeneity, the formation of CAs during the process of malignant transfor-
mation, and the formation of CAs in individual types of lymphocytes in relation to the immune response.

1. Introduction

malignant transformation or may directly trigger cancer onset, as in
case of chronic myeloid leukaemia.

Human cancers are often associated with chromosomal instability,
including both numerical and structural chromosomal aberrations
(CAs) [1-3]; these are also considered causative events in malignant
transformation [4]. Numerical chromosome variance refers to a mul-
tiple of haploid sets or any non-euploid deviation in chromosome
number. Numerical aberrations are often incompatible with cell viabi-
lity. On the contrary, structural CAs are commonly presented in viable
human cells. Structural CAs may be a secondary consequence of
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Structural CAs may be specific, such as translocations and inver-
sions, or nonspecific, such as chromatid breaks, fragmented or missing
parts of chromosomes, and fusion resulting in dicentric and ring chro-
mosomes [5]. The former are often recurrent and they are analysed by
molecular cytogenetic methods (sequencing, fluorescent in situ hy-
bridization). The later are scored by classical cytogenetic techniques,
able to recognise chromosome type aberrations (CSAs) and chromatid
type aberrations (CTAs) according to morphological changes [6].
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In the present review, we first discuss the potential mechanisms
behind the formation of structural CAs and their relation to cancer.
Later on the basis of available studies, we describe how inherited var-
iations in genes relevant to important cellular pathways (such as those
encoding xenobiotic-metabolising enzymes, DNA repair, the tumour
suppressor TP53, spindle assembly checkpoint and cyclin D1) modify
the frequency and types of CAs in humans. Genetic variation in relevant
genes has been shown to modulate inter-individual variability in their
ultimate functions. Moreover, the knowledge of the full effects of gen-
e—gene interactions on chromosomal aberrations remains scarce.

1.1. Formation of structural CA and its relation to cancer risk

Unrepaired or insufficiently repaired DNA double-strand breaks
(DSBs) as well as telomerase dysfunction are substantial players in the
formation of structural CAs. Morphologically distinct types of CSAs and
CTAs emerge depending on cell cycle stage and the type of DNA da-
mage: whereas CSAs arise during GO or G1 phase on a basis of DSBs
induced by genotoxic damage, CTAs are formed due to insufficiently
repaired DSBs during late S or G2 phase of the cell cycle [5,7,8]. Taken
together in both mechanisms of CA formation, the repair of DNA da-
mage plays a critical role [7], and, as was recently postulated, telomere
shortening also acts as an important contributor to CA formation
(Fig. 1). Telomeres are nucleoprotein structures composed of TTAGGG
tandem repeats that cap ends of eukaryotic chromosomes. The telomere
complex regulates a “cellular mitotic clock” and protects chromosomes
against exonucleolytic degradation, DNA damage and chromosomal
instability [9-11]. There is growing evidence of shorter telomeres being
associated with the increased frequency of CAs in peripheral blood
lymphocytes (PBLs), in particular with CSAs [12,13]. Telomere short-
ening, long hypothesized as being associated with cancer development
[14,15], induces genomic and chromosomal instability [16,17]. Telo-
mere becomes shorter at each round of replication, and critically
shortened telomeres may be poorly end-capped and recognized as DSB
by repair machinery [18]. These processes may underlie end-to-end
chromosome fusions, the initiation of breakage-fusion-breakage cycles,
and the development of numerical and structural CAs [19-22]. On the
other hand, the reactivation of telomerase stabilizes telomeres and
immortalizes premalignant cells, thus enabling cancer progression
[23,24]. In this context, our recent report suggested that altered DSB
repair, measured by sensitivity towards mutagen bleomycin in PBLs,
occurs particularly in colorectal carcinogenesis. Irrespective of cancer
type telomere shortening is associated with a decreased capacity to
repair DSB [25].

Many human cancers and neoplastic cells exhibit chromosomal
abnormalities [4]. In their review from 2007, Mitelman et al. sum-
marized the role of translocations and related fusion genes in the in-
itiation of cancer. Their catalogue included 358 gene fusions, of which
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involved 337 different genes. While gene fusions (i.e., the juxta posi-
tioning of two genes leading to the translation of a deregulated and/or
chimeric protein) were initially identified; and their clinical value was
recognized in malignant haematological disorders, they have become
increasingly important also in solid tumors [26]. Mitelman et al. pre-
dicted in 2007 that fusion genes account for 20% of human cancer
morbidity. In a more recent review from year 2015, they reported on a
huge increase in identified fusion genes, amounting to 9000 during the
covered 3 years [27]. Currently the number comprises 11,124 identified
fusion genes (Mitelman database of chromosomal aberrations and gene
fusions in cancer; https://cgap.nci.nih.gov/chromosomes/Mitelman).

The evidence linking nonspecific CAs with cancer is not as over-
whelming as it is for specific, recurrent CAs. However, an increase in
the frequency of CAs has been found in incident cancer patients thus
closely linking CAs with cancer development [28,29]. Some of the CAs
observed are also generated during cancer development, nevertheless
CA frequency in PBLs is considered to be an early marker of cancer
susceptibility, based on the hypothesis that genetic damage in PBLs
reflects similar damage in other body cells undergoing carcinogenesis
[30].

1.2. Genetic predisposition to CAs

There are only limited reports exploring the inherited genetic basis
of acquired structural CAs. To achieve this goal a genome-wide asso-
ciation study (GWAS) may substantially contribute with an aim to
finding novel genetic variants associated with CAs, and potentially with
cancer risk, to elucidate the possible functional effects of these variants
by in silico predictions.

However, through a Czech-Slovak-German collaboration, we re-
cently published a series of studies related to DNA repair [47], meta-
bolism [38] and mitotic checkpoint [72] (overviewed separately). We
compared genotype frequencies between healthy volunteers whose
total CA frequency was > 2% and those with lower frequency of CAs;
for CSAs and CTAs the threshold was 1%. The numbers of volunteers
genotyped ranged from 282 to 2200 depending on the SNP and DNA
availability (Table 2). All SNPs were individually genotyped and mul-
tivariable logistic regression analyses adjusted for age, sex, occupa-
tional exposure and smoking; conducted for total CAs, CTAs, and CSAs.
SNPs were considered individually, and in all possible pairwise com-
binations within the three sets of genes. Those studies are reviewed
below, but they appear to share some overall features: individual SNPs
had weak associations, but gene-gene interactions were common and
often involved partners from different pathways.

Fig. 1. Single-stranded DNA damage (a consequence of oxidative
DNA damage in this particular case) if unrepaired gives rise to
DSBs and CTAs (as assayed for by chemiluminescent measurement
of y-H2AX phosphorylation). Shortened telomeres may be poorly
end-capped and recognized as DSB by repair machinery, resulting
in the development of numerical and structural CAs.
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Table 1
Background variables of age, smoking status, and occupational exposure ([34,45,70]) plus polymorphism rs1042522:G4C (Ex41119 G4C, Arg72Pro) in gene TP53 in
relation to chromosomal damage.

Variable Persons CAtot CSA CTA
95% 95% 95%

Odds Confidence Odds Confidence Odds Confidence

ratio interval P-value ratio interval P-value ratio interval P-value
CAtot (cases/control) 951/1245
CTA (cases/control) 1042/1154
CSA (cases/control) 983/1213
Age (min, max, mean) 18, 88, 43 1.06% 1.00-1.13 0.07 1.07 1.00-1.13 0.04 0.95 0.90-1.01 0.11
Occupational environment (exposed/unexposed) 1207/989 2.36 1.97-2.83 < 0.01 1.73 1.45-2.06 < 0.01 1.64 1.38-1.96 < 0.01
Sex (M/F) 1171/1025 1.03 0.86-1.23 0.77 1.05 0.88-1.26 0.59 0.83 0.69-0.99 0.04
Smoker (S/NS) 614/1557 1.19 0.97-1.45 0.09 0.95 0.78-1.16 0.63 1.13 0.93-1.38 0.23
Arg72Arg” 278 - - - - - - - - -
Arg72Pro 269 0.91 0.64-1.29 0.60 1.14 0.81-1.62 0.45 1.11 0.79-1.58 0.52
Pro72Pro 46 1.03 0.54-1.96 0.93 0.82 0.92-1.60 0.55 1.42 0.76-2.66 0.27
Arg72Arg vs. Arg72Pro + Pro72Pro - 0.93 0.66-1.30 0.66 1.03 0.73-1.44 0.88 1.16 0.84-1.61 0.37

# ORs for age were calculated for 10 year age difference.
b 151042522:G4C (Ex41119 G4C, Arg72Pro).

Table 2
Polymorphisms in relevant genes of important cellular pathways (encoding xenobiotic-metabolising enzymes, DNA repair, the tumour suppressor TP53, spindle
assembly checkpoint, and cyclin D1) evaluated in this study. The table additionally refers to the in silico predicted functional consequence of polymorphisms.

Genes SNP ID Amino Acid Alleles (major/  NCBI Chromosome Location Function* Subjects with
substitution minor) CAs
BER
XRCC1 rs1799782  Argl94Trp C>T T>C 19q13.2 missense deleterious 639
XRCC1 rs25489 Arg280His G>A G>A 19q13.2 missense possibly deleterious 355
XRCC1 1525487 Arg399GIn G>A A>G 19q13.2 missense benign 1760
0GG1 rs1052133 Ser326Cys C>G A>G 3p26.2 missense deleterious 1766
APEX1 (APE1) 1s1130409 Asp148Glu T>G T > G/A 14qll.2 missense ambiguous 1299
NER
XPA rs1800975 G>A 9q22.3 5'UTR 1443
XPD rs13181 Lys751Gln G>A C>A 19q13.3 missense deleterious 1777
XPG rs17655 Asp1104His C>G C>G 13g33 missense deleterious 1756
XPC rs2228001 Lys939GIn A>C C>A 3p25 missense benign 1772
DSB
XRCC2 rs3218536 Argl88His G>A G>A 7q36.1 missense benign 813
XRCC3 rs861539  Thr241Met C>T C>T 14q32.3 missense deleterious 1715
NBN (NBS1) rs1805794 Glul85GIn C>G C>G 8q21 missense benign 966
RAD54L rs1048771 Ala730Ala C>T C > T/A 1p32 synonymous splicing regulation 282
DDR
TP53 rs1042522 Arg72Pro G C C>G 17p13.1 missense deleterious 593
CCND1 rs9344 Pro241Pro G>A G>A 11q13.3 synonymous splicing regulation 730
XME
CYP1B1/432 rs1056836 Leu432Val CcC>G 2p22.2 missense drug response 549
CYP1B1/453 rs1800440 Asn453Ser A>G 2p22.2 missense benign/likely benign 550
EPHX1 rs1051740 Tyrl13His T>C 1q42.12 missense drug-response 1120
EPHX1 rs2234922 His139Arg A>G 1q42.12 missense drug-response 1120
NQO1 rs1800566 Prol87Ser C>T 16g22.1 missense pathogenic 1018
GSTP1 rs1695 Ile105Val A>G 11q13.2 missense drug-response 1493
GSTM1 allele deletion 1p13.3 deleterious 1499
GSTT1 allele deletion 22q11.23 deleterious 1489
SAC
BUBIB rs1801376 GIn349Arg A>G 15q15.1 missense benign 330
BUB3 rs3808960 G>T 10g26.13 promoter region upstream variant 2KB 330
MAD2L1 rs903147 A>C 4q27 promoter region upstream variant 2KB 330
CENPF rs438034  Arg2943Gly G>A 1q41 missense missense 618
ESPL1 rs6580941 C>T 12q13.13 promoter region intron variant, upstream variant 2KB 656
NEK2 rs701928 T>A 1932.3 promoter region intron variant, upstream variant 2KB 663
PTTG1 151862392 T>A 5q33.3 promoter region upstream variant 2KB 729
ZWILCH rs3087660 A>G 15q22.31 5'UTR nc transcript variant, upstream variant 674
2KB, utr variant 5 prime
ZWINT rs2241666 Argl87Gly G>A 10g21.1 missense intron variant, missense, nc transcript = 662
variant

*SIFT, PolyPhen-2-algorithms; SNP single nucleotide polymorphism; BER base excision repair pathway; NER nucleotide excision repair pathway; DSB double-strand
break repair pathway; DDR DNA damage response pathway; SAC spindle assembly checkpoint genes XME xenobiotic-metabolising enzymes; Polymorphisms were
studied on subjects with CAs; their numbers are shown in the right column.

15



P. Vodicka et al.

'\ cypiB1/as3’

I
G

e
C

Mutat Res Gen Tox En 836 (2018) 13-21

‘cyp1B1/432"

—@®

I <~ 11+ o

BLUE -CsAs (Jo
LIGHT BLUE -CTAs fiff
GRADIENT - CSAs & CTAs Q o& fif

Fig. 2. Influence of metabolic gene polymorphisms on CAs in healthy volunteers [36]. The colour code indicates total CA (dark blue), CSA (blue), CTA (light blue),
and CSA & CTA (blue gradient). The arrows indicate significant gene-gene interactions.

1.3. CAs and variants in genes encoding xenobiotic-metabolising enzymes
(XMEs)

Only a limited number of reports have analysed effects of genetic
predispositions on inter-individual variability in DNA and chromosomal
damage [31-35]. In a recent study, we tested the associations of var-
iants in genes encoding XMEs with CAs among the same cohort of vo-
lunteers described above [36]. We selected 5 genes for analysis: cyto-
chrome P450 1B1 (CYPIB1, 2 separate polymorphisms), epoxide
hydrolase 1 (EPHX1), NAD(P)H:quinone oxidoreductase 1 (NQO1), each
coding for phase 1 enzymes, and glutathione S-transferase P1 (GSTP1),
glutathione S-transferases M1 (GSTM1), and T1 (GSTT1). All the 7
polymorphisms tested in our study have previously been shown to be
functionally relevant [32-34,48]. Cytochromes P450 are the most im-
portant enzymes involved in the phase I biotransformation of various
compounds. They catalyse a number of reactions modifying dietary,
smoking, and environment-derived pre-carcinogens, and participate in
the metabolism of endogenous compounds including hormones and bile
acids. CYP1B1 is involved in activating polycyclic aromatic hydro-
carbons (PAHs) or heterocyclic amines to reactive metabolites that
cause DNA damage [37]. Epoxide hydrolase (EPHX1) converts reactive
intermediates (epoxides) to less reactive, excretable diols. NAD(P)
H:quinone oxidoreductase (NQO1) is a two-electron reductase involved
in the biotransformation of quinones [39]. Glutathione S-transferases
(GST), GSTM1, GSTP1, and GSTT1, belong to the most frequently stu-
died XMEs in molecular epidemiology studies, playing a protective role
against electrophilic chemicals. However, their outcomes in relation to
CAs are often controversial: while Musak et al. observed significant
association of CA frequency with GSTTI1-null genotype, particularly in
smoking tire plant workers [33], Rossi et al. did not record such an
association [35]. In our analysis, we did not observe any modulating
effect of GST polymorphisms on CA frequency, as assayed on 488
healthy individuals [40]. Our study describing the associations between
functional polymorphisms in 6 genes encoding XME and CAs revealed
that only EPHX1 was individually associated with total CAs: high ac-
tivity genotypes decreased CA frequency [33]. Tentative association of
CAs with EPHXI polymorphisms has been shown by us earlier
[33,37,38]. We also tested pairwise interactions between all 7 variants.
A total of 12 nominally significant interactions were observed, 6 of
them at P < 0.01 [36]. In most of the interactions, a GST variant was
one partner of the pair (Fig. 2). The data provided evidence that var-
iants in genes coding for metabolic enzymes (which individually have
small effects) interact and are associated with CA frequencies in PBLs of
healthy volunteers.

1.4. CAs and variants in DNA repair

Since human DNA is constantly exposed to physical (ultraviolet,
ionizing radiation) and chemical (reactive oxygen species, alkylating,
and aralkylating) damaging agents, the arising damage (particularly
DSBs) may be critical for establishing persistent chromosomal altera-
tions. CAs in PBLs reflect therefore inter-individual sensitivity to many
genotoxic substances and serve as biomarkers of an early effect of
genotoxic carcinogens and carcinogenic risk [29,41-45]. Efficient DNA
repair machinery, comprising several distinct pathways, effectively
maintains genomic integrity. Alterations in the DNA repair increase the
vulnerability of the cells, resulting in an accumulation of mutations in
the genome, and may ultimately lead to tumorigenesis [46].

Individual DNA repair capacity in response to DNA damage, effec-
tively preventing an accumulation of CAs, is often modulated by the
gene variants in different DNA repair pathways [47]. Indeed, we
documented a correlation between gene variants involved in base ex-
cision repair (BER) and the corresponding BER repair capacity a decade
ago [48]. However, single-nucleotide polymorphisms (SNPs) in non-
coding regions and even changes in wobble bases that do not affect
amino acid sequence, may be important as well [49].

The DNA repair genes that we studied encode proteins involved in
BER (represented by XRCC1, hOGG1 and APE1), NER (XPA, XPC, XPD
and XPG) and in double-strand break repair DSB (XRCC2, XRCC3, NBS1
and RAD54L) [47]. Excision repair (both BER and NER) represents a
crucial mechanism for a cells to preserve genomic integrity, since DSBs
or permanent mutations can arise as a consequence of unrepaired or
erroneously repaired single-stranded damage. BER removes small mo-
lecular lesions and oxidative DNA damage, in which XRCC1 protein acts
as a coordinator of single-strand break repair proteins, hOGG1 is a
glycosylase removing oxidative DNA adducts, and APE1 acts as en-
donuclease toward single-strand breaks. NER is a mechanism used by
mammals for the elimination of bulky DNA lesions. Its importance is
well documented on xeroderma pigmentosum or Cockayne syndrome
disorders [50], associated with extreme UV light sensitivity and en-
ormous skin cancer risk [51]. XPC (xeroderma pigmentosum com-
plementation group C) protein participates in the recognition of lesions
during global genomic-NER [52] — XPC enables the recruitment of two
helicases — while XPB and XPD initiate the opening of the DNA around
the lesion [53,54]. XPA and XPG proteins subsequently form a stable
open structure and recruitment of ERCC1-XPF by XPA initiates the dual
incision of the DNA 5’ and 3’ to the lesion by ERCC1-XPF and XPG,
respectively [55,56]. The replication machinery subsequently fills the
gap and seals the nick.
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Fig. 3. Influence of DNA repair gene polymorphisms on CAs in healthy volunteers [47]. The colour code indicates total CA (dark blue), CSA (blue), CTA (light blue),
and CSA & CTA (blue gradient). The arrows indicate significant gene-gene interactions.

DSB repair is a crucial mechanism for a cell to deal with the most
serious DNA damage. Since DSBs have the potential to arrest cell cycle
or even kill the cell, they have to be efficiently repaired to avoid such
events. Different DNA repair mechanisms work in different stages of the
cell cycle, namely homologous recombination (HR), non-homologous-
end joining (NHEJ), and highly inaccurate microhomology-mediated
end joining (MMEJ). When DSB occurs, a plethora of DNA repair pro-
teins cooperate with each other to preserve genome integrity and
functionality. NBS1 is one of the first proteins to accumulate at DSB
sites. It creates a complex with MRE11 and RAD50 proteins, which
recognizes the DNA damage site and promotes resection of its broken
ends [57]. Interestingly, NBS1 is commonly overexpressed in different
types of cancer, probably due to its participation in inaccurate MMEJ
pathway [58,59]. Other key proteins such as XRCC2 and XRCC3 (the X-
ray repair complementing defective repair in Chinese hamster cell 2
and 3, respectively) play an irreplaceable role during HR when an
undamaged sister chromatid is invaded by single-stranded overhangs of
the damaged strand to promote break repair. XRCC2 and XRCC3
(RAD51B, RAD51C and RAD51D) are paralogues of RAD51 re-
combinase. XRCC2 and XRCC3 create complexes with other RAD51
paralogues, which in turn facilitate recruitment and stabilisation of
RAD51 at DSB sites [60,61]. The whole RAD51-mediated strand inva-
sion is coordinated by RAD54L protein, which translocates along DSB
sites and has diverse functions during HR, e.g. remodelling of chro-
matin structure, Rad51 filament assembly, and D-loop dissolution
[62,63].

By analysing SNPs individually, we observed significantly lower
CTA frequencies in association with the XPD Lys751Gln homozygous
variant genotype (OR 0.64, P = 0.004). This association replicated with
a similar significance level in a separate healthy population earlier
[29]. An association of the heterozygous variant genotype in RAD54L
with increased CSA frequency (OR 1.96, P = 0.03) was also found. By
addressing gene-gene interactions, we discovered 14 interactions
modulating CA frequencies, 9 modulating CTA and 12 modulating CSA
frequencies with nominal significance. The interactions with strong
statistical support are highlighted in Fig. 3. For total CAs, highly sig-
nificant gene—gene interactions were observed mainly for genes parti-
cipating in BER (APE1, hOGG1, XRCC1), NER (XPC, XPD,XPG), and DSB
repair (NBS1, XRCC2, XRCC3). In general, gene—gene interactions al-
ways included pairs from two different pathways. Although individual
variants in genes encoding DNA repair proteins modulated CAs only
modestly, several gene-gene interactions were associated with CA
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frequencies suggesting that accumulation of CAs requires complex in-
terplay between different DNA repair pathways.

1.5. CAs and variation in TP53 gene (DNA damage response pathway)

The tumour suppressor TP53 (MIM# 191170), located on chromo-
some 17p13.1, is known as ‘the guardian of the genome’ or ‘the cellular
gatekeeper of growth and division’ owing to its diverse functions. The
protein p53, a 393 amino acid long phosphoprotein, acts as a key
regulator of cellular growth control and plays a central role in the in-
duction of genes that are important in cell cycle arrest and apoptosis
following DNA damage. Cell cycle arrest provides a time window for
the cell to repair genomic damage before entering the critical stages of
DNA synthesis and mitosis (previously reviewed [64]). The most fre-
quently investigated TP53 polymorphism is rs1042522, a G to C
transversion in codon 72 of exon 4, which results in an amino acidic
change from arginine to proline (TP53 Arg72Pro). This rs1042522
polymorphism is located in a proline-rich region of the protein with
importance for the growth suppression and apoptotic functions.
Rs1042522 results in a structural change in the protein, giving rise to
variants of distinct electrophoretic mobility; and the two isoforms of
p53 due to polymorphism at codon 72 differ in biochemical and bio-
logical properties. Apparently, the TP53 Arg72 form induces apoptosis
more efficiently than the Pro72 form. The Arg72 variant, when in cis-
form with certain tumour-derived mutations, might enhance tumour
suppressive function owing to increased ability to activate p53 [64,65].
However, we did not observe any association between either chromo-
somal damage and rs1042522 TP53 Arg72Pro (Tables 1 and 2) in 593
healthy individuals. Rs1042522 did not modulate the frequencies of
CAs, CTAs, or CSAs, in all instances the dominant model of inheritance
was tested.

1.6. CAs and variation in the major mitotic checkpoint genes

The fidelity of chromosome segregation during mitosis is ensured by
the spindle assembly checkpoint (SAC). In case of unattached kine-
tochores to microtubules, the inhibition of anaphase promoting com-
plex (APC or cyclosome) together with its adaptor binding partner
Cdc20 prevents an occurrence of aneuploidy. The mitotic checkpoint
complex, composed of Mad2, Bubl, Bub3, NEK2, ZWILCH and ZWINT
proteins [66,67], is generated as a result of SAC activation. Mad2 forms
a complex with the Cdc20 protein and therefore enables binding of
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Bub1 and Bub3 to Cdc20 [68]. The human checkpoint kinase Bub1, and
its adaptor protein Bub3 phosphorylate and subsequently inhibit the
APC/Cdc20 complex during SAC signalling cascade [67,69]. When all
chromosomes are properly attached in the mitotic spindle, MAD2 is
released from the mitotic checkpoint complex, resulting in the activa-
tion of APC/C-CDC20, which in turn targets PTTG1 (securin) for de-
gradation. ESPL1 (separase) gets activated and can cleave the cohesin
complexes that keep the sister chromatids together [70]. Aberrant ex-
pression of genes involved in the mitotic checkpoint complex (NEK2) is
related to carcinogenesis of various tumors [71].

In our study, we focused on genes constituting the mitotic check-
point machinery in view of its role in maintaining chromosomal in-
tegrity with possible links to CAs [72]. We selected 9 variants in main
checkpoint genes (BUB1B, BUB3, MAD2L1, CENPF, ESPL1/separase,
NEK2, PTTG1/securin, ZWILCH and ZWINT) for a genotyping study in
the above cohort of healthy individuals. The selected variants either
caused a potentially deleterious amino acid change or were located at
the core regulatory regions of the genes (Table 2). Genetic variation in
individual genes exhibited a minor importance, with only a few nom-
inally significant associations. Such data are consistent with the high
conservation and selection pressure of the checkpoint system. However,
many gene pairs were significantly associated with CAs and two pairs —
PTTG1-ZWILCH and PTTGI1-ZWINT — were associated with all types of
CAs. MAD2L1 and PTTG1 were the most common partners in any of the
two-way interactions (Fig. 4). These results suggest that interactions at
the cohesin level (PTTG1) and kinetochore function (ZWINT, ZWILCH
and MAD2L1) contribute to the frequency of CAs. The data imply that
gene variants at different checkpoint functions appear to be required for
the formation of CA.

1.7. Cyclin D1 and CAs

Random CAs may occur in normal cells, but they are a characteristic
finding in advanced malignancies. They may be tumour-specific and
contribute directly to malignant transformation through a rearrange-
ment of specific underlying genes [4]. Many types of specific recurrent
CAs, including deletions, amplifications, and translocations have been
described for a large number of haematological malignancies, including
lymphoid and myeloid leukaemias, multiple myeloma, and malignant
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lymphomas. The majority of haematological neoplasms are caused by
clonal expansion of a single cell that has acquired a somatic mutation in
one allele of a proto-oncogene. This mutated gene stimulates in-
appropriate cellular proliferation, leading to the development of cancer.
Another mechanism of inappropriate stimulation of cellular prolifera-
tion is the misplacement of a proto-oncogene through CA under a strong
promoter, and which may lead to the uncontrolled expression of this
gene [73]. An example is translocation between chromosomes 11 and
14, abbreviated t(11;14). In t(11;14) the cyclin D1 (CCND1) gene from
chromosome 11 is juxtaposed next to the promoter of the heavy chain
immunoglobulin (IgH) gene, driving overexpression of cyclin D1 and
stimulating cell division. It is found in several haematological malig-
nancies, including mantle cell lymphomas in which every patient has
this translocation. It is the most common translocation in multiple
myeloma, found in 15% of all patients [74].

Our study on translocations in myeloma patients for the first time
described a germline genetic basis of a translocation in humans: the t
(11;14) was regulated by a splice site polymorphism rs9344 (archive
dbSNP ID rs603965) in cyclin D1 [74]. The odds ratio (OR) between the
risk allele G and the other allele A was about 2.0. The ¢.870G allele
creates an optimal splice donor site at the intron 4/exon 5 boundary,
resulting in the cyclin Dla transcript (Fig. 5). By contrast ¢.870A hin-
ders splicing, allowing for read-through into intron 4 and the produc-
tion of the variant cyclin D1b transcript. Although c.870A is pre-
ferentially associated with D1b production, the A allele is not fully
penetrant [75,76]. Cyclin D1b has lost its capacity to associate with
CDK4 and it does not enhance phosphorylation of Rb protein [77].
While cyclin D1b is a potent oncogene operating through aberrant ki-
nase activity, cyclin D1a recruits RAD51 to local chromatin in response
to DNA damage [78]. In our study, we showed that the levels of Dla
and D1b transcripts correlated with the GG, GA, and AA genotypes in
CD138-selected plasma cell [74]. D1a/D1b transcript ratios have been
shown to shift in some cancers, suggesting that differential alternative
splicing can influence tumourigenesis. It is intriguing that the G allele
encoding the full length Dla would be associated with myeloma, be-
cause it has a low transforming capacity compared to D1b [79]. As the
G allele is the risk factor for t(11;14) in myeloma, the D1a protein may
promote the translocation, which in turn would drive cyclin D1 ex-
pression by the IgH promoter at the translocation locus. D1a may also
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Fig. 4. Influence of mitotic checkpoint gene polymorphisms on CAs in healthy volunteers [72]. The colour code indicates total CA (dark blue), CSA (blue), CTA (light
blue), and CSA & CTA (blue gradient). The arrows indicate significant gene-gene interactions.
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Fig. 5. Cyclin D1 participation in DSB repair by binding to RAD51 (a main recombinase involved in HR). The induction of the DNA damage response is mediated by
cyclin Dla, associated with polymorphism rs9344 in CCND1 (c.870G allele), whereas cyclin D1b (c.870A) lacks this activity.

act through separate pathways, promoting chromosomal aberrations
because it is associated with double-strand break repair complexes of
RAD51, BRCA1 and BRCA2 [78].

In myeloma the immunoglobulin gene translocations are generated
by abnormal class switch recombination events occurring during the
germinal centre stage of B cell development. Such abnormal events are
usually present in all clonal myeloma cells, and are also detectable in
monoclonal gammopathy of unknown significance (MGUS), a pre-
malignant precursor of myeloma, and AL amyloidosis [80,81]. Normal
class switch recombination involves a recognition step and double
strand DNA cleavage steps, driven by activation induced deaminase.
These strand breaks are then repaired using translocation prone path-
ways not involving classical non-homologous end joining (NHEJ) that
can result in the formation of reciprocal translocation to other strand
breaks located elsewhere in the genome [18]. CCND1 polymorphism is
also associated with t(11;14) in MGUS and AL amyloidosis, the G allele
being the risk allele as in myeloma [74,82,83]. We also tested genetic
associations with myeloma translocations other than t(11;14), but no
positive results were found. This suggests that the impact of the geno-
type on t(11;14) is not entirely through the facilitation of errors in class
switch recombination, nor can it be explained through errors in a
general DNA repair mechanisms.

As t(11;14) is found in all mantle cell lymphomas, we also tested
these cells for the CCND1 polymorphism, and found no effect [74].
However, in mantle cell lymphomas the translocation is mediated via
abnormal VDJ recombination at the IgH locus. The breakpoints in
mantle cell lymphomas are clustered, whereas the breakpoints in t
(11;14) MM are heterogeneous spanning several hundred kb in the 5
region of CCND1 [84]. The absence of an association is consistent with
a different etiological basis for t(11;14) myeloma and mantle cell
lymphoma [18,85].

We also tested the possible impact of the CCND1 genotype on non-
specific CAs in a large cohort of persons for whom CAs were measured
[86]. The results for total CAs showed a significant association with the
AA genotype (OR 1.85). The OR was almost as high as it was for t
(11;14) in myeloma, but to our surprise it was to the opposite direction.
A was the risk allele for non-specific CAs, while G was the risk allele for
translocation. How can these results be explained through known
biology of the splice site variants? We can speculate that there are two
key mechanisms. One is that allele G, encoding cyclin D1a isoform, may
facilitate translocation through its DNA damage response functions. The
other is that specificity for t(11;14), rather than other translocations,
may depend on the juxtaposed CCND1 gene while in other myeloma
translocations other proto-oncogenes are juxtaposed at this locus. The
transforming potential of isoform D1b may cause CAs in dormant
lymphocytes.
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To prove the above assumption we tested the association of CAs,
CTAs, and CSAs with CCND1 ¢.G870A polymorphism in an independent
group of 255 sporadic cancer patients (mainly breast and colorectal)
and controls. Moderately increased frequencies of chromosomal da-
mage seemed to be associated with c.870A allele (OR 1.96 95% CI
0.94-4.06, P = 0.073 for CAs; OR 1.62 95%CI 0.90-2.94, P = 0.231 for
CTAs; and OR 1.58 95% CI 0.77-3.21 for CSAs, P = 0.210, respec-
tively). Although the data showed the same tendency as described
above, the modulating effect was not statistically significant mainly due
to a low number of observations.

2. Conclusions

Cellular DNA is continually attacked by numerous electrophilic
compounds, generated or detoxified via XMEs. There is ample evidence
that DNA repair pathways are crucial mechanisms for preserving of the
genomic and chromosomal integrity. One source of variability in the
function of XME and/or DNA repair is due to gene variants modulating
activities of the particular proteins. Our review provides evidence that
variants in the above genes may modulate the frequency of CAs.
However, even in the conditions of an optimal DNA repair mechanism,
CA may arise in a cell as a consequence of the improper mitotic divi-
sion. Variants in major mitotic checkpoint genes, TP53 and cyclin D1
representing the DNA damage response pathway, may also contribute
to the frequency of CAs in PBLs. Our results show that variants in genes
encoding XMEs and DNA repair proteins as well as genes encoding key
mitotic checkpoint proteins individually exerted small effects, while in
interactions with each other they were associated with CA frequencies
in PBLs of healthy volunteers. Obviously, the accumulation of CAs re-
quires a complex interplay between genes involved in the maintenance
of genomic integrity. However, more functional/mechanistic studies
supporting these observations are required.

By assaying for the links between gene variants in the DNA damage
response pathway and CAs in PBLs, we did not find any association with
the common functional TP53 Arg72Pro polymorphism. These data re-
quire rather cautious interpretation, since other TP53 polymorphisms
and haplotypes were not investigated. Opposite associations were ob-
tained regarding the modulating effect of CCNDI splice site poly-
morphism rs9344 G870A on CAs in healthy individuals and cancer
patients compared to its association with t(11,14) translocation.
Further study aimed at the disclosure of the functional consequences of
the CCND1 gene and its variants in interplay with the DNA damage
response pathway and DNA repair on chromosomal instability during
malignant transformation is warranted.

An increased frequency of CAs has also been associated with a de-
creased relative telomere length in healthy subjects. Notably, this
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interesting association was not observed in patients with incident breast
and colorectal cancers. The mechanisms underlying CA formation in
association with telomere length in various pathologies deserves further
attention.

In the context of the etiological role of suboptimal DNA processes in
carcinogenesis, we recently suggested that altered DSB repair measured
by a sensitivity towards mutagen in PBL occurs particularly in color-
ectal tumours. Irrespective of cancer type, telomere shortening is as-
sociated with a decreased capacity to repair DSB. There are several
emerging questions, such as the role of CAs in malignancies with re-
spect to a particular phenotype and heterogeneity, and the formation of
CAs during the process of malignant transformation. Addressing the
above points is unconditionally required prior to any translations into
the disease prevention.
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