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Abstract

The first part of this paper reviews the major achievements in the rapidly expanding field of
research of individual capacity for repair of genotoxic damage. The issues of individual
repair capacity are addressed from multiple sides, analyzing the impact of the heritable
components of the capacity for detoxification of genotoxic compounds, on the one hand
(determining the risk for occurrence of DNA damage) and of the capacity for repair of DNA
damage (when it has already occurred), on the other hand. The role of the capacity for
repair of damage to DNA is discussed in the constitution of the risk for development of
disease (mainly cancer, but also other common diseases and conditions, such as diabetes,
atherosclerosis and cardiovascular disease) and as a major factor in the outcomes of
genotoxic therapies (eligibility for therapy with specific agents, risk for severe adverse
effects, post-therapeutic survival rates, etc.). The paper contains an extensive list of
biomarkers (mainly DNA polymorphisms, but also enzymes and other phenotypic markers,
such as markers of the capacity for self-renewal of cell populations) that may be potentially
applicable in the assessment of the risk for carcinogenesis or for development other types
of human disease.The second part of the paper provides a brief glimpse of the basic
methodology used to obtain experimental results in assessment of the efficiency of DNA
repair in living cells for research and diagnostic purposes.
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1. Emergence of the concept of normal variance in individual capacity for

repair of DNA damage

Remember you are unique. Just like everyone else.

Margaret Mead (1901-1978)

Genomic DNA is subjected daily to significant amounts of damage. In healthy individuals,
the cellular machinery for repair generally manages the damage very efficiently, with only
occasional lapses or errors. The latter may cause genetic and/or multifactorial disease
(depending on whether it occurs on germline and/or somatic level), but allows for some
changeability in the genome that constitutes one of the major drives in evolution. Even
among clinically healthy individuals of the same species, however, the efficiency of
protection against DNA damage (measured in terms of rate of removal of lesions in DNA or
the proportion of unrepaired damage that persists after repair has been carried out) may
vary. This heterogeneity may have diverse short-term and long-term effects — from
difference in the rate of progression of phenotypic traits associated with ageing in
individuals of the same sex and age (e.g. accelerated development of skin laxity and loss of
subcutaneous fat, causing early occurrence of wrinkles in some individuals, etc.), to more
serious consequences, such as earlier onset of senile cataract, increased risk of different
types of cancer, differential response to damaging agents (e.g. during genotoxic
treatments), etc. The degree of variance in individual capacity for repair of DNA damage is
usually subtle, but may, in some cases, become significant, especially when modulated by
other factors. The latter may be of endogenous origin (e.g. genetic factors) as well as
exogenous (lifestyle and habits, environmental factors, etc.).

The concept of individual repair capacity (ICR) emerged in the late 70-ties of the XX century.
It was first defined as the differences in the efficiency with which cultured cells taken from
one individual repaired damage induced by controlled methods, compared to the efficiency
of repair of the same type of damage in other individuals. Specifically, significant inter-
individual variation was observed in the responses of cultured human lymphocytes taken
from healthy volunteers to DNA damage induced by chemical agents [1,2]. In their study
group the authors found that samples taken from males exhibited higher levels of
accumulated unrepaired DNA damage than samples from females and that the amount of
accumulated persisting damage increased with increasing age, arterial blood pressure and
mortality rate in the respective age group. Still, the field of DNA repair was very young at
the time, and inherited deficiencies of DNA repair were still viewed as very rare diseases,
therefore, the individual variance seen in this and other studies was mostly regarded as
differences in the capacity for detoxification of environmental compounds. The research on
individual capacity for repair of genotoxic damage began essentially as studies on the
capacity for metabolisation of certain drugs and other exogenous agents, initially carried
out at protein level (e.g. measurements of the enzymatic activity responsible for the
metabolisation of the drug), and only later transitioning to analysis at nucleic acids level.
Among the first important findings in the field was the discovery of genetic variance in the
heme-thiolate monooxygenases of the cytochrome P450 family, causing heritable variations
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and slow metabolisers [3-5]. About the same time (in 1986) was published a study
analysing the gender differences in the susceptibility to cancer following exposure to
industrial chemicals [6]. In the following decade, the number of markers for detoxification
capacity increased steadily. These were mainly polymorphic variants of proteins with roles
in detoxification of toxic metabolites (usually, enzymes — glutathione S-transferases,
dihydropyrimidine dehydrogenase, superoxide dismutases, etc.).lt was not until the
beginning of the XXI century when it was fully realised that natural polymorphism in the
genes coding for signalling and effector proteins of DNA repair actually existed. Soon, it
became clear that it was essentially benign (not associated with any immediate harmful
effects), but might play a role in the constitution of risk for some diseases and conditions,
the outcomes of certain therapies and the risk for development of therapy-associated
adverse effects.

Modern people live longer, and the active period of life continues several decades after the
reproductive plans have been completed. It could be expected that the prevalence of
cancer will continue to rise steadily. The modern biomedical science and the
pharmaceutical industry develop rapidly, and more new therapies are being developed,
providing if not a cure, then at least a considerable improvement in the quality of life for
the patients. Nowadays, ICR rapidly becomes integral part of biomedical science.
Assessments of individual repair capacity are currently used for research purposes, e.g. in
studies of normal variance between healthy individuals and in human disease. It is also a
major branch of the rapidly expanding field of individualised (personalised) medicine —
tailoring of therapeutic approaches for the particular patient, prognostication of outcomes
in terms of expected responses to therapy and possible adverse effects, etc. Knowledge
about the specificities of individual capacity for detoxification of toxic metabolites and
repair of DNA damage forms a base for making informed decisions, in normal everyday life
as well as in treatment of disease. In healthy individuals it may become a basis for
introduction of certain lifestyle changes, e.g. cessation of smoking, weight loss, increased
consumption of fresh fruit and vegetables, wearing appropriate level of UV protection, etc.
Personal knowledge about individual repair capacity may assist in the assessment of
eligibility for specific therapies and the prognostication in terms of overall survival,
uneventful survival, and the potential toxic effects of a particular therapeutic regimen.

At the moment, the largest body of experimental evidence about the role of individual
repair capacity in human disease is in the field of assessment of risk for various cancers and
potential outcomes of anticancer therapy. This is not unexpected, as proteins acting in DNA
repair and maintenance of genome integrity normally work - directly or indirectly - to
prevent uncontrolled cell proliferation. There are, however, numerous reports about the
role of individual repair capacity in multifactorial disease other than cancer (diseases with
inflammatory genesis, such as insulin resistance and atherosclerosis, cardiovascular disease,
myelodysplastic syndromes, neurodegenerative disease, etc.) or in seemingly unrelated
areas, such as human fertility and sterility. Panels of markers for assessment of ICR are
currently developed and tested in clinically healthy patients and in selected patient groups
in order to assess their applicability to assessment of risk for various diseases and

conditions [7—14]. Continuing industrialisation of the modern world makes the exposure to



agents with potential mutagenic properties virtually unavoidable. Assessment of individual
repair capacity is commonly used in occupational and environmental medicine to define
levels of sensitivity to various toxic agents [15-17].

Analysis for individual capacity for repair of DNA damage and maintenance of genome
integrity suffers, however, from some serious limitations. Theoretically, the information
about the individual capacity for repair of DNA damage may be used for identification of
individuals at risk for multifactorial diseases and conditions in which dysregulation of DNA
repair and maintenance of genome integrity is known to play a role for the purposes of
prophylaxis or early presymptomatic intervention. This, however, has but little value when
performed in healthy individuals, as the test result may indicate increased risk for cancer,
but cannot predict who of the individuals identified to be at risk would develop cancer at
all, and if they do, at what age, and what the exact type of the tumour might be. After all,
everyone is at risk for development of cancer, especially after the age of 50. Therefore, the
knowledge about being at slightly elevated risk for cancer is likely to cause severe distress
and anxiety without offering much alternative for informed action except for the regular
check-ups that are recommended anyway.

Some of the polymorphic variants in DNA repair genes are associated with decreased risk
for various diseases and conditions, that is, the risk for development of the associated
disease or condition is lower in carriers of one or two copies of the variant allele compared
to homozygous carriers of the wild type alleles (for examples, see below). This is usually not
associated with increase in capacity for recognition and repair of DNA damage above the
average in the carriers of variant alleles, but, rather, with the fact that the wild type allele is
associated with mild (subclinical) repair deficiency.

Analysis of polymorphisms in DNA repair genes may, nevertheless, be used for identification
of individuals at highest risk in a selected group of individuals that were found to be at risk
for reasons other than genetic predisposition. For example, analysis of genetic factors
predisposing to development of lung cancer (a tumour associated with tobacco smoking) in
a cohort of smokers may be quite useful. Data about individual repair capacity may also be
used in groups affected with specific disease or condition for identification of individuals at
high risk for adverse events. For example, ICR status may aid in the assessment of risk for
certain complications in a cohort of diabetic patients; in the identification of individuals at
increased risk for a second vascular incident in a group of patients that have had a stroke
already, etc. Finally, ICR may play a major role in the assessment of sensitivity of tumours to
different anticancer therapies and susceptibility to therapy-associated toxicity.

The number of markers for assessment of capacity for DNA repair grows by the week, but
not all of these markers offer reproducible results in vitro, and even less seem to be reliable
enough in vivo. The reliability of the tests for individual repair capacity has been repeatedly
guestioned with regard to sample sizes, adequacy of controls and testing techniques[18,19].
For example, 'convenience controls' are often used — that is, samples that were just
available, which may result in inadequate assessment of the role of possible confounding
factors. Use of 'convenience controls' usually occurs because of unavailable data about
important parameters (e.g. family history regarding specific diseases and conditions; data

about smoking status, etc. that were not obtained at the time of collection of the sample)or



because factors that were considered irrelevant at the time of initial data collection became
important later, when the test subjects were unavailable for another interview and/or
testing. Many tests use peripheral leukocytes or skin fibroblasts as biological material
(except, of course, the cases in which a tumour sample is necessary). The degree to which
results obtained in peripheral leukocytes pertain to the status of other tissues and the
organism is, however, still subject of discussion.

The assessment of individual capacity for repair of DNA damage is implemented by using
sets of markers, but it is much more than a simple sum of disparate markers. None of the
markers described below has significant diagnostic or prognostic value on its own. At least
several select markers (depending on the disease or the condition) must be analysed to

obtain an informative and reliable result.

2. Individual repair capacity is not comprised solely of genetic

polymorphisms

It is our choices...that show what we truly are,

far more than our abilities.

J. K. Rowling, Harry Potter and the Chamber of Secrets (1998).

The capacity for repair of DNA damage is studied today on two major levels. The first level is
research dedicated to genetic predisposition —that is, identification of polymorphic variants
of genes functioning in DNA repair, damage-associated signalling, and maintenance of
genome integrity and testing their reliability as markers. The second level uses the
knowledge obtained at the previous level, integrating the data provided by analysis of the
markers of individual status into the real phenotype of the individual. Thus, the efficiency of
repair of cell damage is projected on a larger scale (tissues, organs and organism) in the
context of the interplay between the genetic predisposition and the environment. Thus, the
information stored in the genetic background of the individual (what it might have been) is
analysed from the viewpoint of their present status (what really is). Reliable prognostication
of risks for development of disease and/or the possible adverse outcomes may only be
done on the higher level of research of individual repair capacity, as the disparate markers
do not have much predictive value on their own. Indeed, having a genetic predisposition for
a disease or condition does not mean that it would develop with 100% certainty. Even
among carriers of mutations usually associated with development of severe monogenic
disease there are occasional asymptomatic cases. For example, in the majority of cases,
carriership of mutations in the MECP2 gene, coding for a protein that recognises methylated
bases in DNA results in the phenotype of Rett syndrome in females, but there have been
occasional reports about asymptomatic or mildly symptomatic carriers of mutations that
normally cause a severe phenotype, usually because of skewed X-inactivation [20]. If we
care to remember the case described by Horibata et al.[21], it showed that homozygous
carriership of a nonsense mutation typically causing severe genotype could sometimes be
associated with only mild symptoms that might not have come to clinical attention at all.
Whether the associated disease or condition would actually develop, depends on many
other factors, endogenous as well as exogenous. This is valid for the analysis of individual



repair capacity as well. The data of individual status obtained with the existing panels of
markers may only be used when taken into the context of the individual patient, as their
effects are often modifiable by other factors. For example, some of the polymorphic
variants associated with increased risk for lung cancer may actually exhibit their effects only
in people with certain lifestyle traits (e.g. smokers), or only in the one sex or the other, or, as
we will see below, only in certain age groups. Similarly, there are genetic factors associated
with predisposition to skin cancer. In order to reach the lower layers of the skin, where cell
division occurs, however, UV light must penetrate through the melanin layer of the skin. The
melanin barrier in dark-skinned individuals is more effective than in fair-skinned individuals.
Therefore, the risk for skin cancer is a priori higher for the latter than for the former
regardless of any pre-existing variance in the genes coding for products acting in repair of
UV-induced damage.

The specific effects of a DNA polymorphism on the phenotype may only be valid for some
populations. For example, the 399GIn variant of the XRCC1 polymorphism (for details, see
below) was found to be associated with a reduction of the risk for development of
colorectal adenomas at high risk for conversion to carcinoma in the Norwegian population
[22]. The same 399GIn variant, however, was associated with increased risk for colorectal
carcinoma in the Egyptian population [23]. Of course, as in some populations the data are
obtained by large population-wide studies, and in others the number of cases and controls
are limited; the condition or disease may be over-diagnosed in one country and under-
diagnosed in another, and considering the fact that the degree of genetic heterogeneity
between populations may be significant, these findings may be result of testing bias.
Nevertheless, results of genetic tests obtained in one population cannot be transferred
directly to another population unless the contribution of all possible modulating factors is
also known (which is, at this point, hardly possible).

While genetic predisposition is important, it is rarely a critical factor and the information
about the genetic background of the individual typically does not provide information about
their present status. Phenotypic markers are the functional expression of the
communication between the main predisposing gene/s, the associated modulating genetic
factors, be it at gene, transcript or protein level, and the exogenous factors, and they reflect
the current state of the tissue, the organ or the organism. The latter may reveal how the
genetic background and the environmental factors intermingle to create a unified
phenotype and may allow for more reliable decision-making and prognostication.

The overall capacity for repair in real time (at the moment of testing) is commonly
measured by one of the methods described in the next chapter — namely, the unscheduled
(replication-unrelated) synthesis of DNA. It may also be considered a major phenotypic
marker, complementing and integrating the data obtained by other markers.

If we view the capacity for repair of damage in a broader sense, it implicitly includes the
capacity for cell and tissue renewal. Indeed, as repair of DNA damage is a prerequisite to
normal cell division, the capacity for repair and the capacity for tissue regeneration are
tightly linked. As of now, telomere length, telomere attrition rate and/or telomerase activity
—is successfully used as a phenotypic marker for assessment of potential of tissue
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for the cell's proximity to replicative senescence. The shorter the mean length of telomeres
in a tissue, the closer the normal (non-transformed) cells of that tissue are to replicative
senescence, therefore, the more limited the capacity for tissue renewal. Testing of the
status for the genetic components of individual repair capacity is often complemented by
testing for capacity for self-renewal in cells and tissues.

The markers for capacity for detoxification of harmful compounds and antioxidant capacity
(usually, enzymatic activities) are still an important part of the panels for assessment for
individual capacity for repair of DNA damage, although the associated enzymatic activities
usually do not contribute directly to DNA repair. These enzymes generally work by
degrading the toxic compound/s (e.g. drugs, but also other exogenous and endogenous
agents), increasing or decreasing their solubility; modifying or conjugating them to other
compounds so as to decrease their toxicity, etc., thereby modulating the amount of
genotoxic stress in the cell. Thus, the capacity for detoxification of substances with
genotoxic potential may be viewed as prerequisite for the normal functioning of the DNA
repair machinery. The major markers for detoxification and antioxidant capacity that are

currently in use are briefly described below.

3. Markers for detoxification and antioxidant capacity

Cytochrome P450 superfamily

The proteins of the cytochrome P450 (CYP) superfamily function in the metabolisation of
many compounds associated with increased levels of oxidative stress in eukaryotic cells.
Among these compounds are, for example, various types of drugs (antibiotics, NSAIDs;
analgesics, e.g. tramadol; anticancer drugs like tamoxifen and cyclophosphamide;
immunomodulators; antidiabetic drugs, e.g. sulphonylureas; anticoagulants such as
warfarin and coumarin; and many others); hormones, ethyl alcohol; heterocyclic aromatic
amines (e.g. produced during cooking, specifically frying); industrial chemicals — polycyclic
aromatic hydrocarbons (e.g. in tobacco smoke and smoke from burning organic fuels);
dioxin and dioxin-like compounds; and many others. Many variant alleles of the different
isoenzymes of the CYP family have been identified, encoding proteins with relatively
decreased enzymatic activity [24,25]. Some of the allelic variants of genes coding for
different CYP proteins have been found to be directly associated with increased risk for
development of different tumours (bladder cancer, cancer of the mammary gland, and
others) because of poorer capacity of metabolisation of toxic environmental
compounds[26-29]. This risk is modifiable by other factors such as smoking, ethyl alcohol
intake, etc. Upregulation of the expression of some of the CYP proteins in cancer cells may
be associated with resistance to anticancer drugs [30]. Carriership of some CYP
polymorphisms in patients in genotoxic therapy may be associated with increased risk for
therapy-associated neurotoxicity [31].

Glutathione S-transferase

Glutathione S-transferase (GST) is an umbrella term describing several tissue-specific
enzymatic activities catalysing the conjugation of reduced glutathione to different

electrophilic compounds (usually, with cytotoxic and genotoxic properties). Among the



latter are compounds of exogenous origin (anticancer drugs—melphalan, chlorambucil),
industrial chemicals (e.g. polycyclic aromatic hydrocarbons, halogenated hydrocarbons) as
well as endogenous compounds (steroid hormones, prostaglandins, unsaturated aldehydes
produced by oxidation of lipids, and others) [reviewed in 32]. GSTs are further sub-classed
into two families: the membrane-bound microsomal GSTs and cytosolic GSTs, each of which
has numerous members with different functions.

Null alleles for the genes coding for two of the GST isoenzymes, GSTT1-1 and GSTM1-1 may
be observed in a significant proportion of people in virtually all human populations,
although there are ethnic differences in the prevalence of the deletion allele [33]. The
deficiency in the potential for detoxification conferred by carriership of GST deletions is
normally balanced by the overlaps between substrate affinities within the GST superfamily;
therefore, the individuals carrying the deletion alleles do not exhibit recognisable disease
phenotypes in their young age. The reduction of the enzymatic activity, however, may have
consequences in later life, especially upon contact with toxic compounds. Carriership of null
alleles of the GSTT1-1 and GSTMI1-1 genes are among the genetic risk factors for
development of acute leukemia, and also cancer of the lung, bladder and larynx [34,35].
Some of the polymorphic variants of the genes encoding glutathione S-transferases in rat
models were shown to be associated with increased risk for liver cancer after treatment
with different drugs [36-38]. The polymorphisms A313G in exon 5(lle105Val, rs1695) and
C341T in exon 6 (Alal14Val, rs1138272) in the human GSTP1 gene may increase the risk for
primary head and neck cancer and cancers following genotoxic therapy [39,40]. In pregnant
women, the carriership of the lle105Val polymorphism in the GSTP1 gene was found to be
associated with increased risk for pre-eclampsia [41,42]. It is notable that paternal
contribution of polymorphic alleles of GSTP1 to the developing embryo may also play a role
in the risk for development of pre-eclampsia [43].

One C-to-T transition in the GSTT1 gene (rs4630) may be associated with lower incidence of
therapy-induced peripheral neuropathy in patients with multiple myeloma treated with
thalidomide [44].

The expression of some of the isoforms of GST (specifically, GSTP1-1) may be selectively up-
regulated in tumours, providing resistance to anticancer drugs [32].

Methylene tetrahydrofolate reductase

Methylene tetrahydrofolate reductase (MTHFR) is a key enzyme of the folate metabolism
catalysing the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate in
the biosynthesis of methionine from homocysteine. Two common polymorphisms
associated with significantly decreased enzymatic activity have been described in the
MTHFR gene— the already mentioned C677T (Ala222Val, rs1801133) and A1298C
(Glu429Ala, rs1801131) [reviewed in 45]. The C677T polymorphism is very common, with
the prevalence of C/T heterozygotes >50% and of T/T homozygotes >30% in some
populations [46]. MTHFR detoxification activity concerns mainly fluoropyrimidine
compounds  (5-fluoruracil, capecitabine); purine analogues (methotrexate, 6-
mercaptopurine, and others), and other antimetabolite drugs (e.g. pemetrexed). Carriership
of the variant alleles of the C677T and A1298C polymorphisms is associated with differential

response to these anticancer drugs in single-agent or multiple-agent regimens and/or the



outcomes of therapy [47-49]. Patients with NSCLC treated with pemetrexed (as a single
agent or in combination with platinum derivatives) who were carrying the MTHFR 677TT
genotype exhibited significantly longer (twofold) progression-free survival and overall
survival compared to patients on the same therapeutic regimen, but carrying CC or CT
genotypes [50].

In patients homozygous for the T allele of C677T and the heterozygous genotype of A1298C,
severe toxicity effects may occur during or after therapy with antimetabolite agents.
Carriers of the TT genotype by the C677T polymorphism of the MTHFR gene and/or at least
one A allele of the MTHFR 1298A>C polymorphism treated for acute leukemia with
fluoropyrimidines are at increased risk for haematological and gastrointestinal toxicity
[51,52]. Liver toxicity has been reported in paediatric patients treated with methotrexate/6-
mercaptopurine for acute lymphoblast leukemia [53] as well as in adult patients treated for
other types of cancer, albeit the association was weaker [54]. Carriership of MTHFR1298CC
homozygous genotype is associated with increased risk for development of hand-foot
syndrome in patients with solid tumours treated with 5-fluorouracil or capecitabine [55].
Superoxide dismutases

Superoxide dismutases (SODs) catalyse the conversion of superoxide radicals to molecular
oxygen and hydrogen peroxide. Impaired function of SODs results in increased levels of
reactive oxygen species in the cell. In mammalian cells there are three basic types of SODs:
cytosolic copper-zinc (SOD1); mitochondrial manganese (MnSOD, SOD2), and extracellular
copper-zinc SOD (SOD3).

The Alal6 variant of the SOD2 Alal6Val polymorphism (rs4880) is associated with lower
enzymatic activity than the Val16 variant allele [56]. Carriership of the Ala/Ala genotype by
the Alal6Val polymorphism may be associated with higher pregnancy rates in assisted
reproduction [57]. In patients with sepsis carrying the Ala allele, the incidence of septic
shock was recently found to be higher than in septic patients with Vall6-containing
genotypes [58].

The Gly allele of the Arg213Gly (rs8192291) polymorphism in the SOD3 gene is associated
with significant (over 10-fold) increase in enzymatic activity [59]. Heterozygotes for the
Arg213Gly polymorphism in the SOD3 gene may be at increased (1.5-fold) risk for ischemic
heart disease [60].

Carriership of the SOD2 Alal6Val polymorphism and the SOD3 Arg213Gly polymorphism
may be associated with predisposition to obstructive lung disease, parenchymal lung
diseases (idiopathic pulmonary fibrosis and lung granulomatosis) and lung malignancies[61-
63].

As diabetes is a disease associated with increased oxidative stress, polymorphisms in SOD
genes may modulate the risk for development of diabetes and some of its late
complications. Specifically, theAla40Thr polymorphism in the gene coding for SOD3 may be
implicated in the pathogenesis of insulin resistance and diabetes type 2, with carriers of the
Thr40 allele exhibiting lower insulin sensitivity and earlier age at diagnosis than carriers of
the Ala40 allele [64]. Carriership of the Val allele of the Alal6Val polymorphism in the SOD2
gene is associated with increased risk for development of microvascular complications in

diabetes, diabetic nephropathy and retinopathy [65,66].



The SOD3 Alad40Thr polymorphism is suspected to be implicated in the risk for pre-
eclampsia and severe foetal growth restriction [67].

SOD2 codon 16 heterozygous Ala/Val genotype is associated with increased risk of acute
toxicity and subcutaneous fibrosis after radiotherapy compared to the Val/Val genotype
[68,69].

Somatic mutations in genes coding for superoxide dismutases may occur in the course of
neoplastic transformation [70,71].

Thiopurine S-methyltransferase (TPMT)

Thiopurine methyltransferase methylates thiopurine compounds, using S-adenosyl-L-
methionine as donor of methyl groups. TPMT catalyzes the S-methylation of
chemotherapeutics such as 6-mercaptopurine, 6-thioguanine and azathioprine [72]. Several
variant alleles have been described in the TPMT gene, with two of them (TPMT*3B
(Ala154Thr, rs142345) and TPMT*3C (Tyr240Cys, rs1800460)) responsible for >75% cases of
low TPMT activity [73]. Since the phenotype of TPMT deficiency is very mild (clinically
asymptomatic) in healthy individuals, there is a discussion whether these are true
mutations or polymorphisms. Deficiency of thiopurine S-methyltransferase activity, may,
however, result in severe haematopoietic toxicity in cancer patients receiving standard
doses of mercaptopurine and azathioprine [reviewed in 74 and 75]. Transplanted patients
that are known carriers of polymorphisms in the TPMT gene may benefit from
immunosuppressive drugs other than azathioprine, or at least require a reduction of the
dose because of increased risk for leukopenia[76,77].

Dihydropyrimidine dehydrogenase (DPYD)

Dihydropyrimidine dehydrogenase is the initial and rate-limiting enzyme in the catabolism
of the pyrimidine bases uracil and thymine. It is the key enzyme catalysing the metabolic
degradation of 5-fluorouracil (5-FU), with more than 85% of the administered 5-FU
metabolised by DPYD [reviewed in 78]. Severe therapy-associated toxicity may develop in
DPYD-deficient patients treated with 5-FU. Several DPYD variants associated with decreased
enzyme activity have been reported, of which two (IVS14+1 G/A), a splice site variant; and
Asp974Val (rs72547602)) were associated with risk for 5-fluorouracil toxicity [79,80]. The
incidence of complete or partial loss of DPYD activity varies between 1 and 7% in Caucasian
populations, putting about 1:30 people treated with 5-FU is at risk for increased toxicity
[81,82]. A rare adverse effect — namely, ocular toxicity in a patient carrying a 85T>C
polymorphism in the DPYD gene was recently reported [83].

Uridine diphosphate glucuronosyltransferase (UGT1A1)

The UDP-glucuronosyltransferase family of enzymes catalyzes the transfer of a glycosyl
group from UDP-glucuronate to an acceptor molecule [84]. UGT1A1 is responsible for the
metabolism of irinotecan (inhibitor of topoisomerase 1), fluoropyrimidines (capecitabine, 5-
fluorouracil) and other antimetabolite agents (e.g. methotrexate, trimethoprim). Several
polymorphic forms of UGT1A1 have been described as potential predictors of response to
anticancer treatments and toxicity [reviewed in 85]. Among these is a common dinucleotide
((TA),)repeat polymorphism (UGT1A1*28, a presence of an extra TA repeated unit-)
resulting in reduced UGT1A1 expression and activity. It has been correlated with severe

toxicity (neutropenia, diarrhoea) in patients with colorectal cancer on irinotecan-containing



regimens [86]. Another polymorphism (UGT1A1*6, Gly71Arg, rs4148323), was recently
found to be associated with several times increased risk for toxicity in cancer patients in
irinotecan, even when the agent is used in low doses [87]. The increase in the risk was
dependent on the number of copies of variant alleles. The prevalence of these two
polymorphisms shows ethnic variance, with the variant alleles being significantly more

common in Asian populations.

4. Markers for capacity for DNA repair and maintenance of genome

integrity

4.1. Markers for capacity for repair of DNA damage

At present, polymorphisms in over two dozen genes coding for major proteins of DNA repair
and maintenance of genome integrity are considered to be reliably associated with
significant effects on the phenotype in health and disease. These genes may be grouped by

function as follows:

¢ Nucleotide excision repair: XPA, XPD, XPG (ERCC5), XPC and RAD23B (the latter two —
only in global genome repair), ERCCI;

e Base excision repair: hOGG1, POLB, XRCC1, APEX1,

e Repair of strand breaks: XRCC2, XRCC3, NBS1(functioning in repair by homologous
recombination); LIG4 and XRCC4 (repair by non-homologous end joining).

e Mismatch repair: MLH1, MSH6, EXO1;

* Maintenance of genome integrity/induction of damage-related cell cycle arrest
and/or apoptosis: TP53, ATM, BRCA1 and BRCA2, RFC1, PARP1 gene and PARP1
pseudogene;

* Progression through cell cycle — Cyclin H (CCNH) gene.

In most cases, carriership of polymorphisms in these genes affects the susceptibility for
development of different cancers or other multifactorial conditions. The impact on the
outcomes of genotoxic therapies and the risk for development of drug resistance, however,
has been studied thoroughly only for some of these polymorphisms. Several panels of
markers have been tested so far, in patients with cancer as well as immunological diseases,
with variable success [88-91]. A summary of the currently available experimental
information about the listed markers is presented below.

4.1.1. Polymorphisms in NER genes

XPA gene

The XPA is part of the XPA-RPA complex that binds to damaged DNA in the early stages of
repair by nucleotide excision and stimulates the endonuclease activity of XPF and XPG.
Several relatively common single-nucleotide polymorphisms were described in the XPA
gene, for two of which, (Arg228GIn (rs1805160) and Val234Leu (rs3176749)) no significant
differences in the DNA repair capacity or survival of cells carrying the one or the other allele
were found [92]. One polymorphism (rs1800975; an A-to-G substitution) in the 5'-



untranslated region of the XPA gene was found to be associated with decreased risk for lung
cancers, even in individuals with history of exposure to tobacco smoke [93].

XPC gene

XPC, as a component of the XPC-hHR23 complex, is among the first molecules arriving at
the sites of DNA damage in the non-coding regions of the genome. Its binding to the
damage site serves as a signal for recruitment of the other factors of NER in order to initiate
repair of the lesion. Several polymorphisms have been identified in the XPC gene. Among
these, the best studied is the XPC ins83 polymorphism, an insertion/deletion of a 83 bp long
poly-AT region in intron 9 of the gene coupled with a 5bp deletion, also in intron 9[94].
Carriership of the insertion allele presumably results in decreased ability to detect DNA
lesions in the non-transcribed regions of the genome and, respectively, in increased
propensity to various cancers —lung cancer, oesophageal cancer, oral cancers, tumours of
the urinary tract and melanoma [95-101]. The risk of cancer associated with carriership of
the XPC ins83 polymorphism may be modified by other factors, exogenous as well as
endogenous (e.g. smoking) [102]. Homozygocity for the insertion allele is associated with
1.5 elevation of the risk for squamous cell carcinoma of the lung and almost 2-fold elevation
of the risk for lung adenocarcinoma among smokers [89]. Other common XPC
polymorphisms, such as Lys939GIn (rs2228001) and Ala499Val (rs2228000) allele variants
are associated with increased risk for lung and bladder cancer [102].

Polymorphisms in the XPC gene were shown to modulate the levels of unrepaired damage
in human cells treated with ionising radiation and other genotoxic agents in in vitro settings
[103]. The lowest level of residual DNA damage was associated with the valine allele of the
Ala499Val polymorphism, the deletion allele of XPC ins83 and the lysine allele of the
Lys939GIn polymorphism [103]. The Lys939GIn variant was demonstrated to be associated
with increased proneness to bleomycin-induced chromosome breaks
[15,103,10416,104,105].

Carriership of the XPC ins83 polymorphism may be associated with increased risk for
diseases other than cancer. In a study from 2014, homozygous carriership of the deletion
allele (repair-proficient) was significantly more common in age-matched healthy controls
than in a cohort of patients with one cerebrovascular incident[14]. Since XPC only plays part
in recognition of damage occurring in non-transcribed genomic regions, a relative deficiency
of its function probably matters significantly in cells that are naturally subjected to rapid
turnover, such as epithelial and endothelial cells. Carriership of one or more 'repair-
deficient' insertion allele, especially in individuals that also carried the pro-apoptotic Arg
allele of TP53 Pro72Arg polymorphism (see below) may be susceptible to mass apoptotic
death of endothelial cells following breaches of endothelial integrity of cerebral blood
vessels, especially at sites with pre-formed atherosclerotic plaque [106]. It was
hypothesised that the deletion allele of the XPC ins83 genotype conferred a small selective
advantage to its homozygous carriers with regard to the risk of cerebrovascular
incidents[14].

RAD23B gene

RAD23B is the partnering protein of XPC in the recognition of damage reparable by NER in
the non-coding regions of the genome. The polymorphismAla249Val (rs1805329) in the



RAD23B gene is associated with increased risk for breast cancer, either alone or with
combination with polymorphisms in the XPC gene [107]. The risk for development of
hepatocellular cancer in patients infected with hepatitis C virus may be modulated by
carriership of the Ala249Val polymorphism [108].

XPD gene

XPD is one of the two basic DNA helicases unwinding DNA at damage sites in order to allow
unobstructed access of the NER repair machinery. Several polymorphisms in the XPD gene
are associated with increased risk for carcinoma of the prostate gland, the breast and the
lung and head and neck cancers. Among these are Argl56Arg (rs238406, a synonymous
substitution of C with A), Asp312Asn (rsl799793) and Lys751GIn (rs1052559)[90,109-112].
Again, this risk is modifiable by other factors. For example, the risk for lung cancer in
carriers of XPD gene polymorphisms specifically pertains to smokers; and also to individuals
exposed to hot oil fumes (e.g. during cooking) and/or fuel fumes. Genotypes containing at
least one Asn allele of the Asp312Asn polymorphism were found to be associated with
almost twofold increase of the risk for bladder cancer in Asian populations [113,114].

The carriership of the polymorphismsAsp312Asn and Lys751GIn is associated with
significant increase of the risk for development of senile cataract resulting from accelerated
ageing of the crystallin proteins in the lens because of accumulation of unrepaired UV-
induced damage [115,116].

ERCC1 gene

The ERCC1-XPF complex functions at the late stages of NER, introducing the 5'-strand break
in the repaired strand. Several polymorphisms in the ERCC1 gene have been described. The
C8092A polymorphism (rs3212986) has no coding value, as it is in the 3'-untranscribed
region of the gene. The C allele, however, is associated with lower transcript stability [117].
Carriership of the C8092A polymorphism of ERCC1 gene is associated with increased risk for
adult glioma [118] and head and neck cancers [109,111].The CT heterozygotes by the
T19007C (rs11615) polymorphism in ERCC1 were reported to be at increased risk of
development of skin cancer [119]. In the same study, the ERCCI 17677A (rs3212961)
polymorphism was found to be associated with increased overall risk of cancer, without
specification of the tumour type.

XPG (ERCC5) gene

XPG (ERCC5) is a protein with endonuclease activity acting at the late stages of NER,
cleaving the repaired strand in the 3'-direction from the damage site. Several
polymorphisms in the ERCC5 gene have been described, but only the synonymous His46His
(rs1047768) and His1104Asp substitutions (rs17655) were found to be associated with
effects on the phenotype. Carriership of the Asp variant of the His1104Asp polymorphism
may be associated with decreased risk for cancer of the pharynx, the oesophagus, and the
lung [120]. The ERCC5 His46His polymorphism may modulate the risk for development of
non-small lung cancer [121]. In the same study, the variant allele of ERCC5 His46His was
found to be associated with lower levels of polycyclic aromatic hydrocarbon adducts in
DNA.

4.1.2. Polymorphisms in BER genes

NEIL genes



It was already mentioned that until several years ago inherited deficiency of DNA repair was
believed to result in such severe phenotypes that the affected foetuses were very rarely
carried to term and/or died in the early postnatal period. Shortly after the discovery that
carriership of mutant variants of NEIL1 gene in mice resulted in a phenotype similar to the
human metabolic syndrome [122], mutations in the human counterpart of the murine gene
were described in several per cent of the human patients with diabetes type 2 [123].
Human NEIL glycosylases (NEIL1, -2 and -3) are homologues of the bacterial Nei glycosylase,
excising modified bases in DNA. NEIL3 has also been suspected to be implicated in the
pathogenesis of metabolic syndrome and diabetes type 2, but at present the evidence for
this is derived from linkage studies only [124].

hOGG1 and POLB genes

Variant alleles of two genes coding for products with roles in base excision repair have been
found to modulate the risk for bladder cancer [125]. These are hOGGI1, encoding a
glycosylase removing 8-oxoguanine and formamidopyrimidines from DNA, and POLB,
coding for the major gap filling DNA polymerase B. Carriers of the variant allele of the
-1493G>A (rs125701) polymorphism in the promoter region of the hOGG1 gene were at
decreased risk for bladder cancer compared to homozygotes for the common allele. In the
same study, carriers of the variant allele of the intronic polymorphism 42196441C>T
(rs3136717) in the DNA polymerase beta gene were at increased risk compared to those
homozygous for the common allele [126].

The Cys/Cys genotype of the hOGG1 Ser326Cys polymorphism (rs1052133) is associated
with decreased risk for prostate cancer [127]. Ser326Cys is, however, one of the
polymorphisms associated with increased risk of age-related cataract [128].

Inherited defects in the hOGG1 gene (3p25) were found to be associated with
predisposition to familial and sporadic renal clear cell carcinoma [129].

Children carriers of Ser/Ser or Ser/Cys genotypes by the Ser326Cys polymorphism of hOGG1
were identified to be at decreased risk for development of acute childhood lymphoblastic
leukemia [130].

Carriership of polymorphisms in BER genes is associated with susceptibility to Grave's
disease, a toxic hyperfunction of the thyroid gland that affects virtually all organs and
systems. The etiology of Grave's disease is believed to be primarily autoimmune. The role of
accumulation of oxidative DNA damage, however, was unequivocally confirmed, specifically
for Grave's ophtalmopathy [131]. The homozygous Cys/Cys genotype of the Ser326Cys
polymorphism in the hOGG1 gene was found to be associated with nearly 4-fold increase in
the risk for developing Graves' disease [132].

XRCC1 gene

The XRCC1 protein is a stabilising factor of the primary ligase of base excision repair, DNA
ligase lll. It is also a component of the single-strand break repair complex together with
ligase Ill, PNK and DNA polymerase beta. Over 20 non-synonymous polymorphisms have
been described in the XRCC1 gene. Of these, association with predisposition to
multifactorial disease has been found for the non-synonymous substitutions Arg194Trp
(rs1799782), Arg399GIn (rs25487), Arg280His (rs25489) and His107Arg (rs2228487)
[23,133,134].



The His280 allele of the XRCC1 Arg280His polymorphism is associated with increased risk
for development of colorectal adenoma in the Norwegian population [22]. The Arg280His
polymorphism may modulate the risk for prostate cancer [112].

Carriership of the Trp194 variant was found to be associated with early-onset colorectal
carcinoma in the Egyptian population [23].

The effects of carriership of the Arg399GIn polymorphism on the risk of colorectal
carcinoma have been reported to be different in different populations [22,23]. The
Arg399GIn polymorphism is associated with susceptibility to endometriosis [135].
Heterozygous carriership of the Arg399GIn polymorphism the XRCC1 gene, in combination
with the homozygous Asn/Asn genotype by the XPD Asp312Asn polymorphism is a genetic
factor associated with increased risk for senile cataract [116].

APEX1 gene

The apurine/apyrimidine endonuclease APE1 hydrolyses the phosphodiester bond at the 5'-
side of abasic sites generated in the first phases of BER, producing a single-strand break.
The Asp148Glu polymorphism (rs1130409) is quite common (35-40% of all alleles) and
reportedly has no detectable impact on the endonuclease and DNA binding activities of
APE1 protein [136]. The homozygous Glu/Glu genotype, however, is believed to have a
slight protective effect against prostate cancer in some populations [137].

The G allele-containing genotypes of the polymorphism-656T>G in the promoter of the
APE1 gene are associated with decreased risk for cervical cancer and breast
cancer[138,139].

Association between polymorphisms in genes of BER and outcomes after transplantations
of haematopoietic cells

Transplantation of haematopoietic stem cells is currently one of the best treatment options
for patients with haematological cancers, aplastic anemia and various myelodysplastic
states. Usually, the dysfunctional bone marrow of the recipient of the transplanted cells is
ablated before they receive the transplant, as part of the transplantation protocol, in order
to minimise the risk of subsequent proliferation of a dysplastic haematopoietic clone
originating from residual cancer cells. The myeloablative therapy (conditioning) used to
destroy the recipient's haematopoiesis before the transplantation works by induction of
enough DNA damage to kill the rapidly proliferating cancer cells. Conditioning agents induce
DNA damage mainly by base modification (alkylation and oxidation), introduction of strand
breaks (e.g. topoisomerase inhibitors) and DNA crosslinks. Some of the drugs typically used
in conditioning regimens are busulfan, cyclophosphamide, thioTEPA, cytosine arabinoside,
etoposide and others. For the purposes of myeloablation, these agents are often used in
larger dosages than in therapy of solid tumours (where myelosuppression is an adverse
effect) and may sometimes be combined with radiation therapy, so as to eradicate 'stores’
of cancer cells protected from chemotherapy.

The individual capacity for repair of DNA damage may be important variables when
assessing the chances of success of transplantations of allogeneic haematopoietic stem cells
in myeloablated recipients in terms of post-transplantation survival and transplant-related
mortality; the risk for resistance to conditioning therapy and/or associated toxicity. Several

polymorphisms in genes coding for proteins with roles in BER have been described that are



associated with the risk for one-year transplant-related mortality — namely, in the TDG
gene(G/T thymidine glycosylase, SNPs 166+529G>A (rs167715) in intron 2 and 23+789A>T
(rs2374327) in intron 1); hOGG1 gene(SNP 842T>C (rs159153) in the 5'-region of the
gene);and in MUTYH (A/G-specific adenine DNA glycosylase, SNPs -506G>A (rs3219463) and
8473T>G (rs3219476), both in the non-coding region of the gene) [140,141]. The
polymorphisms in the TDG gene were associated with decrease in one-year transplant-
related mortality, whereas the polymorphisms in the hOGG1 and MUTYH genes increased
this risk between 1.5 and 2 times. The same authors have also identified an association of a
polymorphic variant of the LIG3 gene (SNP 12929G>A, rs3135974) with increased one-year
transplant-related mortality, but also with decreased risk of disease relapse in the year after
the transplantation [140].

4.1.3. Polymorphisms in genes coding for proteins functioning in strand break repair

XRCC2 and XRCC3 genes

XRCC2 and XRCC3 are members of the RAD51 gene family, coding for proteins involved in
repair by recombination. Homozygous carriers of the variant allele of any of the three
polymorphisms in the 5'-noncoding UTR of the XRCC2 gene (rs10234749 (C>A), rs6464268
(T>C) and rs3218373 (G>T)) and the Arg188His (rs3218536) polymorphism in exon 3are at
reduced risk for bladder cancer compared to carriers of the more common allele [125].

The Argl88His polymorphism and the Thr241Met (rs861539)polymorphism in the XRCC3
gene have recently been identified as associated with increased risk for head and neck
cancers[142].

XRCC3 Thr241Met polymorphism is weakly associated with risk for breast cancer [143].
NBS1 gene

NBS1 protein (NBN, nibrin) is a component of the MRN (MRE11-RAD50-NBS1) complex
recognising and processing free DNA in double-strand break repair. One rather uncommon
polymorphism (lle171Val (rs61754966), prevalence of about 1% in the general population)
may be associated with predisposition to aplastic anemia and acute lymphoblastic leukemia
[144,145]. The llel71Val polymorphism and another single-nucleotide substitution in the
NBN gene — Arg215Trp (rs34767364 ) were observed at higher frequency in patients with
familial breast cancer unrelated to mutations in the BRCA1 or BRCA2 genes than in healthy
controls [146].

LIG4 gene

Ligase IV is responsible for ligation of free ends in repair of double-strand breaks by non-
homologous end joining (NHEJ) and the V(D)) recombination in immunocompetent cells.
Several polymorphisms in the LIG4 gene — namely, the Thr9lle (rs1805388) polymorphism,
the Ile658Val (rs2232641) and the synonymous Asp568Asp polymorphism (rs1805386) were
recently found to be implicated in the susceptibility to cancers of head and neck [142]. The
lle allele of the Thr9lle polymorphism of the LIG4 gene may be associated with decreased
risk for multiple myeloma [147]. The effect of carriership of the lle allele is dose-dependent,
the risk being 1.5 times lower for the Thr/lle heterozygotes and 4 times lower for lle/lle
homozygotes. The polymorphism Ala3Val (rs1805389) in LIG3 is in linkage disequilibrium

with Thr9lle polymorphism and seems to have no significant weight of its own. In



individuals carrying the Arg278His mutation in the LIG4 gene causing LIG4 syndrome, co-
carriership of the Ala3Val (rs1805389) in LIG3 may aggravate the disease phenotype [148].
XRCC4 gene

XRCC4 is an auxiliary factor of Ligase IV, enhancing its end-joining activity. Carriership of the
Ser allele of the Ala247Ser polymorphism (rs373409) is associated with lower levels of
expression of the XRCC4 gene [149]. The Ser allele is associated with increased risk for
diffuse infiltrating astrocytoma in a dose-dependent manner [150]. The risk for
hepatocellular carcinoma following aflatoxin B1 exposure is significantly higher for carriers
of the Ser247 allele than for homozygous carriers of the Ala247 allele [149].

4.1.4. Polymorphisms in mismatch repair genes

MLH1 gene

MLH1 is a human MutL homologue, functioning in the early phases of mismatch repair. One
polymorphism in the promoter of the gene, MLH1 -93 G>A was found to be associated with
increased risk for colon cancer [151]. Specifically, carriership of the MLH1 -93A allele was
associated with over twofold increase of the risk for development of microsatellite
instability-associated cancer. As the penetrance was not very high, however, this single-
nucleotide substitution was eventually put in the group of MLH1 polymorphisms and not
the HNPCC-causing mutations. In smokers, carriership of the variant allele is associated with
significantly increased risk for colorectal adenomas and hyperplastic colorectal polyps [152].
The -93 G>A polymorphism is associated with increased risk for primary breast and lung
cancer as well [153,154].

Several substitutions of non-conserved amino acid residues were described in the MLH1
gene. Among these are the Val219lle(rs1799977) and Ser406Asn (1217G>A)polymorphisms
that were also initially believed to be deleterious mutations associated with HNPCC but
were later classified as neutral substitutions, not associated with significant increases in risk
for cancer [155]. The Lys618Ala (rs35502531)was believed to be neutral MLH1 variant as
well, but was recently found to be over-represented in patients with HNPCC [156]. The Ala
allele of MLH1 Lys618Alapolymorphism is associated with impaired capacity for binding the
protein to PMS2 (another MutL homologue), presumably conferring lower capacity for
mismatch recognition [157].

MSH6 gene

Human MSH6 protein functions in the recognition of single-base mismatches in DNA and is
one of the many components of the BRCAl-associated genome surveillance complex
(BASC), involved in recognition and repair of structural damage in DNA. Homozygous
carriership of the variant allele of the MSH6 polymorphism Gly39Glu (rs1042821) is
associated with increased risk of colon [151]. The risk is modifiable by other factors such as
gender (the risk pertains specifically to males) dietary habits (e.g. Western diet) and
smoking. Heterozygous carriers by the same polymorphism may be at decreased risk for
breast cancer compared to homozygotes by either allele [158].

EXO1 gene

Exonuclease 1 is a 5'-3' DNA exonuclease excising DNA fragments containing mismatched
nucleotides. Multiple polymorphisms in the EXO1 gene have been described, in the non-

coding regions as well as in exons of the gene. One polymorphism, EXO1 Glu589Lys



(rs1047840) was found to be associated with susceptibility to lung cancer, breast cancer and
gastric cancer in Asian populations [159-162]. The effect of the carriership of the Glu589Lys
polymorphism may be modified by smoking status.

One of the non-coding polymorphisms in the EXO1 gene —rs3902093 (C>A, in the promoter
region)is associated with reduced risk for melanoma [163].

The Leu allele of another EXO1 polymorphism (Leu757Pro, rs9350) may also be associated
with decreased risk for colorectal cancer [164].

Sometimes, carriership of polymorphism/s in the genes coding for products functioning in
DNA repair may affect other gene/s coding for products with roles in repair and/or
maintenance of genome integrity. For example, carriership of the variant alleles of the XPD
Asp312Asn and the XRCC1 Arg399GIn polymorphisms was found to be associated with
higher rate of occurrence of TP53 mutations in non-small cell lung cancer [165,166]. This
risk, however, may be modifiable by environmental factors, e.g. smoking, as in patients with
NSCLC that had never smoked the impact of the Asp312Asn polymorphism was negligibly
low [167].Association between carriership of polymorphic variants of genes of DNA repair
and the risk for occurrence of TP53 gene mutations is also be observed in breast cancer,
where carriership of the XPC 939 GIn/GIn, XRCC1 399 GIn/GIn and XPC 499 Ala/Ala
homozygous genotypes was found to be associated with increased risk for mutations in the
TP53 gene [168].

The risk for occurrence of additional mutations may be modified by exogenous factors. For
example, carriership of the Ser allele of the Ala247Ser polymorphism in the XRCC4 gene is
associated with increased risk for introduction of mutations in the TP53 gene in individuals
exposed to aflatoxin B1, but the risk is higher in individuals that have had more exposition
to the harmful agent [149].

4.2. Polymorphisms in genes coding for products functioning in the maintenance of genome
integrity

4.2.1. TP53 gene

The TP53 gene codes for the protein p53, a major tumour suppressor gene with roles in the
maintenance of genomic integrity, induction of damage-associated cell cycle arrest,
programmed cell death, and other critically important processes in eukaryotic cells. Over
200 naturally occurring polymorphic variants have been described so far in the TP53 gene,
of which 19 are in the coding sequence of the gene [169]. Three TP53 polymorphisms are of
specific interest in modern research, as they are not directly associated with a distinct
disease phenotype, but affect susceptibility to various diseases and conditions, longevity
and even fertility in man. These are the already discussed Pro72Arg polymorphism [170];
the 16 bp duplication in intron 3 of the TP53 gene [171] and one rare single nucleotide
polymorphism causing substitution of proline with serine at codon 47 (Pro47Ser) [172]. The
first of these three is very common, very well studied, and exhibits diverse associations with
various aspects of human health and disease. It is reviewed in more detail below. The latter
two polymorphisms were discovered later than the Pro72Arg polymorphism, are more
rarely seen in the general population and their known associations with susceptibility to
human disease are still quite sparse. The Pro47Ser polymorphism is very rare in Caucasian
populations (practically0%), but is seen in about 5% of African Americans [172]. The



adjacent amino acid residue, Ser46, is target for phosphorylation by MAP kinase 14 (p38
MAPK14) [173]. Suppression of MAPK activity and, respectively, MAPK-dependent
phosphorylation inhibits apoptosis triggered by p53-dependent transactivation of pro-
apoptotic genes [174,175]. The Ser47 allele p53presents a poorer substrate for
phosphorylation on serine 46 by p38 MAPK than the Pro47 allele. The Ser47 variant is,
therefore, associated with over 5-fold decreased capacity for induction of apoptosis
compared with wild type p53[176]. So far, the association of the Pro47Ser polymorphism
with susceptibility for human disease has been tested for glioma and colorectal carcinoma,
but no significant associations have been identified yet [177,178]. The latter may be
because p53 carrying serine at codon 47 is fully capable of transactivation of the majority of
its downstream targets, with only some of them being impaired by the presence of Ser47
[176].

The duplication allele of the 16 bp duplication polymorphism (A2) was found to be
associated with lower levels of p53 mRNA and, respectively, with less efficient damage-
associated cell cycle arrest, DNA repair and induction of apoptosis in cultured cells [179].
Individuals carrying the A2 allele may be at increased risk for cancer of the lung, the
mammary gland and the colon, and possibly, other cancers [171,179].

The studies on the Pro72Arg polymorphism are developed in much more detail than any
other single-nucleotide substitution in the TP53 gene. This is, on the one hand, due to the
fact that it was one of the first polymorphisms in crucially important genes that had been
shown to have no immediate deleterious effects on the phenotype, and, on the other hand,
because of the profound and multifaceted consequences that carriership of the one or the
other form might have in healthy people and in individuals with specific diseases and
conditions; and in young and advanced age. As was already mentioned, the Pro72 and
Arg72 variants of the TP53 gene exhibit identical conformations, DNA-binding affinities and
capacities for transactivation of target proteins; and are both essentially considered
wildtype[170,176,180]. The site of the Pro72Arg polymorphism is in the proline-rich domain
of p53, necessary for the full-scale deployment of the apoptotic properties of the protein.
The Arg variant allele increases the ability of p53 to induce programmed cell death via the
endogenous mechanism (triggered by release of mitochondrial cytochrome c), whereas the
Pro allele confers increased propensity for induction of cell cycle arrest in the G1 phase of
the cell cycle, but has lower pro-apoptotic potential [173,181]. Apoptosis of damaged cells,
however, may be induced by mechanisms other than release of cytochrome c from
mitochondria; therefore, the pro-apoptotic properties of the Pro72 variant allele may, at
times, be comparable or even superior to these of the Arg72 allele, depending on the type
of the trigger and the downstream mechanisms. For example, in murine models the Pro72
allele was shown to be associated with enhanced pro-apoptotic response to ionising
radiation compared to the Arg72 allele, via enhanced transactivation of a subset of p53's
target genes, including genes coding for pro-inflammatory proteins and inflammatory
caspases, such as caspase-4[182].

Pro72 is believed to be the ancestral allele of the TP53 gene, with the Arg72 allele arising as
a result of a single-nucleotide substitution that had occurred about 40,000 years ago [183].

There is a pronounced clinal variation in the prevalence of the Pro and Arg alleles in the



North-to-South direction. Specifically, the frequency of the Pro allele decreases with
increase of latitude, varying from 60-70% in the populations living near the equator, to 15—
20% in the far North [184,185].1t could be speculated that historically the Pro allele might
have been a neutral variant in geographic areas where the most common pro-carcinogenic
environmental factor, UV, has always been plentiful and practically unavoidable, provided
that there were additional factors protecting the skin and the mucosa from UV damage
such as high eumelanin content. Indeed, as the melanin barrier filters almost all of the
received UV, the risk for DNA damage resulting from the unfiltered fraction would be low,
and the damage may be efficiently repaired without significant elevation of the risk for skin
cancer. Higher vertebrates are dependent on the UV to obtain the necessary amount of
vitamin D3. As human populations spread out from Africa, the daily dose of UV decreased
with increased distance to the equator, It is believed that the skin and hair colour became
lighter in populations living closer to the North pole, as an adaptive mechanism intended to
compensate for the reduction of the daily UV dose in order to ensure the synthesis of
adequate amounts of vitamin D3 [186]. Fair-skinned human populations may have selected
for the Arg72 allele over the ancestral Pro allele because of increased risk for skin cancer
associated with lower eumelanin content. Indeed, the Arg72 allele is believed to be
associated with susceptibility to severe sunburn with skin desquamation in fair-skinned
individuals [187]. Sunburn is known to be risk factor for skin cancer, mainly because it
indicates too large a dose of UV per exposition. The cancer risk, however, may be higher if
the damaged cells are not routed into apoptosis and replaced completely (conferred by the
Arg72 allele) but, rather, allowed to repair the damage and continue to divide (Pro72 allele).
There is a risk for introduction of replication errors during the differentiation of the
precursor cells during cell replacement, but the risk for persistence of unrepaired
potentially carcinogenic damage in cells that have survived the initial genotoxic attack may
be much higher. Therefore, it is likely that the clinal variation in the distribution of the two
forms of the Pro72Arg polymorphism reflects the historical trends in the maintenance of
the balance between capturing just enough UV to maintain normal production of vitamin
D3 in order to keep oneself healthy and fit for reproduction, on the other hand, and
warding off cancerous transformation, on the other hand. In populations devoid of the
advantages of melanin protection, the selection would clearly weigh towards the pro-
apoptotic Arg allele [11].

Role of p53 variants in cancer, age-related disease and longevity

As p53 regulates the checkpoints and pathways restricting uncontrolled proliferation, it
could be expected that the risk for development of cancer may be influenced by carriership
of the different variant alleles of the Pro72Arg polymorphism. One may assume that
carriership of the Arg/Arg genotype would be associated with decreased risk for
development of cancer because of increased chance for removal of damaged cells before
they turn cancerous. Indeed, this may be observed sometimes in hereditary cancer
syndromes as well as for cancers of somatic origin. For example, the age of onset of the first
symptomatic tumour in HNPCC was found to be several years later in patients with the
Arg/Arg genotype of the Pro72Arg polymorphism than in carriers of at least one Pro allele,

especially the Pro/Pro homozygotes [188]. Later age of onset in HNPPC is usually associated



with significantly better outcomes than earlier age of onset [189]. Apparently, co-
inheritance of the Arg72 allele plays a protective role in HNPCC and possibly in other cancer
syndromes, even in presence of powerful inherited pro-carcinogenic mutations.

The Pro72Arg polymorphism may act in a synergistic manner with other polymorphisms to
decrease risk for cancer. Recently, it has been shown that the combined carriership of the
Arg72 allele and the TT genotype for the rs4938723 T>C polymorphism in the promoter of
the gene coding for miRNA34C, a microRNA functioning in post-transcriptional silencing,
may be associated with significantly decreased risk for colorectal carcinoma[190]. The risk
reduction was dose-dependent, with >35% decreased risk for the Pro/Arg carriers and >62%
for the Arg/Arg genotype carriers. MicroRNAs of the miR-34 family are direct targets for p53
[reviewed in 191].

Association of carriership of the pro-apoptotic allele of the Pro72Arg polymorphism with
good outcome is not, however, universally valid for all cancers and in all populations, and
may be modified by additional factors. For example, co-carriership of the Arg allele together
with the CC genotype of the same rs4938723 polymorphism in the miRNA34C gene is
associated with greatly increased risk (>10 times) for hepatocellular carcinoma in some
Asian populations [192].

The effect of the carriership of the Pro72Arg polymorphism on the risk of cervical cancer
may vary indifferent populations. In a large study from 2012,the overall risk for cervical
cancer in Pro/Pro genotype carriers was shown to be 25% increased when compared to
heterozygous or homozygous carriers of Arg72 in the Indian population, but not in the
Chinese, Japanese and Korean populations [193].

The effects of carriership of the one or the other variant of Pro72Arg on susceptibility to
cancer may be age-dependent. For example, the proline variant of TP53 showed association
with increased risk for some types of cancer (lung carcinoma) developing in old age (>60),
while the arginine variant was more common in younger patients with the same type of
cancer [194].

When cancer has already developed, carriership of the Arg alleles for the TP53 Pro72Arg
polymorphism may be associated with unexpected effects. Studies of HPV-related cervical
cancer show stark prevalence of Arg/Arg carriers in the cancer-affected cohorts (between
64 and 73% in different studies and in different populations), but not in cohorts of patients
with cervical intraepithelial neoplasia (CIN), which is a precancerous state to cervical
carcinoma [195,196]. In HPV-associated cancers, the somatic mutations inactivating the
natural anticancer defences of the infected cells often involve loss of genomic regions.
These may contain genes coding for proteins acting in the maintenance of genome integrity.
Other genetic loci may be mutated to achieve modification or abrogation of their control
functions. The TP53 inactivation is considered to be a relatively late event in the cancerous
transformation of HPV-infected cells. The pro-apoptotic Arg72 variant allele of TP53 has
been repeatedly shown to be more susceptible to modification than the Pro allele. The
Arg72 allele is usually preferentially retained and mutated to yield tumour-specific isoforms
in cancer cells, whereas the Pro72 allele is typically lost (deleted) [195,197,198]. The same
selective pressure for loss of the Pro allele and modification of the Arg72 allele of Pro72Arg

was also observed in HPV-induced tumours other than cervical cancer, such as squamous



cell carcinoma of the head and neck [199]; and in tumours of origin unrelated to HPV
infection, such as non-small cell lung cancer [200].

When apoptosis is a major factor in the pathogenesis of human disease, carriership of the
Arg72 allele may be associated with poorer outcomes. For example, insulin resistance is
essentially an inflammatory state associated with increased levels of oxidative cell damage
[201]. Carriership of the Arg allele has been found to be associated with increased risk for
development of type 2 diabetes in some populations [202,203]. The Pro/Pro homozygotes
with diabetes type 2 exhibit lower insulin resistance coefficient (HOMA-IR) than patients
with Arg-allele containing genotypes [204].

An association between the risk for development of some of the complications of diabetes
and the carriership of different variants of TP53 has also been suspected. At present,
development of complications in diabetes is largely unpredictable, as it may be not directly
related to glucose levels. Diabetic neuropathy, accelerated vascular ageing and renal injury
are commonly seen in diabetes type 2, but not in all patients. Presumably, increased
propensity for apoptosis may be predispose the diabetic patient to tissue damage
secondary to increased levels of oxidative damage. As of now, however, no significant
associations between the carriership of the one or the other from of the Pro72Arg
polymorphism and complications of diabetes have been identified [205].

Mass cell apoptosis is a major event in the development of atherosclerotic plaque. The
latter is believed to enhance the formation of thrombi [106], therefore, genetic
susceptibility to apoptosis of the cells in the endothelial wall may promote the progression
of cardiovascular disease and increase the risk for thrombotic incidents. In patients who
underwent coronary bypass grafting, carriership of the arginine variant of TP53 was found
to be associated with higher risk of recurrence of coronary atherosclerotic disease [206].
Functional outcome after stroke is largely unpredictable, apparently depending on factors
that cannot be assessed at the time of admission. Research shows, however, that the
Arg/Arg TP53 genotype may confer vulnerability of neurons to apoptosis, predicting poorer
functional outcomes and higher risk of development of neurological decline after stroke
[207]. What is truly interesting, however, is that this effect seems to become pronounced
with advancing age. In the study cited above, the difference in the neuronal susceptibility to
apoptosis induced by oxidative stress was not significant between Arg allele and Pro allele
carriers in the age group of ~ 30, but in older individuals the impact of the carriership of the
Arg allele increased with advancing age. The same effect of the carriership of the Arg72
allelic variant of TP53 was noted earlier in older patients with acute ischaemic damage to
the myocardium [208]. Specifically, patients with genotypes containing the Arg72 allele
showed increased levels of some of the serum markers correlating with the extent of the
ischaemic damage (troponin |, creatine kinase MB isoenzyme) compared to patients with
genotypes containing the Pro allele. The effect became truly significant, however, in the age
group >65 years.

Role of carriership of the TP53 Pro72Arg variant for fertility in mammals

p53-related pathways may play a significant role in human fertility[209-211]. Carriership of
the alternative forms at codon 72 may affect conception, embryo implantation and

successful carrying of pregnancy to term. These effects are best studied in mouse models.



The Pro72 allele constitutes a risk factor for reproductive failure in mice, as the implantation
of the murine embryo is dependent on LIF, a cytokine and growth factor whose expression
is regulated via p53-dependent mechanisms[212].

p53-dependent pathways function in oocyte development and oocyte selection in mice
[213]. Uterine p53 deficiency in female mice resulted in striking increase in the incidence of
preterm birth, despite the fact that the experimental animals exhibited normal ovulation,
fertilisation, and embryo implantation [214]. A specific post-implantation mechanism was
proposed, causing premature terminal differentiation and senescence-associated growth
restriction of cells of the decidua.

A relationship between the p53 Pro72Arg polymorphism and the reproductive success in
humans has also been elicited. The effect is, however, age-dependent. The reproductive
disadvantage conferred by the carriership of the Pro72 allele was significant only in
primiparas older than 30 years of age at the time of birth of the child [215]. In women
giving their first birth at an earlier age (20-30 years of age) the carriership of Pro72allele/s
did not seem to have significant impact on the rates of implantation failure. This is probably
associated with the fact that women older than 30 years at the time of their first pregnancy
may have multiple other issues interfering with successful conception and embryo
implantation, so that every additional risk factor, however minor, might matter. Since the
mean age of mother at first birth has significantly grown in the last 4 decades (from 22-23
in 1980, to >26—-27 in 2010 [216], it could be expected that the role of genetic factors in
pregnancy that would not have had significant impact at earlier age, but may matter at later
age, would become increasingly important.

4.2.2. ATM gene

As the ATM gene is highly conserved, mutations in the gene usually produce the phenotype
of 'classic' ataxia-telangiectasia (A-T) or the milder A-T variant when in homozygous or
compound heterozygous. Heterozygous carriers of defective ATM alleles, however, although
generally asymptomatic, have been found to be at increased risk of death at any age due to
any causes (apart from accidents and natural disasters, of course), including death from
cancer and ischemic heart disease [217,218]. It was already mentioned that heterozygous
carriership of ATM mutations was quite common in all populations (on the average, about
2%) and very common in some (e.g. North African Jews — over 12%) [219]. Carriership of
one defective ATM copy has been shown to increase significantly the risk for development
of various solid tumours, specifically familial breast cancer, colorectal cancer, pancreatic
cancer and lung cancer [220-226] and myelodysplastic syndrome [227]. For example, the
same insertion of TA in the 5'-end of intron 61 of the ATM gene, resulting in skipping of
exon 61 in ATM mRNA was identified in a family with multiple cancer cases[228]. Similarly,
one splice site mutation in the ATM gene (a G-to-T transversion at nucleotide -6 of the 3'-
splice acceptor in intron 10)was found to produce an A-T phenotype in homozygous carriers
[229] and a phenotype of increased proneness to breast cancer in heterozygous carriers
[230]. For some of the cancers related to carriership of the mutant alleles of ATM the cancer
risk may be modified by environmental factors, at least in some populations. For example,
the risk for lung cancer conferred by carriership of mutant ATM alleles may be modified by
the factor of smoking [231].Similarly, the 126839T>G (rs17503908) polymorphism in the



ATM gene may be associated with decreased risk of colorectal adenoma, but the
association pertains to never smokers only [224].Pharmacological inhibition of ATM has
been considered as a strategy of increasing activity of anti-cancer drugs [232].

One polymorphism that does not disrupt the function of the ATM protein (the rs189037
G>A substitution in the promoter of the gene) was found to be associated with idiopathic
non-obstructive azoospermia [233].

4.2.3. BRCA1 and BRCA2 genes

These two genes code for proteins functioning together as a complex in DNA damage-
associated signalling. Several polymorphic variants in these two genes have been already
described. Association with increased risk for cancer has so far been found for the coding
polymorphisms BRCA1 GIn356Arg (rs1799950), Pro871Leu (rs799917)and Ser1512lle; and
BRCA2 Asn372His (rs144848) and Lys1132Lys (3624A/G, rs1801406). These polymorphisms
are, predictably, associated predominantly with increased risk for breast cancer [234,235].
Carriership of the His/His homozygous genotype by the BRCA2 Asn372His polymorphism
has been found to be modulate foetal survival, probably in a sex-dependent manner
(favouring male sex) [236]. Carriership of the variant allele of this polymorphism is also
associated with increased risk for breast cancer, especially when co-inherited together with
other variant alleles — e.g. in BRCA1, ATM, or CHEK2 [236,237]. The data about the
association of BRCA polymorphisms with predisposition to ovarian cancer has been
contradictory so far, with some studies failing to demonstrate a relationship and other
supporting the hypothesis for increased risk for ovarian cancer in carriers of variant alleles
of BRCA1 and BRCA2 [238,239].

Several other polymorphisms in the BRCA1 gene (rs8176318 (G>T, in the 3'-untranslated
region of the gene), rs1060915 (C>T, synonymous Ser1389Ser substitution) and rs16940
(C>T, synonymous Leu724Leu), rs206115 (-1371C>T) and rs206117 (-1135C>T)have been
found in association with increased risk for contralateral cancer in female carriers of BRCA1
mutations [240]. The first three of these polymorphisms, however, were associated with a
lower risk for breast cancer in non-carriers of BRCA1 and BRCA2 mutations. In the same
study, the polymorphism rs11571686 in BRCA2(intronic A>C substitution) conferred
increased risk for contralateral breast cancer among non-carriers of BRCA1 and BRCA2
mutations.

4.2.4. RFC1 gene

Replication factor-1 (RFC-1) is one of the five subunits of the RFC complex, functioning as an
accessory factor to eukaryotic DNA polymerases & and € during replication; and a
component of the BRCAl-associated genome surveillance complex (BASC). One
polymorphism in intron 1 of the gene coding for RFC-1 (rs6844176) is associated with high-
grade acute graft-versus-host disease (GVHD) in recipients of allogeneic haematopoietic
stem cells [140]. GVHD is an immune conflict between the recipient's organism and an
allogeneic transplant. It is a common and often severe complication of transplantations of
haematopoietic cells. Unlike rejection in solid organ transplantations, the immune attack in
GVHD is not targeted towards the transplant but, rather, towards the recipient's cells and
tissues. GVHD may vary in severity (stage | being mild and stage IV — severe and/or

generalised) and may be acute or chronic (depending on whether its onset is within 100



days of the transplantation or later) and localised (affects predominantly one type of tissue
and/or a specific region of the body), or generalised (systemic). Acute GVHD is dangerous
for the patients and may decrease their chances for long-term survival, whereas the
presence of chronic GVHD, as long as it is kept in check, may actually be beneficial for the
patient. Carriership of one polymorphism in the PARP1 gene may be associated with chronic
GVHD [141] (for details see below).

4.2.5. PARP1 gene and PARP1 pseudogene

Poly-(ADP-ribose)-polymerases family member 1 (PARP1) is a nuclear protein functioning as
a primary damage sensor in the presence of DNA breaks, recruiting the DNA repair
machinery to the damage site. Carriers of the variant allele of the Val762Ala polymorphism
(rs1136410) in the PARP1 gene are at increased risk for bladder cancer compared to
individuals homozygous for the common allele[126].

Development of chronic GVHD in patients with transplantations of allogeneic
haematopoietic cells for treatment of leukemia may be associated with longer post-
transplantation survival [241,242]. The explanation of this phenomenon is in the
'antileukemic' action of the residual cytotoxic T-cells of donor origin in the transplant.
Indeed, depleting the transplant of donor T-cells may significantly decrease the risk for
tissue damage due to GVHD in the recipient, but these cells may actually attack and kill
leukemic cells that have survived the conditioning therapy (graft-versus-leukemia effect)
[242,243].The polymorphic variant 1300+104A>G (rs1805410) in the PARP1 gene was found
to be associated with an almost twofold increase of the risk of chronic GVHD in patients
with transplanted haematopoietic cells [141].

A processed pseudogene of the PARP1 gene may be present on the 13g chromosome arm
in some individuals (but not in all). Chromosomes lacking the pseudogene copy (deletion
allele)are seen with frequency about 3 times higher in Blacks than in
Caucasians[244].Carriership of the deletion allele may be associated with predisposition to
some types of cancers, such as multiple myeloma, prostate cancer and colon cancer
[245,246].

4.2.6. CCNH gene

Cyclin H (CCNH) is one of the components of cyclin-activating kinase (CAK), which is a
component of the transcription factor TFIIH. The polymorphism Val270Ala (rs2266690) is
associated with elevated risk for chronic lymphocytic leukemia [247].

4.3. Individual capacity for repair of experimentally induced double-strand breaks

The individual capacity for repair of experimentally induced DSBs and chromatid breakage
(mutagen challenge assay) has been under intensive study as a potential marker of
individual repair capacity, specifically in the identification of individuals at elevated risk for
development of various cancers [reviewed in 248 and 249]. Bleomycin sensitivity of
cultured cells is an independent marker for susceptibility to non-small cell lung cancer in
smokers [250]. Increased genomic instability induced by treatment with benzopyrene diol
epoxide at locus 3p21.3 may reflect the individual's genetic susceptibility to head and neck
cancers [251]. In a study conducted in smokers, subjects whose leukocytes showed
hypersensitivity to bleomycin and benzopyrene diol epoxide had a 50-fold increased risk for

development of premalignant lesions in the mouth [252].



Carriership of some of the polymorphisms in genes coding for proteins of DNA repair and
maintenance of genome integrity may cause increased genomic instability. Specifically, the
polymorphisms Lys939GIn in the XPC gene, Lys751GIn in the XPD gene, Asp1104His in the
XPG gene, Arg399GIn in the XRCC1 gene and Thr241 Met in the XRCC3 gene were found to
be associated with increased levels of strand breaks and chromosomal aberrations in
peripheral lymphocytes from clinically healthy human volunteers [104].
4.4. Markers for capacity for cell and tissue renewal — telomere length, telomere attrition
rate and telomerase activity
Replication of DNA proceeds in the 5'- to 3'- direction by adding deoxynucleoside
phosphates to the 3'-hydroxyl end of the growing polynucleotide chain. Most DNA
polymerases cannot initiate synthesis on a purely single-stranded template, but need a
partially double-stranded region providing the free 3'- end. The inherent directionality of
the DNA synthesis means that the 3'-5' (leading) strand can be replicated continuously to
the very end, provided that the template is undamaged and that all deoxynucleoside
triphosphates are readily available. The replication of the 5'-3' (lagging) strand, however, is
carried out in a discontinuous fashion, in separate fragments that are synthesised in a
direction opposite to the general direction of the growth of the strand and subsequently
ligated to one another. Eventually, on the lagging strand, the DNA polymerase would reach
a point in which it cannot add any more nucleotides as the template has reached its end
and the primer has nowhere to attach (Fig. 1). This end of the template would, therefore,
remain 'unfinished' (ending in a single-strand tail).
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Figure 1. The 'end-replication problem' in linear genomes.

Every subsequent cell division would cause further shortening, leading to progressive loss of
genetic information. Indeed, 50-120 bp of DNA are lost from ends of eukaryotic
chromosomes per division cycle. The free ends may fuse together in a more or less random
fashion, resulting in genomic rearrangements. To avoid loss of coding DNA sequence from
the subterminal chromosome regions and generation of free reactive DNA ends, linear
chromosomes in eukaryotic cells are protected by specific nucleoprotein complexes called
telomeres. The telomeric DNA of higher eukaryotes consists of tandemly repeated modules
made of 6 or 8 nucleotides (in mammals, including humans, the repeated unit is usually a
hexanucleotide). In man, the sequence of the repeated unit of telomeres is TTAGGG. The
length of the repeat may vary greatly, from 300-400 bp in yeast to >10 kb in man [253,254].
The telomere ends in a G-rich, single-stranded tail looping back on the double-strand DNA
(t-loop) [255].
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In some types of cells the DNA that was lost during replication may be restored by
resynthesis of the repeated DNA from the chromosome ends. This is function of the
telomere complex. It possesses its own integral nucleic acid component, providing the free
3'-OH ends needed for priming of the DNA synthesis (telomerase RNA component, TERC) as
well as a catalytic subunit (telomerase reverse transcriptase, TERT) [256]. Detectable levels
of telomerase activity are usually observed only in cells with high proliferative potential,
such as embryonic cells, stem cells, or, in some cases, tumour cells. The level of the
telomerase activity in adult stem cells is usually low or virtually absent, and their telomeres
are also susceptible to shortening, albeit at a slower rate than somatic cells, as adult stem
cells only divide infrequently. Somatic cells usually have undetectably low telomerase
activity, although certain types of cells in the adult organism may maintain their telomere
length for physiological reasons. Such are, for example, the germ-producing cells in the
ovary and the testis [257]. Also, the telomeres of memory B-and T-cells are longer than the
telomeres of their 'naive' counterparts. The latter are precursors of the former; therefore,
the expectation would be that the telomeres of 'naive' B- and T-cells would be longer than
those of memory cells [258,259]. The phenomenon could be explained by the fact that
immune memory cells must maintain their replicative capacity to ensure that a secondary
immune response could be quickly mounted even long time after the initial encounter with
the antigen. Apart from the rare exceptions such as those described above, the telomerase
activity of somatic cells is under natural limitations and deviations in any direction are
usually associated with disease.

In normal (non-cancerous) cells replicative senescence usually begins when the telomere
length shortens beyond a certain critical length. Onset of replicative senescence is not,
however, a one-off decision, triggered by the first occurrence of chromosomes with
shortened telomeres in the cell. It has been demonstrated that telomeres with length
shorter the critical length may have been accumulating in the cell for quite some time
before replicative senescence actually began [260]. It is now believed that the maintenance
of chromosome ends depends on the general condition of the telomere nucleoprotein
complex (‘altered telomere state') rather than the absolute length of the telomeric region
[261]. For example, overexpression of the telomeric DNA binding protein TRF2 increased
the rate of telomere shortening in primary cells without accelerating their senescence and
protected chromosomes with critically short telomeres from fusion [261,262]. In 2000, the
attrition rate of telomere ends in fibroblasts isolated from human prepuce was found to be
dependent on the length of the 3'-terminal G-rich single-strand region [263]. Thus,
chromosomes with longer terminal single-strand regions of the t-loop lost more nucleotides
from the telomere end per replication cycle than chromosomes with shorter single-strand
tails. Later, in another study conducted in fibroblasts from human lung and prepuce, no
correlation between telomere 3'-overhang length and shortening rate was found [264]. In
2008 it was found that the length of the telomeric 3'-overhang in telomeres of primary
sheep fibroblasts exhibited progressive attrition with each cell division and was associated
with telomere length, but not with the rate of telomere attrition [265].Apparently, the
relationship between attrition of telomere ends and onset of replicative senescence is not

straightforward in physiological settings any may depend on many factors. Accelerated rate



of telomere shortening, however, is often seen in a broad spectrum of pathological
conditions in man, especially in chronic conditions (lung, liver, kidney and heart disease); in
autoimmune disease (rheumatoid arthritis) and also in age-associated diseases [266-270].
In murine models, repeated infections with Salmonella enterica were demonstrated to
cause accelerated telomere attrition in the cells of the host [271]. Interestingly, the effect
was more pronounced in male than in female mice.

Childhood adversities, acute or chronic stress in adults and even seemingly unrelated
factors such as work schedule may reflect on telomere length and attrition rate in human
cells [272-275]. Again, some of these effects seem to be gender-specific [275]. Recently, it
was demonstrated that telomere length in peripheral leukocytes of adult individuals may
oscillate, that is, it may be subject to elongation as well as attrition during individual life
[276,277]. This maybe dependent on endogenous as well as exogenous factors, such as
immune status, levels of oxidative stress, lifestyle and habits (e.g. smoking), etc.

There are heritable polymorphisms in the TERT and TERC gene that may modulate the
telomere length and/or the rate of telomere attrition, but these are rare, and the rates of
attrition of chromosome ends very rarely tally with prognoses made purely on the basis of
genetic background. Thus, assessments of telomere length, telomere attrition rate or, in
some tissues, telomerase activity are now increasingly used as a monitoring tool in
biomedical research as well as in clinical medicine. They are usually added to the panel of
genetic markers for assessment of individual repair capacity as a phenotypic marker of the
capacity for cell and tissue renewal.

It is currently believed that it measurement of the absolute length of telomeres is less
reliable than the rate of telomere shortening, as telomere length may vary even in
physiological settings. Therefore, repeated assessments of telomere length at fixed time
intervals may be needed to increase the reliability of the test result. In tissues in which the

telomerase activity is normally preserved, the latter may be measured as well.

5. The dark side of the individual capacity for repair - response to

anticancer therapy

Brother Fire, God made you beautiful and strong and useful;

| pray you be courteous with me.

Attributed to St. Francis of Assisi (c. 1181 —1226),

prior to the cauterisation of one of his eyes with a red-hot iron.

One may quite safely assume that higher efficiency of DNA repair would mean lower risk for
neoplastic transformation, as the damage would presumably be repaired before it resulted
in transmissible mutations in DNA that might, potentially, induce uncontrolled cell growth.
Let us, however, consider the case when the cell has already become transformed. At
present, the majority of treatment options are targeted at destruction or severe
suppression of the growth of the mutant cell progeny. This is usually achieved using DNA-
damaging agents — chemotherapeutic agents, ionising radiation or, sometimes, other types
of electromagnetic. These treatments are intended to drastically increase the level of DNA
damage in the tumour cells in order to induce damage-dependent programmed cell death



(if the cells have not already abrogated the signalling pathways for induction of apoptosis)
and/or inhibit their cycling so that the growth of the tumour would slow down, possibly
becoming manageable by other treatments. As cancer cells divide rapidly, genotoxic
treatments would presumably affect them more severely than the normal cells of the
tissue, although normal tissues would suffer too (see below). Tumour cells with lower-than-
normal capacity for repair would rapidly accumulate suprathreshold levels of therapy-
induced damage, causing them to slow down or stop the progression in the cell cycle or
reroute to apoptosis. If the repair capacity of the tumour cell is preserved or is higher than
normal, however, it may repair the damage produced by genotoxic treatments quickly and
efficiently or with only a minor delay; and would continue with cell division. The latter may
occur because the cell carries variant alleles of genetic polymorphisms conferring high
capacity for repair of DNA damage or because it has had, as some point, acquired de novo
the capacity to repair damage rapidly (e.g. because of a somatic mutations). Thus, high
capacity for repair of DNA damage may be good for normal (non-transformed) cells, but
might not be nearly that good when cancer has already developed, as it may render the
tumour resistant to treatment, or treatments may require such high doses of genotoxic
agent/s to be effective, that the toxic effects might outweigh its benefits [278,279]. Lower-
than-normal inherent capacity for DNA repair may be associated with higher sensitivity to
genotoxic treatments, but may, at the same time, confer higher risk for treatment-
associated toxicity. The association, however, is always straightforward, and the field is
currently in development.

Anticancer therapies based on genotoxic impact are very often associated with acute
and/or late toxic effects. Cell types with naturally rapid turnover (skin, hair and nails, the
gastrointestinal tract and the bone marrow) are usually most severely affected. Carriership
of germline polymorphisms conferring susceptibility to DNA damage because of lower
efficiency of recognition and/or repair may result in higher risk for toxicity after genotoxic
treatments.

It is quite difficult to choose between the potential therapeutic options for a particular
cancer patient. Even in modern medicine, one could only be truly objective in retrospective
when assessing adequacy of a treatment. One could verify that the 'right' therapeutic
regimen has been selected of all possible treatments only in the case when both critically
important conditions have been fulfilled — the tumour responded to therapy and the
adverse effects of the therapy were tolerable. Only the one without the other would be
unacceptable, since it may cause needless suffering to human beings that are already very
ill.

Knowledge about the individual capacity for DNA repair may be useful in assessment of
genotoxic therapies with regard to the eligibility of the particular patient for the particular
type of therapy, considering the possible outcomes — expected response to the chosen
treatment, expected survival of the patient and the potential adverse effects associated
with the therapy. At present, the role of individual repair capacity has only been studied for
the most common types of tumours and the most commonly used basic therapeutic

regimens, but the field is currently in development.



5.1. Individual repair capacity, eligibility for anticancer therapies and survival in patients
with cancer

Vulnus alit venis et caeco carpitur igni.

Publius Vergillis Maro, Aeneid, Book IV.

(She fed within her veins a flame unseen)

Translated by John Dryden (1631-1700).

Eligibility for treatment with genotoxic agents is dependent on the balance between the
response to treatment (in terms of destruction or regression of the tumour); the expected
survival of the patient (relapse-free as well as overall survival); and the expected toxicity
effects (acute as well as delayed). Some treatments that work well in most patients may
only have limited effects in some patients, whereas others may have no effect at all. The
knowledge whether a patient ought to be started on a certain drug at all may be crucial, as
a failed course of treatment may waste valuable time (an important factor in the treatment
of all diseases, but especially in advanced cancer) and may significantly worsen the
condition of the patient.

Survival in cancer patients (measured in months and years of life after diagnosis) is
dependent on many parameters. Some of these are related to characteristics of the tumour
— e.g. histological type, localisation; vascularisation of the tumour tissue; differentiation
grade of the tumour (poorly, moderately or well differentiated); its immunological and
biochemical properties, and others. Others pertain to the organism of the patient — their
age; sometimes — their sex; their general condition; the hormonal status (e.g. in estrogen-
dependent tumours in women — whether the tumour developed before or after the
menopause); the body mass index; some features of the lifestyle and potentially harmful
habits (e.g. diet rich in salt, refined sugar and saturated fats, smoking, etc.) and others.
Survival (progression-free and overall) may be different for men and women with the same
type of cancer. The risks for therapy-related toxicities may also be different between the
two sexes. In fact, the risk for developing cancer in the first place may be different between
men and women, even when hormone-dependent cancers such as cancer of the mammary
gland have been excluded. For example, women have slightly lower lifetime risk for
development of colon cancer than men. It is still unclear whether that is because women
are more likely to have a 'health-oriented' lifestyle than men (e.g. eating diets lower in fats
and richer in fresh fruit and vegetables, smoking less (if at all) and drinking smaller amounts
of alcohol) or because of other reasons. Differential attitudes to therapy may also explain
(at least partially) why women generally respond better to therapy and have superior
survival rates than men — presumably because they are more inclined to stick to a tedious
therapeutic schedule than men. Obesity, a universal risk factor for colorectal cancer, was
found to be associated with a significant (about 40%) increase of the risk for colon cancer in
men, but lower increase of the risk in women (less than 10%) [280].

One of the critically important predictors for survival in almost all tumours is the grade of
local advancement of the tumour (often determined as size of primary tumour and/or
degree of involvement of adjacent tissues) and whether involvement of organs and tissues
distant from the primary tumour (metastases) are present at the time of diagnosis. Local

tissue involvement may be manageable, but usually, the more advanced (either locally or



metastatically) a tumour is, the less therapeutic options are available and the poorer the
prognosis for the patient.

Individual capacity for repair of DNA damage may influence virtually all factors with roles in
the constitution of survival rates: the sensitivity of the tumour to anticancer treatments and
the risk of development of resistance mechanisms that may allow the cancer cell to avoid,
overcome or compensate for genotoxic damage inflicted by anticancer therapy; and
therapy-associated toxicity (tissue- and organ-specific or overall). Usually, the more damage
a genotoxic compound causes to the tumour cells, the better the response to the treatment
is in terms of tumour shrinkage and obstruction of its blood vessels. One could expect that
good response to treatment (expressed as objective tumour regression or, at least, slowing
down of cancer progression) would be associated with higher survival rates. This is not,
however, always valid, as the effects of the treatment may be significantly compromise the
health and the well-being of the patient to the point of being life-threatening. Eventually,
the patient may die because of treatment-related adverse effects and not because of
progression of the tumour. Usually, DNA polymorphisms decreasing the capacity for repair
of DNA damage and maintenance of the genome integrity are associated with better
response to treatment in cancer patients. The variant alleles of most polymorphisms in DNA
repair genes are often associated with lowering the capacity for recognition and/or repair of
DNA damage (although there are many exceptions). Thus, carriership of the variant allele
may be associated with increased risk for certain cancers or other diseases and conditions
in healthy individuals, whereas the same allele may be associated with better response to
therapy and/or superior survival in cancer patients treated with genotoxic agents.
Sometimes, however, paradoxical responses may occur, with the polymorphic variant
conferring higher capacity for DNA repair but, at the same time, being associated with
superior survival in anticancer treatment (see below). What the response to therapy might
be and how the survival rates might be shaping, is also dependent on the type of the
tumour, the genotoxic agent being used, and other factors pertaining specifically to the
patient.

The risk for induction of drug resistance during treatment is also a factor in a patient's
survival. The number of treatment options typically becomes more and more limited and
the prognosis worsens after the tumour has become resistant to the first-line treatment, as
the second-line and third-line anticancer agents may not be that efficient and/or safe to use
as these to which the tumour had already become resistant were at first. How long would it
be before the cancer cells become capable of overcoming genotoxic damage is dependent
on the individual repair capacity, although some types of tumours are more prone to
development of resistance to anticancer drugs than others. There are also tumours that are
a priori resistant to most modern genotoxic treatments (e.g. inflammatory breast cancer),
but these are rare. Most cancer cells that develop resistance to anticancer agents have
previously been sensitive or very sensitive to them (for more information, see Chapter XIIl —
DNA repair and carcinogenesis).

Individual repair capacity and eligibility for different anticancer therapies

The assessment of eligibility for treatment with anticancer drugs is still often based on

purely empirical grounds. If the drug in question has known potential for causing severe



adverse effects, then patients that are elderly, already frail, or have a pre-existing condition
that may be severely exacerbated by treatment with the prospective agent/s may be
evaluated as ineligible for the particular treatment on the basis of their physical condition
only. Other empirical factors, including lifestyle and habits are also sometimes taken into
account. For example, the chemotherapeutic erlotinib, a tyrosine kinase inhibitor
suppressing EGFR-related signalling in tumours of epithelial origin (non-small-cell lung
cancer and, sometimes, pancreatic and colorectal cancer), was found to be significantly less
efficient in smokers, because of accelerated metabolic clearance of the drug [281,282].

The biochemical properties of the tumour may also give an indication about whether the
patient is eligible for a certain type of treatment. For example, a triple-negative breast
tumour(expressing neither the estrogen receptor alpha nor the progesterone receptor or
the HER2 receptor) is not likely to respond to estrogen receptor-targeted or HER2-targeted
therapies. Therefore, patients with triple-negative tumours (e.g. invasive breast cancer) are
usually started on genotoxic therapy without preliminary trials of antiestrogens (e.g.
tamoxifen) and herceptin, which would very likely be ineffective [283].

One of the basic factors in the assessment whether the patient is eligible for treatment with
a particular type of anticancer agents is the p53 status of the tumour — specifically, whether
the tumour expresses p53 or not, and if it does, whether the p53 is wildtype or a cancer-
specific isoform. About 50% of human tumours carry alterations in the TP53 locus, which is
usually associated with poorer prognosis for the patient [284]. The TP53 gene and/or the
surrounding genomic region may be deleted or inactivated in some other manner. Different
regions of the gene may be altered, deleted or rearranged in order to ensure cell survival
even in the presence of unrepaired damage and/or genome instability. If wildtype p53 is
preserved, iatrogenic up-regulation of its expression may cause mass apoptosis in cancer
cells. This is the operating principle of several anticancer agents. For example, the histone
deacetylase agent CG200745 works by stimulating the acetylation of p53 on selected lysine
residues, inducing the accumulation of p53 and the subsequent transactivation of its target
pro-apoptotic genes [285]. Resveratrol, a natural compound with antioxidant properties,
may also promote apoptosis in cancer cells by activation of the p53-dependent pathway
[286,287]. Eligibility for treatment with antagonists of the MDM2 ubiquitin ligase (e.g.
nutlin) may also be dependent on the expression status of wildtype p53 in tumours [288].
Therapies based on p53-activation will only work, however, if the tumour cells are capable
of expression of wildtype 53. Patients with tumours that have lost the p53 expression
altogether or express a cancer-specific isoform would not be eligible for p53-based
treatments, as no significant beneficial effects could be expected. For example, the p53
status is crucially important in assessment of eligibility for different types of treatments in
chronic lymphocytic leukemia (CLL). 5-10% of the patients with CLL have a deletion of the
17p genomic region, including the TP53 locus. The patients with intact 17p are eligible for
various genotoxic treatments (alkylating agents, e.g. cyclophosphamide; DNA synthesis
inhibitors, e.g. fludarabine, and others) that may produce long-lasting remissions. Patients
with 17p deletions, however, are likely to benefit more from treatments based on working
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(alemtuzumab), immunomodulators (lenalidomide), CDK inhibitors (flavopiridol) and
steroids [289].

Determination of levels of the expression of the protein factor ERCC1 may aid the
identification of patients eligible for therapy with platinum derivatives. Patients with low or
undetectable levels of ERCC1 protein in tumour tissue may exhibit better responses to
platinum-based chemotherapy [290]. Low levels of mRNA of ERCC1, as well as of other
proteins acting in replicative synthesis of DNA (e.g. the large subunit of ribonucleotide
reductase RRM1, an enzyme catalysing the rate-limiting step in deoxyribonucleotide
synthesis) may be associated with increased chances for tumour regression in oesophageal,
pancreatic and billiary tract carcinoma following treatment with platinum derivatives and
gemcitabine, and, in some tumours, after radiotherapy [291-294].The C8092A and the
codon 118 C/T polymorphisms in the ERCCI1 gene (both producing differential mRNA
levels)have been found to be associated with shorter survival in patients with non-small cell
lung cancer and advanced colorectal cancer, respectively, treated with platinum-based
chemotherapy [295,296]. Another single-nucleotide polymorphism in the ERCC1 gene-
Lys259Thr (rs735482) was found to be associated with longer overall survival and better
response to therapy in patients with refractory multiple myeloma treated with thalidomide
[44].

In a large study from 2008, among 25 DNA polymorphisms in genes coding for proteins of
DNA repair, maintenance of genome integrity and progression through the cell cycle,
several were associated with predictably poorer responses to treatment in patients with
advanced lung cancer treated with platinum derivatives: the rs1800975 polymorphism in
the 5'-UTR of the XPA gene; XPC ins83; XPD Lys751GIn; CCNH Val270Ala; RAD23B Ala249Val;
and the ERCC1 C8092A 3'-UTR polymorphism [297]. Patients with lung cancer carrying these
polymorphic variants may be eligible for other types of anticancer therapy.

Individual repair capacity and survival of patients with cancer

Survival of patients in anticancer therapy may vary greatly, depending on the type of the
tumour, the degree of local and/or systemic advancement and factors pertaining to the
individual patient. Individual capacity for repair of DNA damage is also a crucial factor. At
present, best studied with regard to patient survival after anticancer therapy are
polymorphisms in the TP53, XPA, XPC, XPD, XPG and the ERCC1 genes.

As was already mentioned, the presence of wildtype TP53 gene copies in the tumour may
be a significant factor determining survival in patients with chronic lymphocytic leukemia. In
20-30% of all patients with CLL it may present as indolent disease, with a prolonged clinical
course (up to 10-20 years) and requiring specific treatment only in the late stages or not at
all. In patients with 17p deletions, however, the clinical course may be typical of an
aggressive tumour resistant to chemotherapy. Deletion of the TP53 locus is associated with
more aggressive course and, respectively, with shorter survival, in multiple myeloma [298].
The role of the common TP53 Pro72Arg polymorphism as a potential survival-modifying
factor in various cancers has been extensively studied, but the results have been
contradictory at best. It was already mentioned that carriers of Arg72 alleles (specifically,
the Arg/Arg homozygotes) may be at selective advantage in some cancers— e.g. some forms
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adenoma to carcinoma was more commonly seen in carriers of the TP53 Pro/Pro genotype)
[299]. The Arg variant of the Pro72Arg polymorphism of TP53 has recently been found to be
associated with longer survival after conventional chemotherapy in patients with sarcoma
that have retained the wild type TP53 gene [300]. The 72Arg allele of TP53, however, turned
out to be a preferred target for conversion into cancer-specific TP53 variants in some
tumours. Retention of the Arg72 allele in tumour tissue may be associated higher tumour
grade and/or with shorter overall and disease-free survival in heterozygous Pro/Arg patients
with breast cancer, lung cancer, cervical cancer and head and neck cancers of HPV origin
[199, 200, 301].

Carriership of the duplication variant in intron 3 of the TP53 gene may be associated with
poorer prognosis in patients with non-small cell lung cancer [302].

Homozygous carriership of the XPA gene variant rs1800975 in patients with advanced lung
cancer treated with platinum-based regimens is associated with shorter survival [297].
Similar association has also been recently demonstrated in patients with squamous
carcinoma of the oesophagus [99].

Genotypes containing at least one deletion allele by the XPC ins83
polymorphism(associated with 'normal' repair capacity) may be associated with poorer
prognosis in patients with advanced lung cancer treated with platinum derivatives [103].
The survival of patients carrying one deletion allele was longer compared to the survival of
double del/del homozygotes. Homozygocity by the XPC Lys939GIn polymorphism was
recently associated with shorter survival in oesophageal squamous cell carcinoma [99].

The effect of the Lys751GIn polymorphism in the XPD on the survival of patients with non-
small cell lung cancer to chemotherapy with platinum derivatives varies in different reports.
For example, the GIn allele was associated with poorer survival in the study of Wu et al.,
[303] but exhibited no effect on patient survival in Qiu et al., [304] and Zhang et al., [305].
The XPD Lys751GIn polymorphism, along with the XPC Ala499Val and Lys939GIn
polymorphisms were associated with higher risk for relapse and shorter survival in patients
with acute myeloid leukemia that had been placed by pre-treatment cytogenetics in the
'intermediate’ risk group [306]. In adult patients with AML the risk of relapse is determined
primarily by results of cytogenetic analysis and the age of the patient (older patients usually
have poorer prognosis). Patients in which cytogenetics has shown presence of inv(3),
5/del(5q), t(6;9), 7/del(7q), t(9;22), or 3 or more chromosome aberrations, are usually
placed in the 'unfavourable prognosis' (‘high-risk' group). 'Favourable' ('low-risk') karyotypes
are those that contain t(8;21), inv(16), or t(15;17). Patients with normal karyotypes or with
cytogenetic abnormalities, but without distinct 'high-risk' or 'low-risk' features, belong to
the 'intermediate’ risk group, in which the risk for relapse is typically difficult to assess
[307,308].

Carriership of the XPD 312Asn allele in patients with non-small cell lung cancer may confer
poorer response to platinum-based regimens and shorter survival than the Asp312 variant
[304,305,309]. A composite XPD haplotype made of Asn at codon 312 and Gln at codon 751
of the XPD gene is associated with poorer response to platinum-based regimens in
advanced non-small cell lung cancer in terms of disease progression after therapy [310]. In
this study, 40% of the patients with XPD Asp312/Lys751 homozygous genotypes had



objectively good response to chemotherapy compared with response rates in patients who
carried at least one XPD Asn312/GIn751 haplotype (22%). In the same study, significantly
reduced (over 2-fold) overall survival was observed in patients carrying the Asn312/GIn751
haplotype in homozygous state compared to patients with patients homozygous for the XPD
Asp312/ Lys751 haplotype.

Carriership of the 399GIn allele in the XRCC1 may also be associated with shorter survival in
patients with NSCLC treated with platinum agents [309].

Heterozygocity by the ERCC1 T19007C (rs11615) polymorphism may be associated with
higher 5-year survival in patients treated with combined radio- and chemotherapy for
squamous carcinoma of the oesophagus, compared with either of homozygous genotypes
[311].

The His1104Asp variant of the ERCC5 gene was found to be associated with poorer survival
in both non-small cell and small cell lung cancer [312]. The same polymorphism was
associated with better response to thalidomide therapy in refractory multiple myeloma, but
apparently this did not translate directly to longer overall survival [44].

The ERCC1 gene has been particularly well studied with regard to patient survival in
anticancer therapy. Absence or drastic reduction of ERCC1 expression (at mRNA as well as
protein level) was repeatedly reported to be associated with better response to
chemotherapy with platinum derivatives and increased overall survival [313,314]. The A
allele of the ERCC1 C8092A polymorphism (associated with normal levels and stability of
the ERCC1 mRNA) was found to be associated with shortened survival in patients with non-
small cell lung cancer and advanced colorectal cancer, respectively, treated with platinum-
based chemotherapy compared to homozygote carriers of the C allele (associated with
lower levels of ERCC1I mRNA) [295,296]. Patients on cisplatin-based chemotherapy for
nasopharyngeal carcinoma with genotypes containing the A allele were shown to be at risk
for faster cancer progression [315]. There have been, however, numerous reports
demonstrating exactly the opposite relationship between carriership of the different allelic
forms of the C8092A polymorphism and patient survival. For example, the A allele of the
C8092A polymorphism was reported by some authors to actually increase the survival rates
in patients with non-small cell lung cancer treated with platinum agents [316]. Similarly,
carriership of AA genotypes in patients with epithelial ovarian cancer treated with platinum
derivatives were reported to be associated with prolonged progression-free survival
compared to patients with AC and CC genotypes [317].

The C allele of the synonymous (Asn-Asn) C-to-T substitution at codon 118 of the ERCC1
gene, associated with differential mRNA levels, conferred longer survival in patients with
advanced colorectal carcinoma treated with platinum derivatives [295]. In a study from
2004, the survival of patients with non-small cell lung cancer on combination chemotherapy
with cisplatin carrying the C allele was found to be significantly longer than in T allele
carriers and specifically T/T homozygotes [318]. Interestingly, one study in patients with
non-small cell lung cancer on a docetaxel/cisplatin regimen showed the opposite
association, that is, longer survival of the patients with T/T genotypes compared to patients
with C/T and C/C genotypes [319]. The T allele of codon 118 ERCC1 polymorphism was

associated with longer progression-free survival in pancreatic cancer as well [320].



The Lys259Thr polymorphism in the ERCC1 gene was found to be associated with longer
overall survival and better response to therapy in patients with refractory multiple myeloma
treated with thalidomide [44].

Carriership of the variant allele of the XRCC1 Arg194Trp polymorphism may indicate better
response to treatment with platinum derivatives in patients with advanced non-small cell
lung cancer [321].

In the studies of Li et al. [233]and Long et al. [149] (both from 2013) the survival of patients
with diffuse infiltrating astrocytoma and hepatocellular carcinoma with genotypes
containing the Ser247 allele of the Ala247Ser polymorphism was shorter than the survival
of patients homozygous for the wild type allele.

5.2. Individual repair capacity and the risk for development of resistance to genotoxic
therapies

Cells with near-normal or higher-than-normal capacity for repair of DNA damage may repair
therapy-induced genotoxic DNA damage efficiently and may, therefore, be less sensitive
(resistant) to genotoxic treatments. When higher-than-normal repair capacity is established
by the genetic background of the cell, the tumour may be a priori resistant to treatment. In
most cases, however, tumour cells acquire the ability to repair DNA damage caused by
anticancer treatments de novo. Strategies for sensitisation of cancer cells by decreasing
their capacity to repair the damage inflicted by anticancer treatment and/or the
progression in the cell cycle are currently in intensive development. Usually, these strategies
are based on inactivation of key protein/s acting in induction of cell cycle arrest and repair
of damage in actively dividing cells. Among the common target proteins are, for example,
ATM (inactivated by compounds such as KU-55933 and KU59403) [322-324] and cyclin-
dependent kinases (targeted by R-roscovitine, flavopiridol, difluoromethylornitine, -
elemene and others) [325-330].

Platinum-based regimens (where the platinum derivative is used as a single agent or
combined with other drugs) are used very often for treatment of solid tumours — mainly
because of the high response rates, comparable only to anthracycline-based regimens.
Therefore, it is not surprising that patients treated with platinum derivatives are enrolled in
clinical studies more often than patients treated with other types of genotoxic drugs. Since
platinum complexes are not metabolised or degraded in any other specific fashion (e.g.
enzymatic), resistance to platinum-based regimens is dependent on mechanisms such as
sequestering the active substance, routing it out of the cell or making it inactive or
unavailable before it has found its target. Development of resistance to them is, however,
dependent also on the capacity for repair of DNA damage. There may be significant
variance in the capacity of tumour cells to repair adducts in DNA caused by treatment with
platinum derivatives. High levels of mRNA and protein of the factors of NER ERCC1 and XPD
were reported to be associated with resistance to cisplatin therapy in some tumours (e.g.
non-small-cell lung cancer) [331,332]. Over-expression of any of these two proteins is often
associated with elevated levels of expression of the other, thus accelerating the rate of
repair of iatrogenic damage in tumour cells up to several times from the baseline.
Carriership of some of the polymorphisms of genes coding for proteins of DNA repair

associated with decreased levels of the mRNA and protein (namely, the polymorphisms



ERCC1 (C8092A), XRCC1 (Arg399GIn) and XPD (Lys751GIn)) may confer lower risk for
development of resistance to platinum-based therapy in some tumours (non-small cell lung
cancer, gastric carcinoma) [316,333,334]. The effect may be dose-dependent in carriers of
one or two copies of the allele [335].

Deletion of both somatic TP53 copies in multiple myeloma is a predictor for resistance to
genotoxic therapy with 6-mercaptopurine (a pyrimidine analogue) or melphalan (an
alkylating agent) [336].

5.3. Individual repair capacity and the risk of toxicity of anticancer therapies

Remedium ante venenum non valet.

(Never take the antidote before the poison)

Latin proverb

Individual tolerance to anticancer therapy is a rather complex issue. Generally, the more
aggressive a therapy, the better the chances for eradication of the tumour. Treatment with
genotoxic agents, however, is always associated with risk of toxicity. Genotoxic treatments
are targeted at rapidly cycling cells, but affect, albeit to a lesser degree, all cells capable of
division. Cells with a naturally rapid turnover (hair bulbs, skin and mucosa, blood-forming
tissue) are especially vulnerable. During or after treatments with genotoxic agents, some
patients may become so ill that they may drop out of treatment, or, rarely, may die because
of severe inhibition of the normal functioning of healthy cells (e.g. agranulocytopenia,
severe skin inflammation, mucositis, severe gastrointestinal disturbances, etc.). Therapy-
related adverse effects in tissues that are naturally slow cyclers (cardiotoxicity,
neurotoxicity) are usually related to polymorphisms in genes coding for enzymes or other
molecules functioning in detoxification of the active compound/s of the drug (cytochrome
P450, glutathione S-transferases, UGT1A1l, and others). Toxic effects are anticipated in
anticancer therapy and the goal is not to prevent their occurrence altogether (which is
virtually impossible at present), but to decrease their severity and/or make their effects
more tolerable, whenever possible.

The prevalence and the severity of toxic effects related to anticancer therapy may greatly
vary depending on the type of the therapeutic agent/s used; but also on the individual
characteristics of the patient. The latter include features such as age, general condition,
body mass index; lifestyle and habits (e.g. smoking—best studied in lung cancer patients that
continue smoking after diagnosis); the genetic background of the patient, including
polymorphisms in genes coding for products functioning in DNA repair and maintenance of
genome integrity as well as other inherited polymorphisms (for example, in genes coding
for factors acting in pro- and anti-inflammatory signalling and tissue renewal).

There is a single common factor that increases the risk for acute toxicity in virtually all types
of anticancer treatments, and in children and adults alike — namely, obesity [337,338]. It is
related to the fact that most treatments are dosed per kg body weight or square meter of
body surface, therefore, in large patients; a very large dose may be needed, potentially
associated with severe toxic effects. There is, however, a difference between being slightly
over the upper limit of the 'ideal' body weight for height and frame, and being obese. The
phenomenon of mildly overweight patients having better prognosis is valid for patients
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patients that are not severely obese. Among patients with renal carcinoma, for example,
those with best outcomes are usually these that are slightly heavier than their calculated
ideal weight for height and body frame, whereas those that are underweight or within the
limits of normal weight may have poorer prognoses [339].

Individual repair capacity may play a crucial role in the assessment of the risk for toxicity of
anticancer therapies [reviewed in detail in 198 and 340]. Increased risk for acute skin and
haematological toxicity after genotoxic therapies may be dependent on carriership of the
polymorphisms XPC Lys939GIn; XPD Lys751GIn and Asp312Asn; XRCC1 Argl94Trp,
Arg280His, and Arg399GIn and APE1 Asp148Glu [341-343].

Carriership of the XRCC1 Arg399GIn and the XRCC3 Thr241Met polymorphisms may
predispose to radiation-induced subcutaneous fibrosis and telangiectasias after
radiotherapy [68]. The risk for toxicity conferred by these two factors may be modulated by
other factors, including the already mentioned factor of obesity.

The synonymous polymorphism Asp568Asp in the LIG4 gene, Asp711Asp in the XPD gene,
the 5'-untranslated region polymorphism in XRCC3 gene and the Val219lle polymorphism in
the MLH1 gene were found to be associated with late rectal and/or bladder toxicity in
patients treated with radiotherapy for prostate cancer [344].

Significant association with severe (grade 3—4) toxicity (myelosuppression/dysphagia) was
identified for 12 out of 21 studied polymorphisms in genes coding for products functioning
in DNA repair, maintenance of genome integrity and the control of the progression in the
cell cycle [345]. Several of these 12 polymorphisms exhibited only a weak association with
risk for treatment-related toxicity. The strongest association with expected toxic effects was
identified for the rs6464268 T>C polymorphism in the noncoding region of the XRCC2 gene.
This was only to be expected, as the major types of damage caused by ionising radiation are
double-strand breaks, usually repaired by recombination, and XRCC2 is one of the factors
responsible for the successful resolution of the recombinant molecules in repair by
homologous recombination [346]. Studies of the effects of multiple (more than 4-5 per
study) polymorphisms on the risk of an associated disease or condition, response to therapy
and/or associated adverse effects are, however, still rare in the specialised literature.
Carriership of the XRCC1 399GIn and APE1 148Glu alleles in breast cancer patients treated
with radiotherapy was associated with reduced risk for moist desquamation of irradiated
normal skin[347].

The TP53 Pro72Arg polymorphism may be associated with risk for development of atypical
vascular lesions at sites of radiotherapy for breast-conserving therapy for breast carcinoma
[348].

Heterozygous carriership of mutations associated with ataxia-telangiectasia when inherited
in homozygous state, or 'neutral’ polymorphisms in the ATM gene may be associated with
high toxicity in patients treated with ionising radiation [349]. Four polymorphisms in the
ATM gene(-111G >A polymorphism; 126713G>A; rs228590 T>C and 5557G>A) were found
to be associated with increased risk for severe radiation pneumonitis, a common
complication in patients with lung cancer treated with radiotherapy [350,351].

Some of the polymorphic gene variants that are associated with superior survival after

anticancer treatments (usually, these are variants conferring lower capacity for DNA repair)



are also factors in the risk for toxicity due to genotoxic treatments. This could only be
expected, as the healthy cells in the patient have the same baseline repair capacity and
would, therefore, also suffer more damage in genotoxic treatments. For example, XPD
haplotype by the markers Asp312Asn and Lys751GIn may be associated with risk for high-
grade neutropenia. In patients with advanced NSCLC treated with platinum derivatives,
carriership of the XPD Asp312/Lys751 haplotype (associated with better response to
therapy and significantly increased one-year and overall survival) was also associated with
greater risk for very severe (grade 4) neutropenia compared with carriers of XPD
Asn312/GIn751 haplotype [310].

The relationship between improved survival rates and risk for therapy-associated toxicity
may, however, be more complicated. Alleles that confer higher repair capacity may
sometimes be associated with severe toxic effects due to anticancer therapy. For example,
among patients with non-small cell lung cancer treated with platinum derivatives, increased
risk for high-grade (grade 3—4) gastrointestinal toxicity was not seen in carriers of the C
allele of the ERCC1 gene (associated with lower ERCCI transcript stability and lower protein
levels), but in carriers of the A allele [351]. Recently, it was reported that the A allele in of
the C8092A polymorphism was related to accumulation of higher levels of unrepaired DNA
adducts in human lymphocytes [352]. Apparently, the effects of a DNA polymorphism or
haplotype on the toxicity profile of genotoxic therapies are dependent on many other
factors.

Toxicity effects may sometimes even be used as phenotypic markers for response to
genotoxic treatments. For example, the already mentioned EGFR inhibitor erlotinib causes
papulopustular eruption (rash) in some patients. In about 10% of all patients, the rash is
severe (grade >2). Studies show that the occurrence and the grade of the rash may
correlate with the degree of response to therapy and patient survival in advanced cancer,
with one-year survival being between 2 and 3 times higher in patients that have had rashes
grade 2—4 during treatment with erlotinib than in patients with low-grade rash or no rash at
all [278,349; reviewed in 350]. Similarly, treatment with antiangiogenic agents (inhibitors of
the vascular endothelial growth factor (VEGF) — bevacizumab, sorafenib, sunitinib, and
others) may be associated with development of hypertension that may sometimes cause
severe complications [reviewed in 350]. The proportion of patients developing therapy-
associated hypertension when in treatment with VEGF inhibitors is reportedly between 10
and 35% 355-357]. It has been repeatedly confirmed that the response rates and the overall
survival of the patients were significantly higher in patients that developed hypertension
during treatment, compared with patients that did not [358,359]. Polymorphisms in the
VEGF gene and the gene coding for the receptor VEGFR2, associated with development of
hypertension during treatment with VEGF inhibitors have been recently identified [360].
Some of the multi-kinase VEGF inhibitors — sorafenib and sunitinib may cause
hypothyroidism in some patients, subclinical or clinical, sometimes requiring therapeutic
intervention [361]. Patients developing hypothyroidism during treatment with these two
agents exhibit significantly greater rates of response to treatment and longer survival [362].
Of course, one cannot rely solely on the assessment of adverse effects when it comes to

evaluation of response. Nevertheless, phenotypic markers of this type may be a rapid and



relatively reliable way to judge whether a drug trial is going well or not.

6. Commonly used methods for assessment of capacity for DNA repair

To him who in the love of Nature holds

Communion with her visible forms, she speaks

a various language.

William Cullen Bryant, Thanatopsis (1817)

Research related to DNA repair may be fundamental, targeted at elucidation of the basic
principles governing the detection and repair of damage and maintenance of genome
integrity, the different repair pathways and mechanisms; or applied, involving definition and
validation of biomolecular markers for assessment of individual repair capacity and their
use in research and clinical settings, individualisation of therapies, etc. Both types of
research need reliable methods for measurement of efficiency of repair of DNA damage.
There are a legion of possible logical variants for planning and implementation of
experiments in the field of assessment of DNA repair. The basic methodologies may involve
assessment of repair of specific types of lesions; methodologies that are independent of the
type of lesion; approaches that evaluate the rates of repair in specific model systems;
methodologies that work in vitro only or in vivo (in situ), in specific genomic regions or
globally throughout the genome.

It is difficult to measure directly the rates of DNA repair, as the types of damage may be
very different from one another, even when caused in controlled conditions (in these cases
the dose of the damaging agent is typically calibrated), and the capacity of the DNA repair
machinery for removal of different types of lesions may show significant intra-individual
variation. Therefore, the capacity for repair of DNA damage is usually measured by indirect
methods. Generally, a specific type of damage is introduced in the DNA of living cells (or in a
DNA fragment or construct that is subsequently introduced into living cells), then the cells
are allowed to repair the damage. The time intervals during which the cells carry out the
repair may vary and the process of repair may be allowed to proceed normally or may be
impeded in some way (e.g. under conditions of deficiency of a specific nucleotide or
enzyme activity). After the time for repair is due, the number of unrepaired lesions or their
proportion to the overall amount of damage immediately after the phase of introduction of
damage are elicited (by various methods), recorded and compared to the levels of
unrepaired damage in control (untreated) cells, or the number or the proportion of
unrepaired lesions when the type of damage is different, or the same type of damage is
introduced in other genomic regions, or the same type of damage is repaired by other
mechanisms. The occurrence of repair is usually demonstrated by the recovery of the initial
DNA as it was before the damage occurred (its primary sequence and/or its structure), or by
restoration of its functionality (e.g. may serve as a template for DNA polymerase). Some of
the methodologies are applicable only to one type of lesion (e.g. base mismatches), others
are more versatile with regard to the type of lesion and its location in the genome.

At the moment, research on individual capacity for cell and tissue renewal is still a very
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yet, and markers for cell proliferation are not always applicable, as stimulation of cell cycle
in some cells may not result in cell division, but, rather, may trigger apoptosis. At the
moment, telomerase activity, telomere length and rate of attrition of telomere ends are the
most commonly used phenotypic markers for the capacity for cell and tissue renewal.

Some of the specific methods that are currently used to measure rates of DNA repair,
individual repair capacity and capacity for cell and tissue renewal are outlined below.

6.1. Assessment of the capacity for repair of DNA damage

Mutagen challenge assay

The term usually pertains to double-strand breaks, but essentially all assays that include
controlled treatments with DNA damaging agents and monitoring of the appearance and/or
the disappearance of the lesions (such as the Ames test, T4 endonuclease V test, the assay
for unscheduled synthesis of DNA. etc.) are, by definition, mutagen challenge assays. The
classic assay is based on measuring the amount of induced chromatid breaks at metaphase
in cultured cells (most often — human peripheral blood lymphocytes) after exposure to
various mutagens during the S—G2 phase of the cell cycle [363]. The damaging agent was
originally bleomycin, a drug producing strand breaks in DNA. Later, many other mutagenic
agents were used, such as UV radiation, ionising radiation, benzopyrene diol epoxide,
hydrogen peroxide, heterocyclic amines, 4-nitroquinoline 1-oxide (4-NQO) and other agents
[364,365].The results are usually obtained by FISH (fluorescent in situ hybridisation) with
labelled probes specific to different chromosomes, or, in cases of specific rearrangements,
with probes to specific genomic regions. The results of mutagen challenge experiments that
do not induce chromatid breaks (or induce more than one type of damage) may be
detected and monitored by some of the methods described below.

Alkaline elution

Alkaline elution was initially developed for assessment of capacity for repair of single-strand
breaks in DNA [366], but may be used for analysis of other types of damage as well (base
modification, base mismatches, adducts in DNA, etc.), provided that the lesions may be
converted to single-strand breaks [367].

Briefly, the cells are treated with the damaging agent, and then allowed to repair the
damage for fixed interval/s of time. Labelled nucleotide/s is/are supplied to be incorporated
in the newly synthesised DNA. After the time allowed for repair is due, the cells are
harvested and their DNA is extracted by any of the various methods for isolation of high-
molecular weight DNA, in order to yield a population of long DNA fragments containing the
unrepaired lesions. Alternatively, if the studied DNA fragments are cloned in vectors
propagated in prokaryotic cells, cells growing in liquid medium are harvested by
centrifugation and DNA is extracted by alkaline lysis or any other of the methods for
extraction and purification of plasmid DNA. If the cells grow on solid medium in Petri dishes,
the colonies are blotted onto nylon filters, lysed and the DNA is fixed onto the filters. If the
type of damage is different from single-strand breaks or abasic sites in DNA, at this step the
extracted DNA is treated in order to convert the lesion to an abasic site or a single-strand
break. For example, if the damaging agents cause modification of nucleotides, the extracted
DNA is treated with specific glycosylases that recognise the sites of damage and convert
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by hydrolysis at alkaline pH). The DNA carrying the single-strand breaks is then denatured
and immobilised onto solid supports. Short DNA fragments fix poorly onto the support and
may be eluted in alkaline buffers. Therefore, the more unrepaired lesions there were in
DNA, the greater the number of single-strand breaks and, respectively, the proportion of
eluted short DNA fragments. Provided that the amount of starting DNA is known, the levels
of the DNA retained onto the solid support and in the eluate may be calculated by
measuring and quantitating the levels of the label. This reflects the amount of breaks in
DNA and, respectively, the amounts of unrepaired damage. Control samples are run in
parallel to the test samples, with all samples being treated in identical way. The repair
capacity of the tested samples is calculated as the ratio of the amount of DNA breaks in the
test samples to the amount of breaks in the control cells.

T4 endonuclease V method

The T4 endonuclease V method [368] is used for assessment of the capacity for repair
specifically of thymine dimers (usually, caused by UV irradiation). It is based on the ability of
T4endoV to convert thymine dimers in DNA into single-strand breaks. The latter are
stronger signals for recruitment of the cell repair machinery than thymine dimers. The
enzyme scans the length of DNA for the presence of dimers and upon encounter cleaves the
N-glycoside bond in the 5'-thymine of the dimer, removing the nitrogenous base. Then it
introduces a single-strand break at the resulting abasic site. UV damages DNA at random
sites, therefore, the pattern of accumulation of single-strand breaks along the length of the
studied DNA reflects the spatial distribution of the capacity for repair.

Briefly, the test cells are irradiated with UV and allowed to repair the lesions for fixed
interval/s of time. Control unirradiated cell are run in parallel. The cells are then harvested,
the DNA is extracted (preferably, by methods yielding high-molecular weight DNA) and
subjected to hydrolysis with one or more restriction endonucleases so as to produce
fragments with suitable length. The preparation of hydrolysed DNA is treated with T4
endonuclease V, and then electrophoresed in alkaline buffer (in order to denature the
DNA). The separated fragments are blotted and fixed onto nylon membrane. Southern
hybridisation with a labelled DNA probe specific to the studied region/s is then carried out
and the resulting image is digitised and analysed (e.g. by densitometry) in order to assess
the relative amount of signal generated by the fragments hybridising with the labelled
probe in the test cells and in the control cells. At sites where the thymine dimers in DNA
had not been repaired, the treatment with T4endoV generates single-strand breaks,
eventually resulting in a population of shorter DNA fragments. The latter migrate at faster
rates during electrophoresis when run in parallel with DNA, in which the damage had been
repaired, producing distinct electrophoretic profiles. After blotting, very short fragments
(presumably resulting from inefficient repair of DNA) are poorly retained by the membrane,
and the hybridisation signal from cells that have sustained unrepaired damage is decreased
when compared to undamaged cells or cells that have had the damage repaired. Thus,
lower repair capacity is associated with weaker signal after visualisation, shifted towards
fragments with lower molecular weight, whereas cells with higher repair capacity generate

signal with higher intensity, shifted towards the fragments with higher molecular weight.



The T4endoV method is very sensitive (not surprising, as it is based on enzyme-substrate
recognition), but is applicable to one type of lesion only. It is semiquantitative, as the
hybridisation signal (e.g. from an autoradiographic image) may be digitised and the ratio of
the levels of signal in test cells compared to control cells may be calculated. For short DNA
regions, only one labelled probe might suffice, but when the studied region is longer,
several different probes must be used.

Pulsed field electrophoresis

Pulsed field electrophoresis is usually used for assessment of repair of double-strand breaks
(e.g. resulting from ionising radiation and/or radiomimetic chemicals) [369,370]. The
method is based on electrophoresis of DNA fragments in non-denaturing low-percentage
agarose gels, in orthogonal electric field that periodically changes its orientation [reviewed
in 371]. Basically, the cells are subjected to the damaging agent, then left to repair the
damage. Cells are harvested and the DNA is extracted by methods producing very high-
molecular weight DNA (e.g. immobilisation in agarose plugs). Control unirradiated
(untreated) cells are run in parallel. The extracted DNA is subjected to hydrolysis with
suitable restriction endonucleases (rare-cutters) and then electrophoresed in pulsed field.
The DNA fragments are transferred and fixed onto a nylon membrane, then hybridised with
a labelled probe. The resulting image is digitised. The ratio of the amount of the probe
hybridised to DNA of test cells and the amount of probe hybridised to DNA from control

cells is calculated. The number of double-strand breaks is then calculated using the formula:

F=e™""

where F is the ratio between the amount of probe hybridised to DNA from a test sample
and the amount of probe hybridised to the control cells, L is the length of the fragments to
which the probe hybridises (in [Kb]), and B is the number of double-strand breaks per
restriction fragment.

Denaturing gel electrophoresis

Capacity for repair of crosslinking damage (specifically, interstrand links) may be assessed
using denaturing gel electrophoresis [372]. Briefly, DNA extracted from the test cells
(exposed to damaging agent, then allowed to repair the damage) and control (untreated)
cells is hydrolysed by restriction endonucleases in order to obtain fragments of suitable
length. The hydrolysed and purified DNA is subjected to denaturation, and then allowed to
renature. Fragments containing interstrand links cannot be denatured completely and,
respectively, their kinetics of renaturation is faster than of fragments without crosslinking
damage. When subjected to electrophoresis in denaturing conditions, the fragments
containing crosslinks exhibit electrophoretic profile similar to double-strand DNA, while the
electrophoretic behaviour of intact fragments resembles single-strand DNA. The average
number of crosslinks may be calculated using the formula:

R
Po—e ,

where Py is the relative amount (percentage) of DNA that exhibits electrophoretic



behaviour characteristic of single-strand DNA (no crosslinking) and X is the average number
of crosslinks per restriction fragment [373].

Measurement of unscheduled (non-replicative) synthesis of DNA

Regardless of the type of damage and the exact mechanism, DNA repair is always
associated with synthesis of DNA. Therefore, measuring the rate of DNA synthesis may be
used to assess the rate of DNA repair. Many methods for labelling and detection of newly
synthesised nucleic acids have been developed, allowing quantitative assessment of the
rate of incorporation of labelled nucleotides, and, respectively, the rate of DNA synthesis.
The bulk of DNA synthesis in a cell, however, is related to replication, and the synthesis of
DNA associated with repair activities constitutes only a very small part of the overall DNA
synthesis. In actively dividing cells it might be virtually impossible to separate the relative
contribution of the one type of synthesis and the other. Of course, the test cells may be
sorted according to phase of cell cycle to ensure that no cells that are actively replicating
their DNA are included in the sample. Sometimes, however, the sample size is small and/or
the cells that are replicatively quiescent are very rare within the sample. A possible
workaround is to block the replicative DNA synthesis but not repair-associated synthesis, or
at least to make sure that repair-related synthesis is not as severely suppressed as the
replicative synthesis. The most commonly used agent for blocking replicative DNA synthesis
is hydroxyurea [374]. Hydroxyurea inhibits the activity of ribonucleotide reductase
(ribonucleoside-diphosphate reductase, RNR), catalysing the conversion of ribonucleotide
diphosphates to deoxyribonucleotide diphosphates [375]. ADP, GDP, CDP and UDP are
substrates of RNR, whereas dTDP (deoxythymidine diphosphate) is synthesised by
thymidylate kinase from deoxythymidine monophosphate. Hydroxyurea and other RNR
inhibitors (fludarabine, cladribine, gemcitabine, and others) are commonly used in
anticancer therapy — usually, for haematological malignancies and myelodysplastic states
(chronic myelogenous leukemia, polycythemia vera, hypereosinophilia), but also in some
types of solid tumours (usually, in combination with other agents) [376]. Hydroxyurea is a
very efficient suppressor of the replicative synthesis of DNA but does not affect or affects
only minimally repair-associated synthesis of DNA [377]. There are dosage 'windows',
however, which must be observed, as too small a dose of hydroxyurea would not suppress
the replicative synthesis efficiently enough and too large a dose would suppress all DNA
synthesis, including the repair-related. When in adequate doses, hydroxyurea may cause
just enough suppression of replication-related DNA synthesis so that the relative proportion
of repair-related synthesis would become measurable and quantifiable part of the DNA
synthesis in the cell [378].

There are variations to the methodology, but basically it includes the exposition of test and
control cells to the damaging agent followed immediately by treatment with hydroxyurea in
order to suppress replicative DNA synthesis. Then the cells are allowed to repair the
damage and the newly synthesised DNA (presumably resulting exclusively from the repair
activities) is labelled by culturing in nutrient medium containing labelled nucleotide/s. The
cells are harvested, and then their DNA is extracted, purified and cleaved into fragments of
suitable length. The population of fragments is hybridised against a set of probes and the

amount of label-containing DNA hybridised against the probes is determined by different



methods (depending on the label) — e.g. by immunochemistry [378-381], etc. The repair
capacity is determined as the ratio of the signal emitted by the incorporated label in the
test cells compared to the amount of label incorporated by control cells.

PCR-based methods for assessment of capacity for repair of DNA damage

Since the polymerase chain reaction was introduced into routine laboratory practice with
the work of Saiki et al. [382], it has become a staple method for virtually all types of
analyses in molecular biology, except those in which the analysed fragments are too long
(over 10-15 Kb) or the fidelity of copying must be very high, close to the spontaneous
mutation rate in living cells (although, with the modern polymerases the latter is rarely a
problem). For most routine analyses of polymorphisms in genes coding for products
functioning in DNA repair and damage-associated, DNA is typically extracted from cell-
containing biological material, such as peripheral blood (often, postprandial 1); skin
fibroblasts or other type of tissue (e.g. tail clippings or ear punches in the case of mice and
rats, also hair bulbs, buccal scrapes, samples of tumour tissue, obtained by biopsy, etc.).
DNA-containing material from human beings is collected after having obtained informed
consent. For analysis of genetic polymorphisms, total genomic DNA is amplified using
oligonucleotide primers flanking the site where the polymorphism is known to occur. Then,
depending on the type of the polymorphism, an aliquot of the amplified product may be
analysed by simple electrophoretic analysis to elicit differences in lengths of the PCR
products (in case the polymorphism alters the length of a sequence, as is, for example, the
XPC 83ins/del polymorphism) or, in case the polymorphism alters a restriction site, the
amplification product may be subjected to hydrolysis with the relevant restriction
endonuclease/s, and the resulting products are then resolved by electrophoresis. Adequate
controls must be run in parallel. The results may be confirmed by sequencing the region
where the polymorphism occurs, although, due to the relatively high cost of sequencing,

this may be done only on samples that yield ambiguous results.

1 Blood collected in the fed state. Unlike routine laboratory check-ups which usually
require samples collected after an overnight fast, it is often recommended that blood for
extraction of DNA is collected 30—60 min after a meal, as the relative number of nuclear
cells (specifically, neutrophils) rises temporarily after having eaten, stimulated by the
increase in the levels of glucose and triglycerides in plasma in the fed state [440]. Of
course, if there are any special considerations that the blood must be collected after
fasting, it may still be used for DNA extraction.

Another PCR-based methodology for analysis of capacity for repair of DNA damage is based
on the fact that virtually all types of DNA damage present a challenge to DNA polymerases
(except in the specific cases of translesion replication). Damaged DNA templates cannot
usually be copied by the DNA polymerases routinely used in in vitro amplification. Briefly,
after the test cells have been treated with genotoxic agents and allowed to repair the
damage, their DNA is extracted and set for in vitro amplification using specific primers.
Control cells (untreated) are wusually run in parallel. The primers and/or the
nucleosidetriphosphates in the reaction may be labelled in order to follow the rate of

synthesis, or a fluorescent double-strand specific dye (e.g. SYBR green) may be added to the



reaction mix. The amount of the synthesised PCR product is quantitated (usually in real-
time). The rate of repair is measured as the ratio of the yield of full-length double-strand
PCR product in test cells and the yield of product in control cells [383,384].

Assessment of repair capacity by transformation assays

This methodology is based on the routine methods for transformation of prokaryotic cells
with plasmid constructs. The cells are treated with genotoxic agents (most commonly,
causing double-strand breaks) and allowed time to repair the damage. Then the DNA is
extracted, subjected to hydrolysis with restriction endonucleases and fragments of desired
length or specific DNA sequences are collected and purified by any of the routine methods.
The fragments are then ligated into a linearised vector and prokaryotic (usually, E. coli) cells
are transformed. Presumably, only perfect circular molecules are capable of transforming
prokaryotic cells. If the damage has been repaired correctly, the cells would be transformed
and the reporter gene (usually, a marker for resistance to an antibiotic) would be expressed
in the transformants, allowing them to grow on a selective medium [385-387]. Specific
measures need to be taken, however, to ensure that no 'empty' circularised plasmids are
present in the transformation mix (e.g. cloning by two restriction enzymes; strategies for
blunt-end ligation to avoid recircularisation of vector, etc.).

Immunochemical methods for assessment of capacity for DNA repair

Immunochemical methods may be used for direct observation of the occurrence of the
damage event and its repair (e.g. appearance and subsequent disappearance of a modified
base) or for indirect monitoring of the process of repair via the molecules and the
supramolecular complexes that recognise and repair the damage. The former may be pretty
straightforward —creating antibodies specific to the damaged molecular species, labelling
the antibodies with a readily detectable label, and monitoring the occurrence and the
distribution of the signal. For example, monoclonal antibodies have been created against
virtually all types of modified bases and photoproducts in DNA [388,389]. Antibodies
labelled with fluorescent reporter molecules (e.g. the green fluorescent protein, GFP) may
be used to monitor the appearance and disappearance of DNA modifications in real time
[390,391]. Not all types of damage may be monitored by antibodies, however, as they
produce alterations that are not immunogenic. In this case, antibody-based assays are also
possible, but the antibodies used are not designed for detection of specific types of
damage, but, rather, for tracking the dynamics in the distribution of the molecules involved
in recognition and repair of damage (e.g. the assembling and disassembling of the protein
aggregates associated with DNA repair). For example, the repair of double-strand breaks
may be monitored in real time by using fluorescently labelled antibodies against the
phosphorylated histone H2AX (yH2AX). The latter is phosphorylated at selected serine
residues in the presence of DNA damage (usually, double-strand breaks), forming foci
extending to several Mb of chromatin in either direction of the damage. yH2AX is believed
to play a critical role in the relaxation of the chromatin structure around the sites of double-
strand breaks so as to facilitate the access of the cellular repair machinery [392], reviewed
in detail in [393]. Labelled antibodies against RAD51 have been used for monitoring of
repair of double-strand breaks [392,394]. Similarly, labelled antibodies against PCNA have

been successfully used to observe and monitor repair by nucleotide excision [395];



antibodies against NEIL1 — to study the distribution of the protein in the nucleus during
mitosis [396]; anti-FEN1-antibodies — to clarify the finer points of base excision repair in
mitochondria [397]; etc.

Mass spectrometry

Mass spectrometry is by far the most specific direct method for assessment of capacity for
repair of DNA damage. It allows sensitive and specific detection of the presence of virtually
all types of DNA lesions. Basically, the cells are exposed to the damaging agents and allowed
variable intervals of time for repair as usual. Control cells (treated but not allowed time for
repair and untreated cells) are run in parallel. DNA is then extracted, fragmented, analysed
and the results are compared to the results obtained with the control cells in order to
monitor the kinetics of appearance and disappearance of the lesions. Mass spectrometry
has been successfully applied in studies of repair of oxidised bases, DNA dimers, DNA
adducts, etc. [398-401].

Assessment of DNA repair capacity using cell-free systems

The methodology is based on introduction of known type of lesions into DNA fragments and
allowing the damage to be repaired in cell-free systems (lysates, extracts). Different types of
DNA lesions and different damage burden per DNA molecule may be analysed. Assessment
of repair efficiency itself is carried out by additional methods (e.g. measuring non-
replicative DNA synthesis by the rate of inclusion of labelled nucleotide precursors).
Analysis of repair in cell-free systems has the advantage that it may be used in assessment
of repair of base mismatches. This particular type of damage poses difficulties to virtually all
other conventional methods for assessment of DNA repair. It is not a DNA modification per
se, as both mismatched nucleotides are normal compounds of DNA and cannot be
recognised by glycosylases or damage-specific antibodies. As the DNA fragments carrying
damage are usually cloned into vectors, presence of unrepaired mismatches may be
detected by sequencing the plasmid insert before and after incubation in cell-free systems
for fixed intervals of time [402-404].

Host cell reactivation (HCR)

HCR methodology is based on analysis of repair of a reporter sequence in living eukaryotic
cells. Briefly, damage is introduced in a specific reporter gene of a vector (various types,
virus as well as plasmid). The latter is then used for transfection of eukaryotic cells and the
cells are allowed to repair the damage for fixed intervals of time. In the presence of
unrepaired damage in the reporter gene its capacity for being transcribed and expressed
would presumably be impaired; therefore, the rate of recovery of the expression of the
reporter gene is monitored and compared to the rate of control cells. The reporter (marker)
sequences used in HCR may vary — chloramphenicol acetyltransferase, luciferase, GFP and
other fluorescent proteins, and possibly others [405-409].

HCR is applicable for virtually all types of damage, possibly with the exception of double-
strand breaks, as they would cause linearisation of the circular DNA of plasmid vectors and
circularised virus vectors. However, as assessment of efficiency of repair of double-strand
breaks may be implemented by other methods (e.g. pulsed-field electrophoresis,
immunochemical methods, etc.), this is not an issue. Moreover, some years ago, a variation

of HCR was developed that allowed assessment by HCR of repair of double-strand breaks by



homologous recombination and NHEJ, [410,411]. The double-strand breaks in the reporter
genes were introduced using I-Scel meganuclease, which is a restriction endonuclease that
recognises an 18-nucleotide site and leaves a 3'- overhang after cutting. Unlike most
restriction endonucleases, it is derived from an eukaryote (S. cerevisiae) and is coded by an
intron in the mitochondrial genome [412].

HCR was reported to had been successfully used for assessment of individual capacity for
DNA repair in clinically healthy people and patients with cancer [375,413, 414], as well as
sensitivity of cancer cells to genotoxic agents [414,415].

Comet assay (single-cell electrophoresis) for assessment of strand breaks and apoptosis
Comet assay is another method based on electrophoresis, but the electric force is applied
not on molecules, but on whole cells. Comet assay analyses the differential patterns of
electrophoretic profiles of single cells after genotoxic treatments producing single-strand
and double-strand breaks and other types of damage that may be converted to DNA breaks.
For example, one of the variants of the comet assay utilises specific repair endonucleases to
convert DNA lesions to single-strand breaks (e.g. endonuclease Il (nth) may be used for
assessment of presence of oxidised pyrimidine bases) [reviewed in 415].

The cells are treated with the damaging agent, and then allowed time for repair. Control
(untreated) cells are usually run in parallel. The cells are immobilised in a porous medium
(e.g. low-gelling point agarose), then subjected to lysis and denaturation of DNA.
Electrophoresis is then carried out onto glass slides and the DNA is stained by an
intercalating double-strand specific dye (ethidium bromide, SYBR green, etc.). The resulting
image may be observed under fluorescent microscope. The DNA of untreated control cells
(presumably intact or containing very small baseline amount of damage) is normally
visualised as a fluorescent halo. If the DNA of the test cells contains unrepaired breaks, it
becomes fragmented and migrates in a specific fashion, generating an image resembling a
comet's tail, with the amount of DNA in the tail corresponding to the amount of damage
(that, is, the number of breaks) that the cells had sustained [416-419].

A variation of the comet assay methodology exists, allowing assessment of repair of
crosslinking damage. The working principle is basically the same, with slight variations, but
the end image is interpreted in a different manner. After the cells had been treated with
crosslinking agents and allowed to repair, they are subjected to treatments introducing
strand breaks. Control cells (not treated with crosslinking agents, but subjected to
treatment introducing strand breaks) are also run in parallel. From this point onward, the
protocol is essentially the same as in 'classic' comet assay. In cells that have sustained
crosslinks and have not managed to repair them during the allotted time, after the
electrophoresis, fragments containing damage sites would be impeded in their migration
into the 'comet's tail'. In control cells, there would presumably be no unrepaired crosslinks
to keep the DNA fragments bound together; therefore, DNA would migrate easily into the
comet's tail. The relative amount of DNA damage is then inversely proportional to the
amount of DNA in the 'comet's tail' and is calculated as the ratio of the amount of DNA in
the comet's tail in test cells and in control cells [420,421].

Cell-free extracts may also be used in comet assay. Briefly, the test extract is incubated with

damaged substrate DNA, and the incisions due to repair activity are detected as DNA



breaks. In this case, the amount of DNA in the tail corresponds to the incision activity of the
extract. Adequate controls are always run in parallel and the capacity for repair of damage
calculated as the ratio of the amount of DNA in the comet's tail in test cells and in control
cells.

The comet assay has many advantages and is a commonly used laboratory technique. It is
applicable to various cell types and is sufficiently sensitive to detect even low levels of DNA
damage. It is also rapid, cost-effective, requires small numbers of cells per analysis and does
not usually call for specialised personnel training [reviewed in 422 and 423]. There are some
special considerations, however, about the effect of some test compounds, such as
compounds from the nutrient medium of cultured cells (e.g. antioxidants such as ascorbic
acid that even at low levels may cause an artificial increase in the level of repair-related
DNA breaks [424]). Comet assay is often used in studies of apoptosis and the impact of pro-
apoptotic agents on living cells [reviewed in 425].

6.2. Assessment of the capacity for self-renewal in cell populations

Capacity for self-renewal of cell populations is an important parameter in the studies of
ageing, cell differentiation, assessment of properties of different types of tumour cells
(proliferative capacity, potential for genomic instability, etc.) and many other areas of
biomedical science, fundamental as well as applied. Telomere length, telomere attrition rate
and/or telomerase activity are useful markers for the capacity for self-renewal of cell
populations. In unsynchronised cell populations (as almost all native eukaryotic cell
populations are), the mean telomere length is comprised of the relative contributions of the
telomere length of the individual cells. Therefore, the end result would be strongly
dependent on the heterogeneity of the cell population and its reproducibility would be
dependent on the dynamics of this heterogeneity. Sometimes even small differences may
have diagnostic or prognostic meaning, but only in specific context and/or in specific
periods. For example, in patients with history of myocardial infarction, the difference
between telomere lengths of granulocytes and lymphocytes in the same blood sample has
been shown to reflect the degree of impairment of haematopoietic progenitor cells [426].
This is, however, valid for this specific patient group only, and not for others or for
individuals without history of coronary disease.

The major methods used for measuring telomere length in cell populations are the mean
terminal restriction fragment assay (MRF, often referred to by the descriptive name of the
routine technique it is based upon — Southern hybridisation), quantitative PCR and flow
cytometry/flow FISH. The major method for assessment of telomerase activity is currently
TRAP (Telomeric Repeat Amplification Protocol). There are other methods as well, but they
are not commonly used, such as Single Telomere Length Analysis (STELA). The working
principles of major methods and their advantages and disadvantages are outlined briefly
below [reviewed in detail in 427].

Mean terminal restriction fragment method (MRF)

Historically first among the methods to determine telomere length, the MRF methodology
is still the gold standard in the assays for determination of telomere length [428]. The assay
follows the classic protocol for Southern hybridisation, using an oligonucleotide probe

representing the repeated unit of telomeric DNA (for human samples (TTAGGG)3). The



advantages of the MRF assay for telomere length are largely related to its inherent
simplicity and the materials, consumables and specific equipment (standard lab grade,
routinely used and easily restocked). Conventional Southern hybridisation, however,
requires relatively large amounts of high-quality DNA (3—10ug/sample). The MRF assay may
be biased against very short telomere length by sample heterogeneity, that is, the presence
of a small sub-population of cells with long telomeres in a sample with very short mean
telomere length may shift the results towards longer telomere length, although the majority
of cells in the sample have short telomeres. The results of the MRF assay are analysed by
indirect methods (image processing), which may be lengthy and dependent on various
factors unrelated to the assay.

Quantitative PCR for measuring telomere length

Quantitative PCR (gPCR) is based on monitoring the increase in the amount of double-
stranded amplification product during a PCR reaction, measured by increase of fluorescence
using a standard curve. There are, however, numerous variations of the technique. Among
the most popular methodologies for gPCR-based measurement of telomere length is the
T/S method (Telomere/Single Copy Gene ratio) [429, 430]. The T/S method is based on
analysis of the kinetics of the amplification of a fragment of telomere DNA and a single-copy
gene fragment, generating a telomere/single-copy gene (T/S) ratio. The T/S ratio of test
samples is then compared to the T/S ratio of a control sample with known telomere length.
The single-copy gene used to standardise the assay is usually a housekeeping gene,
amplified in the same run as the telomere fragment, often in a single tube and even using
the same intercalating dye (e.g. SYBR green) [430], as the two amplicons exhibit differential
hybridisation kinetics due to the dissimilar levels of repetitiveness.

Quantitative PCR is rapid, requires relatively small amounts of PCR-grade DNA and may
easily be implemented in high-throughput format. It is, however, sensitive to changes in the
amount of template and, as in all PCR-based assays; there is an inherent risk of cross-
contamination.

Flow cytometry/Flow FISH

In its barebones version the method is based on hybridisation of telomeric DNA of fixed and
permeabilised cells with a fluorescently labelled probe — usually, a peptide-nucleotide
probe (PNA) with sequence complementary to the repeated unit in telomere DNA
[431,432]. PNA is a synthetic polymer which contains the same nitrogenous bases as DNA,
but the backbone is made of N-(2-aminoethyl)-glycine units linked by peptide bonds. The
bases are attached to the backbone by methylene carbonyl bonds instead of N-glycoside
bonds. The Watson-Crick pairing between PNA and nucleic acids is unimpaired, but as there
is no electrostatic repulsion in PNA because of the lack of phosphate groups, the Tm of the
PNA-DNA hybrid is higher than of DNA-DNA hybrid [433], allowing for more stringent
hybridisation conditions. Cell populations in the GO/G1 phase of the cell cycle (replicatively
quiescent) are specifically sorted for the purposes of the analysis, as in cells replicating their
DNA the number of telomere DNA copies per genome equivalent is not fixed. The more
intense the fluorescent signal in the test sample is, the higher the rate of hybridisation of
the fluorescent probe, the higher the copy number of the telomere repeated units in the

sample and, respectively, the longer the telomeres of the cells in the tested sample. Control



cells (with known telomere length, e.g. the previously mentioned CCRF-CEM cells) are run
in parallel. Variations of the method exist, such as including components of hybridisation in
situ (Flow FISH) [434].

This method for determination of telomere length is recently gaining in popularity, as it is
relatively rapid and makes use of samples containing a small number of cells. Major limiting
factors are the requirement for designated equipment and specifically trained personnel
and the availability of PNA probes.

Single Telomere Length Analysis (STELA)

This is a somewhat exotic assay based on ligation of a linker complementary to the
telomeric repeats to the DNA extracted from the test samples, followed by in vitro
amplification using primers specific for the linker and chromosome-specific primers for the
subtelomeric regions, and subsequent Southern hybridisation with probes representing the
sequence from the subtelomeric regions [435,436]. Unlike other methods, STELA allows
measurement of the length of individual telomeres of different chromosomes. A major
disadvantage is that the analysis is complex and requires high-quality DNA.

In order to monitor the rate of telomere attrition, which is a more reliable marker for the
capacity for cell and tissue renewal than mean telomere length alone, telomere length is
usually measured at fixed intervals of time. In tissues with preserved telomerase activity,
the latter may be measured instead of telomere attrition rate, or the two methods may be
used simultaneously to obtain higher reliability of the results.

TRAP analysis

The TRAP (Telomeric Repeat Amplification Protocol) assay [437-439] measures the
telomerase activity in test samples. Briefly, the sample is processed so as to preserve the
telomerase activity, and then incubated with a specifically designed oligonucleotide to allow
the adding of telomere repeated units to its 3'-end. The resulting extension products are
then amplified in vitro using a second primer (usually, fluorescently labelled). Alternatively,
intercalating dyes (e.g. SYBR green) may be used for staining the product during the process
of in vitro amplification. The generation of the double-strand product is monitored in real
time. TRAP is a very demanding assay in terms of quality of the test samples and their pre-
analytical processing, as the telomerase activity of the sample must be unaffected. As all

PCR-based methods, TRAP assay is liable to cross-contamination.
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