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and a variety of lesions of small to high importance and dangerous for the cell i.e. isolated base lesions
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or single strand breaks (SSBs) to complex lesions like double strand breaks (DSBs) and other non-DSB
oxidatively generated clustered DNA lesions (OCDLs). The accumulation of DNA damage through mis-
repair or incomplete repair may lead to mutagenesis and consequently transformation particularly if
combined with a deficient apoptotic pathway. In this review, we present the current status of knowledge

Cancer and evidence on the mechanisms and involvement of intracellular oxidative stress and DNA damage in
human malignancy evolution and possible use of these parameters as cancer biomarkers. At the same
time, we discuss controversies related to potential artifacts inherent to specific methodologies used for
the measurement of oxidatively induced DNA lesions in human cells or tissues.
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1. Sources of intracellular oxidative stress

DNA and cells of the human body are constantly exposed to
attacks of oxidative nature. These attacks can be divided into two
broad categories: exogenous and endogenous (Fig. 1). Exogenous
and environmental sources of oxidation relate to specific expo-
sures of the organism to ionizing radiations like X-, y- or cosmic
rays and a-particles from radon decay, oxidizing chemicals and
UVA solar light. Endogenous (intracellular) attacks correspond to
natural origin such as through cellular signaling and metabolic pro-
cesses or during inflammation [1-4]. These endogenously induced
DNA lesions can often reach a level much higher than the ones
induced by environmental factors like even low doses of ionizing
radiation (<0.3 Gy) contributing significantly in the accumulation of
mutations in cells and tissues [5-7]. During these attacks, although
not in all cases, the primary damage is being induced by reactive
oxygen species (ROS) and reactive nitrogen species (RNS). Exam-
ples range from the hydroxyl radical (*OH), O,°~, singlet oxygen
(10,) and peroxynitrite to others [1,8]. Intracellularly, ROS are cre-
ated as a natural byproduct of oxidative metabolism (Fig. 1). ROS
are constantly generated in mitochondria as respiration byprod-
ucts (1-5% of consumed O,) and in general are accepted as the
major source of oxidative injury in all aerobic organisms. Another
source of constant generation of free radicals which is usually
underestimated is the chronic exposure to viral infections [9]. For
example, in the case of hepatitis viruses there is an established
connection between chronic infection and induction of oxidative
stress. Different groups have associated a variety of viruses with
increased oxidative stress, DNA damage and mutagenic rate [9].
This high intracellular oxidation status in viral infections consists
of decreased antioxidant enzymes like catalase, glutathione per-
oxidase, glutathione reductase as well as high level of hydroxyl
radicals. Although there are numerous differences between exoge-
nous and endogenous attacks, the main differences are the levels
and complexity of DNA damage which both are expected to be
lower in the case of intracellular stress [4,10].

Oxygen is an important element that plays significant roles in
many processes of the human body including cellular metabolism,
intercellular and intracellular signaling and acts as a key compo-
nent for an effective immune system and response [11]. Although
beneficial, it is accepted that oxygen, through ROS generation,
can react with DNA, proteins and other cellular components and
can become problematic. The body is constantly trying to main-
tain homeostasis with the utilization of the immune system. The
immune system is divided into two categories: adaptive and innate.
In adaptive immunity, highly complex cells are deployed and rec-
ognize antigens on foreign cells. Innate immunity is much broader
and is designed to recognize common features on foreign cells
and ultimately release more expansive white blood cells such as
macrophages and neutrophils. These cells are capable of releasing
cytokines which are chemicals that signal other cells to a specific
site of damage or injury and aid with the induction of inflammation
[12]. The phagocytic capability of macrophages utilizes oxidants
and enzymes to degrade the foreign intruder. Nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase is a complex inside
the macrophage that sanctions this to occur i.e. to the production of
free radicals [13]. Inside this complex, the covalent bond between
atoms is severed, creating an imbalance of electrons and when oxy-
gen is one of these entities, creation of free radicals occurs. When
this free radical formation transpires with oxygen as one of the ele-
ments, it is known as reactive oxygen species (ROS). ROS interact
with the biological molecules and disrupt the normal synthesis and
repair of DNA. This disruption is primarily associated with inhibi-
tion/inactivation of antioxidant key proteins as well as DNA repair
enzymes induced by ROS-damage to these biomolecules [14,15]
Macrophages are one source of ROS, but it is important to note

that there are many other sources of the creation of ROS. ROS can
impact key mechanisms securing cell survival and the avoidance
of genomic instability [16]. Tumor growth increases inflamma-
tion and recent studies have indicated that in the presence of a
tumor or a malignancy in general in the organism, a high oxidative
stress status can be detected [12]. Through the bystander effect,
the microenvironment surrounding the tumor is not the only loca-
tion where this elevation is seen but also in distant organs. Recent
evidence by Redon et al. suggests the induction of complex DNA
damage i.e. double strand DNA breaks (DSBs) and non-DSB oxida-
tively generated clustered DNA lesions (OCDLs) by tumors growing
in mice is not limited to close proximity, but also to distant prolifer-
ative organs. This is seen primarily via the inflammatory response
pathway and specific cytokines such as chemokine (C-C) ligand 2
(CCL2)[17].Exposure of an organism to chronic inflammation stress
can result to imbalances of tissue homeostasis and possible tumor
formation [18]. Typically most ROS have a short half-life and cause
damage locally but for example H, 0, has a relatively long half-life
and can travel long distances, causing DNA damage at distant sites
[19]. In addition, it may be pointed out that mostly hydroxyl radi-
cal (*OH) and to a lesser extent the lower-energy singlet molecular
oxygen (10,) through specific targets (guanine, histidine, trypto-
phan, tyrosine) may react with DNA and proteins. In contrast O,* is
completely unreactive towards biomolecules while H,0, requires
the presence of reduced transition metals such as Fe2* to promote
the Fenton type reaction [20].

2. Types of oxidatively induced DNA lesions

The oxidatively induced DNA damage associated with ROS typi-
cally are apurinic/apyrimidinic (abasic) DNA sites, oxidized purines
and pyrimidines, single strand (SSBs) and double strand (DSB)
DNA breaks. Two of the most common endogenous DNA base
modifications are 8-0x0-7,8-dihydroguanine (8-oxoGua) and 2,6-
diamino-4-hydroxy-5-formamidopyrimidine. Both originate from
the addition of the hydroxyl radical to the C8 position of the guanine
ring producing a 8-hydroxy-7,8-dihydroguanyl radical which can
be either oxidized to 8-oxoGua or reduced to give the ring-opened
FapyGua [2,21]. The frequency of the damage is dependent on the
quality and level of oxidative stress as well as other factors. It is
accepted that the alterations in DNA from 8-0xodG is part of the
recognition site utilized by DNA glycosylases to detect damaged
guanine bases. For example, FapydG is currently considered as the
most prevalent guanine-derived lesions formed under low oxygen
(03) conditions i.e. hypoxia [22-24]. Interaction of hydroxyl radical
with pyrimidines (thymine and cytosine) at positions 5 or 6 of the
ring, can produce several base lesions and two of the most abun-
dant and well known products, 5,6-dihydroxy-5,6-dihydrothymine
(thymine glycol, Tg) and 5,6-dihydroxy-5,6-dihydrocytosine (cyto-
sine glycol). As discussed in the next section, 8-oxodG and Tg are
often chosen as reliable markers of oxidative stress in a variety
of biological systems ranging from bacteria up to human cancer
patients. Especially in the case of 8-0xodG, this lesion has been
reported to exist at high steady levels in genomic, mitochondrial
and telomeric DNA and RNA [25]. In addition, 8-0xodG and Tg
have been both utilized as markers for indication of high levels
of oxidative stress and damage in the human body in association
with human cancer [2]. These lesions ultimately are not lethal to
the cell, but are considered to be highly mutagenic. Although the
creation of an altered base or base loss is not expected to result into
a significant destabilization of the DNA molecule, a localized per-
turbation of the stacking forces, hydrogen bonds and interaction
with water molecules and/or positive ions like Na* surrounding
the DNA double helix is expected [22,26]. It is generally accepted
that this localized destabilization and conformational changes of
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Fig. 1. Association of persistent oxidatively generated DNA lesions with human cancer. Cells in every organism are getting exposed on an everyday-basis to various oxidizing
and damaging agents ranging from exogenous sources like environmental, medical, diagnostic ionizing (IR) and non-ionizing radiations (X- or y-rays, a-particles from radon
decay, UVA radiation) or chemicals to intracellular (endogenous) sources of oxidative stress primarily produced by O, metabolism, immune responses and inflammation.
The final outcome is the production of reactive oxygen/nitrogen species (ROS, RNS) reacting with the DNA and producing various lesions and adducts (indirect effect). IR
can damage DNA also by direct energy deposition and ionizations. DNA damage can be induced also in neighboring or distant cells via an inflammation based mechanism
(bystander/distal effects). The first frontier of cellular defense against DNA damage consists of endogenous non-enzymatic radical scavengers like glutathione (GSH) and
vitamins like C, E, antioxidant enzymes like superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) as well as sophisticated and highly specified DNA
repair pathways. According to current status of knowledge, the major types of DNA damage and their repair are expected to be several DNA lesions like single strand breaks
(SSBs) and oxidized bases like 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-oxodG) and 5,6-dihydroxy-5,6-dihydrothymine (thymine glycol, Tg) in a clustered (OCDLs) or single
(isolated) formation. All these lesions are expected to be processed primarily by base excision repair (BER) while the involvement of nucleotide excision repair (NER) cannot
be excluded. Single DNA lesions are expected to be repaired more efficiently than OCDLs which can be very challenging for the cell to repair. In many cases, the cell will bypass
DNA damage using specific DNA polymerases and enter DNA replication creating mutations and chromosomal lesions. Alternatively the presence of unrepaired DNA lesions
can induce cell death through the apoptotic pathway. Chronic exposure to DNA lesions can lead to mutations and genomic instability (pre-cancerous state) and eventually

to malignant transformations (cancerous state).

the DNA at the site of the DNA lesion are part of the recognition
mechanisms used by the DNA glycosylases to detect the altered
guanine bases like 8-0xodG or FapydG [21,22]. Two other pyrimi-
dine lesions often detected in human patients as the result of the
interaction of the hydroxyl radical *OH with the methyl group of
the thymine, are the 5-(hydroxymethyl)uracil and 5-formyluracil
[2]. Again, although all these purine and pyrimidine oxidation
products are not considered lethal for the cell, they are usually
noncoding and highly mutagenic [27]. Through the hydrolysis of
the N-glycosidic bond of nucleotides in the DNA, the DNA base
is released and the phosphodiester backbone remains intact, ulti-
mately creating an AP site [28]. It must be stated that the most
prevalent and characteristic abasic sites formed under oxidative
stress are expected to be 2-deoxyribonolactone and the so-called
C4’ oxidized abasic site that arise from *OH-mediated hydrogen
abstraction at C1 and C4 of the 2-deoxyribose moiety of DNA
respectively [29]. Normal (transient) abasic sites arise mostly from

the spontaneous (non-enzymatic) hydrolysis of the N-glycosidic
bond of purine 2’-deoxyribonucleosides that is much more labile
than that of pyrimidine 2’-deoxyribonucleosides. These transient
apurinic sites though cannot be considered per se as oxidatively
generated damage to DNA but they have been shown to accumulate
in cells and tissue at significant numbers that can reach or exceed
~10,000/cell/day [30-33].Itis likely that a few *OH-mediated dam-
age to DNA including FapyGua and FapyAde may be considered as
potential precursors of apurinic sites since the opening of the imi-
dazole ring of the purine bases is known to lead to a pronounced
increase in the hydrolytic lability of their N-glycosidic bonds. This
occurrence is very common and can occur spontaneously or also
enzymatically as ‘repair intermediates’ after the removal (exci-
sion) of the damage base by a DNA glycosylase in base excision
repair (BER) [27,34,35]. AP sites are not considered lethal unless
in high levels and, if present are expected to block DNA poly-
merases therefore having a high mutagenic potential [36-38]. The
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two main repair pathways for the processing of oxidatively gen-
erated DNA lesions are considered to be the BER and to a smaller
extent nucleotide excision repair (NER) (Fig. 1).

With the interaction of the hydroxyl radicals with DNA, SSBs
may occur. The mechanism consists of hydrogen abstraction from
the 2-deoxyribose leading to the formation of carbon based radicals
which under the presence of oxygen can be converted to peroxyl
radicals (ROO*®). The peroxyl radicals through different reactions,
can also abstract hydrogen atoms from sugar moieties thus lead-
ing to DNA strand breaks. The most possible pathway though for
induction of strand breaks involves the *OH-mediated hydrogen
abstraction at C3’, C4’ and C5’ [29,39]. Peroxyl radicals are also
implicated in lipid peroxidation mediated DNA damage and car-
cinogenesis especially under the presence again of oxygen [40].
Through a process known as Fenton type reaction, hydrogen perox-
ide may be reduced by Fe?* creating the reactive hydroxyl radicals
which attack the DNA inducing base lesions and SSBs [28]. The
simultaneous attack of hydroxyl radicals to DNA and can cause
two neighboring SSBs i.e. a DSB [41]. Pioneering experiments by
Ward et al. have shown [41] that exposure of mammalian cells
to low-moderate concentration of H,0, (50 wM) although produc-
ing SSBs, is not efficient to kill cells and therefore suggesting for
the first time the idea of ‘locally multiply damage sites’ (LMDSs)
[41,42]. Only with much higher H,0, concentrations (50 mM) cell
killing was observed due to the induction of DNA lesions (DSBs
and other non-DSB lesions) presumably of higher complexity. The
damage to DNA is said to be clustered if the sites of impedi-
ment or damage are within two or more bases within few helical
turns (Fig. 1). Since then, quite a few laboratories have reported
the presence of non-DSB DNA clustered lesions in human cells or
tissues and their accumulation under persistent or chronic oxida-
tive stress or DNA repair deficiencies as reviewed in [10]. The
direct association between these DNA lesions and the occurrence
of endogenous or exogenous oxidative stress lead to the most
properly known idea of oxidatively generated non-DSB bistranded
clustered DNA lesions (OCDLs) [43]. Although the induction of
OCDLs with radiation is expected to be significant based on theo-
retical and experimental evidence [44], the situation is still unclear
pertaining the mechanism(s) leading to accumulation of clusters
endogenously as a result of high oxidative stress in the cell or tis-
sue [10]. Different studies suggest a great variation at the levels
of intracellular OCDLs ranging from a few clusters up to several
hundred per Gbp (10-1000 clusters/Gbp) depending on the mea-
surement method followed and the type of cells or tissues used
for detection [17,45-49]. We believe that the microenvironment
(redox status and repair efficiency) and origin of the cell or tissue
is also significant since mouse tissues for example are expected
to undergo always a higher state of oxidative stress compared
to human tissues based simply on the higher metabolic rate and
oxygen consumption [50]. Although a possible overestimation of
endogenous clusters maybe present at least in some cases, the
highly varying numbers published on the steady-state levels of
single (non-clustered) oxidatively generated DNA damage (like
8-0x0dG: 0.2-8 lesions/Mbp) [3,51,52] would support the accumu-
lation of clusters in tissues. Overall, many review studies [1,51-53]
reporting expected levels of endogenous oxidatively generated
DNA lesions in tissues or cells tend to agree that an expected low-
est number for one of the most frequent oxidative DNA lesions,
8-0x0dG, is ~0.1/10% normal bases or 0.2 (8-0xodG)/Mbp. The spe-
cific frequency is presumably indicative of insignificant artifactual
oxidation due to DNA isolation or measurement method. Con-
sidering the fact that 8-oxodG constitutes only ~5% of the total
number of oxidized base lesions [52], we can derive the minimum
number of ~4 total oxidative lesions/Mbp. This number of total
oxidative lesions gives an expected frequency of 0.4-0.8 oxybase
clusters/Mbpi.e.400-800 clusters/Gbp (2400-4800 per cell assum-

ing an average genome size of ~6 Gbp) based on the suggested ratio
of 5:1 to 10:1 of total oxidative lesions to oxybase clusters [54]. Of
course in these calculations, one should add the abasic DNA lesions
(AP sites) which are expected to be prevalent and repair resistant
[55,56] and also contribute to the total OCDL load present in the cell
or tissue. Recent studies by Chastain et al. [56] suggest a preferen-
tial AP site formation also in a clustered formation in genome areas
undergoing replication. The recent studies by Redon et al. [17],
also conclude that highly proliferative tissues are more suscepti-
ble to DNA damage induction (DSBs and OCDLs). Mechanistically,
we believe that the formation of OCDLs can be explained by the
abundance of intracellular ROS and oxidation events which can be
present also in a cluster formation [5]. In addition, several inde-
pendent studies suggest the possible formation of tandem lesions
(closely spaced in one strand) in cells through Fenton type reac-
tions and only one radical hit [57-59]. All these studies propose the
induction of these tandem lesions through electron transfer reac-
tions and oxidation of peroxyl radicals through intrastrand hole
migration. We cannot exclude such a mechanism also involved in
the induction of bistranded DNA clusters. But the existence of tan-
dem lesions by itself in cellular DNA would be detected as OCDLs by
all methodologies used for the measurement of bistranded lesions.
Interestingly and even in the case of OCDLs by ionizing radiation,
clusters are expected to be induced not really by a ‘two radical hit’
but one event [60,61]. Finally different studies have also reported
occurrence of endogenous DSBs (a form of bistranded clustered
DNA damage) in various cells or tissues [4,62-65].

It must be mentioned that in vivo, the final outcome of the inter-
action of DNA with ROS/RNS and distribution of DNA lesions is
practically determined by several factors like DNA repair, the levels
of antioxidant enzymes, DNA sequence and accessibility of free rad-
icals to react with DNA which is surrounded and usually protected
by histone proteins and tightly bound molecules (polyamines, thi-
ols, etc.) [66-69]. In addition, ROS/RNS can also attack except of the
DNA, various key cellular proteins like those participating in DNA
repair, cell cycle control etc. and severely affect their binding to
their DNA substrates i.e. damaged DNA or other proteins [15]. This
latter phenomenon of possible cellular protein destruction and/or
activation by free radicals is usually underestimated in cases where
the overall outcome and results of chronic exposure to oxidative
stress is studied.

3. Measurement of DNA damage in human cancer

Accumulating evidence supports the identification of oxida-
tively damaged DNA as a potential reliable indicator of oxidative
stress in an organism under the presence of a malignancy. Many
studies as presented in Table 1, show that in a variety of cancers
and tumors there is an ongoing battle between the persistence
of oxidative stress and generation of free radical species attack-
ing the DNA in one hand and the cellular defense mechanisms
(radical scavengers, antioxidant enzymes and DNA repair) on the
other. This can be manifested by the significant overexpression
of several antioxidant/repair enzymes in some malignant tissues
compared to controls in response to this high-oxidant status [70].
In many cases, the cellular defense network is overwhelmed by
the oxidative attack and the result is the induction of DNA lesions
at much higher levels compared to controls. The accepted impor-
tance and high necessity of accurate measurement of endogenous
DNA damage in different types of cells or tissues led to the employ-
ment of a variety of techniques and methods for the detection
of single oxidatively generated DNA lesions like 8-oxodG, Tg and
AP sites such as high performance liquid chromatography (HPLC),
liquid chromatography/tandem mass spectrometry (LC-MS/MS),
alkaline filter elution, single cell gel electrophoresis (SCGE or
Comet assay), adaptations of agarose gel electrophoresis and others
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Major documented cases with elevated levels of oxidative stress and/or DNA damage in human malignancies.

Type of cancer

Study model

Findings

Benign prostatic hyperplasia
(BPH)

Breast

Breast

Breast

Breast

Breast

Breast

Breast carcinoma

Cervical cancer

Colorectal cancer

Colorectal cancer

Colorectal cancer

Colorectal cancer

Colorectal cancer

Colorectal adenoma and cancer

Gastric

Gastric

Gynecologic cancer

Hepatocellular carcinoma
(HCC)

Acute lymphoblastic leukemia
(ALL)

Adult T cell leukemia
lymphoma; lymphoma,
acute leukemia and
myelodysplastic syndrome

Human prostate glands

Human mammary tissues: normal,
benign hyperplasia (BH), ductal
carcinoma in situ (DCIS) and invasive
breast cancer (IBC)

Human breast cancer patients

Human breast cancer patients and cell
lines

Human breast cancer cell lines

Human breast cancer cell lines

Breast cancer patients

Breast carcinoma patients

Cervical tissues in human patients

Colorectal cancer (CRC), benign
adenoma (AD) patients

Sporadic colorectal tumors patients

Colorectal tumor patients

Colon cancer patients

Colorectal cancer patients

Colorectal adenoma and cancer
patients
Gastric cancer patients

Human patients with chronic gastritis
and gastric cancer.
Female cancer patients

HCC Patients

Human lympocytes from ALL patients
and controls

Human leukemia and lymphoma
patients

Majority of patients had higher endogenous levels of typical *OH-induced products of
DNA bases and lower activities of antioxidant enzymes in BPH tissues than in
surrounding disease-free tissues of the prostate gland. When both catalase (CAT) and
superoxide dismutase (SOD) had decreased activities in BPH tissues, the increases in
the endogenous levels of DNA base products were most prominent [98].

A number of oxidative stress proteins, DNA repair proteins, and damage markers
overexpressed in human breast cancer tissue [99].

Significantly higher (P<0.0001) levels of 8-hydroxydeoxyguanosine (8-oxodG) in DNA
from tumor compared to non-malignant adjacent tissue [100].

Significantly elevated levels of 8-0xo-dG (P<0.001) in malignant breast tissue
(invasive ductal carcinoma); also levels significantly greater (P=0.007) in oestrogen
receptor positive (ORP) vs. ORP negative malignant tissue and cancer cell lines [101].
Defective DNA repair of 8-0xo-7,8-dihydroguanine in mitochondria of MCF-7 and
MDA-MB-468 human breast cancer cell lines [102].

Reduced repair of 8-0x0-7,8-dihydroguanine in the human breast cancer cell line,
HCC1937 [103].

Accumulation of oxidatively induced DNA damage in human breast cancer cell lines
following treatment with hydrogen peroxide [104].

Higher levels of endogenous oxidatively induced clustered DNA lesions (OCDLs) in
human breast cancer cell line MCF-7 compared to non-malignant MCF-10A [43].
Mean levels of 5-(hydroxymethyl)-2’-deoxyuridine were significantly higher in blood
of women who had high risk or invasive breast lesions vs. women with benign lesions
[105].

In a study monitoring patients’ serum level of oxidative DNA damage prior and
following chemotherapy, thiobarbituric acid reacting substances (TBARS), total
nitrite/nitrate (NOXx), nitrotyrosine (NT), and 8-0xodG concentrations significantly
increased prior to and following chemotherapy. Antioxidant enzyme activities and
total antioxidant capacity (TAS) were significantly decreased prior and following
chemotherapy [106].

Levels of 8-oxodG significantly increased (P<0.001) in DNA from low-grade and
high-grade levels of dysplasia, compared to normal, although this did not correlate
with human papillomavirus status [107].

Vitamin A, C, E levels decreased gradually in AD and CRC patients. 8-OxodG was found
increased in leukocytes and urine of CRC and AD patients. 8-OxoGua was higher only
in the urine of CRC patients while mRNA levels of OGG1 and APE1 increased in CRC
and AD patients [108].

Malondialdehyde and 8-hydroxy-2-deoxyguanosine (8-oxodG) levels were two-fold
higher in colorectal tumors compared to normal mucosa (P<0.005). Seven of 10 DNA
tumor samples (70%) showing higher values of 8-oxodG also had genetic alterations at
different chromosomal loci [109].

Significantly higher levels of 8-oxodG in nuclear DNA of primary adenocarcinoma,
compared to surrounding non-tumorous tissue (P<0.005) [110].

8-oxodG-specific lyase activity and expression were significantly up-regulated in
carcinoma; A proportional association between 8-oxodG levels and either 8-oxodG
lyase activity (P<0.05) or expression (P<0.05) present [111].

Significantly elevated levels of 8-oxodG lymphocyte DNA in colorectal cancer patients,
compared to controls accompanied by reduced levels of antioxidant vitamins [112].
Immunostaining for pATM, gammaH2AX and pChk2 revealed that all were
significantly expressed during tumor progression in advanced carcinoma (vs. normal
tissue for pATM (P<0.05); vs. normal and adenoma for gammaH2AX (P<0.05); and vs.
normal tissue for pChk2 (P<0.05). Western blot analysis of gammaH2AX and pChk2
revealed that their level increased gradually during tumor progression and was
maximal in advanced carcinoma (vs. normal tissue; P<0.05) [113].

Enzyme-linked immunosorbent assay revealed significant increased levels of 8-oxodG
(P=0.045) associated with development of colorectal adenoma and cancer [114].
Significantly higher levels of 8-oxodG in DNA from tumor-adjacent and tumor
adenocarcinoma tissues than in normal tissue (P<0.001) of gastric cancer patients
[115].

Levels of 8-oxodG significantly elevated in DNA from chronic atrophic gastritis
(P=0.0009), intestinal metaplasia (P=0.035) and Helicobacter pylori infected (P=0.001)
tissues, compared to unaffected controls [116].

Significantly higher (P < 0.05) levels of urinary 8-oxodG in patients with gynecological
cancer compared to control subjects [117].

Significantly (P<0.005) elevated levels of 8-0xo-dG in DNA from peritumoral tissue
compared to tumor tissue in HCC. In contrast, patients with hepatic metastases
(non-HCC) or end-stage alcoholic liver disease showed no differences between the
corresponding two regions [118].

Lymphocyte DNA levels of FapyGua, 8-oxoGua, FapyAde, 8-oxoAde, 5-OH-Cyt,
5-OH-5-MeHyd and 5-OH-Hyd significantly (P<0.05) elevated in ALL compared to
control subjects [119].

Significant difference in levels of urinary 8-oxodG between adult T cell
leukemia/lymphoma and controls (P<0.05); no significant difference in levels of
urinary 8-oxo-dG between lymphoma, acute leukemia and myelodysplastic syndrome
[120].
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Type of cancer Study model

Findings

Lung Human patients (18 with lung cancer
and 3 with normal cell lines)

Lung Lung cancer patients

Lung Lung cancer patients

Lung Patients with lung squamous cell

carcinoma (SCC)

Liver, ovary, kidney, breast,
and colon

Tumor and adjacent normal tissues
from human cancer patients.

Melanoma (cutaneous) Melanoma patients

Nasopharyngeal Human NPC cells

Prostate Male prostate cancer patients

Ovarian carcinoma Invasive ovarian carcinomas

Renal cell carcinoma (RCC) RCC patients

H1650 and H226 cell lines presented the lowest expression of hOGG1 mRNA
expression therefore having severe reduction in 8-0xoG incision in nuclear and
mitochondrial extracts. Under expression of hOGG1 mRNA and hOgg1 protein
associates with decrease in mitochondrial DNA repair to oxidative damaging agents
[121].

Lymphocyte DNA levels of 8-0xo0-dG significantly elevated (P<0.05) compared to
controls [122].

An increase in urinary 8-oxodG/creatinine was found in non-small-cell carcinoma
(non-SCC) patients during the course of radiotherapy. SCC patients showed higher
levels of urinary 8-oxodG/creatinine than the controls (P<0.05) [123].

In a pilot study of five subjects: levels of 8-OH-Ade elevated in tumor tissue of all SCC
patients vs. controls; levels of 8-oxoGua elevated in 4/5b patients; levels of FapyGua
elevated in 3 patients; 5-OHMeUra, 5-OH-Ura, 5-OH-Cyt, 2-OH-Ade levels elevated in
3/5 patients; 5-OH-Hyd, 5,6-diOH-Ura, FapyAde (DNA)-levels elevated in only 1/5 or
2/5 patients. Antioxidant enzyme (GPx, SOD and CAT) levels were lower in cancerous
tissues [124].

Higher non-DSB clustered oxidative DNA lesions (OCDLs) in many tumor vs. normal
tissues, importance of endogenous non DSB clusters in human cancer and their

potential use as cancer biomarkers [45].
Nuclear and cytoplasmic 8-0xodG staining were evaluated in combination, total
8-0x0dG resulted significantly associated with p53 (P=0.026) and with nuclear or

total (nuclear and cytoplasmic staining evaluated in combination) surviving

immunoreactivity, with borderline significance (P=0.095). In survival analysis,
Kaplan-Meier univariate analysis demonstrated that patients with tumors negative for
nuclear 8-oxodG had significantly longer survival time compared with those with
nuclear 8-oxodG-positive tumors (P=0.032) [125].

All cases of NPC were positive for 8-NitroG, 8-oxodG and 94.7% were positive for INOS.

NPC samples exhibited significantly more intense staining for 8-NitroG, 8-oxodG and
INOS than those of chronic nasopharyngitis. Pathological stimulation of
nasopharyngeal tissue, caused by bacterial, viral, or parasitic inflammation, may lead
to nitrative and oxidative DNA lesions, caused by nitric oxide [126].

Significant increased risk was observed for individuals who carried 1 or 2 copies of the
variant allele of the XRCC-1 Arg399GIn polymorphism, compared with those who only
harbored the wild-type allele. Variability in the capacity of repairing oxidative DNA
damage influences susceptibility to prostate cancer [127].

8-o0xo0dG, to be a powerful prognostic factor in ovarian carcinoma (Kaplan-Meier
survival log-rank-analysis P=0.003). 8-oxodG also associated with poor differentiation
(P=0.053), higher stage (P<0.001) and non-optimal surgical outcome (P=0.002)[128].
A 54% higher content of 8-oxodG was found in RCC than in the corresponding
non-tumorous kidney, suggesting that the DNA of RCC is more exposed to ROS than is
the DNA of non-tumorous kidneys [129].

[71-75]. Experimental evidence suggests the presence of ‘back-
ground’ oxidatively generated DNA lesions (e.g., abasic sites or
oxidized bases) in human or animal cells and tissues at values rang-
ing from 100-10,000 lesions/Gbp [3,31,76-79]. In all cases, DNA
has to be isolated from the cells or tissues and therefore some
artefactual DNA damage may be measured due to the unavoidable
oxidation of DNA during extraction. There is a lot of controversy
and debate about the steady-state levels of 8-oxoGua and in general
about the oxidized bases steady-state level as reviewed in [4,10].
The measurement of 8-oxo-7,8-dihydroguanine (8-oxoGua) or its
related 2’-deoxyribonucleoside (8-oxodGuo) is often used as an
indicator of oxidation reactions to cellular DNA. Again, evidence
that has been accumulated during the last decade suggests that sev-
eral of the methods used for detecting 8-oxoGua in cellular DNA
gave rise to erroneous conclusions due to artefactual oxidation
reactions for chromatographic methods (erroneous GC-MS mea-
surements) and lack of specificity for the immunoassays [52,80].
In addition another identified drawback although of much lower
amplitude than the previous, deals with artefactual oxidation reac-
tions during DNA extraction and subsequent work-up. There is a
consensus for a higher steady-state values that are close to ~1
8-oxodGuo lesion per 10 normal nucleosides following several
ESCODD reports [52,80] a few years ago and reviewed in [1]. How-
ever there is a discrepancy between the latter HPLC measurements
and the values obtained using enzymatic assays which in fact are
about 15-fold lower. This may be partially explained by a rela-
tively small contribution of occurrence of artefactual oxidation in
the HPLC assays and an incomplete digestion of oxidatively gener-

ated tandem bases modifications as recently proposed by Bergeron
et al. [57]. Similar artifacts maybe present up to an extent with
all the electrophoretic methodologies used for the measurement
of DSBs and OCDLs in cells or tissues like non-denaturing Comet
assay or pulsed field gel electrophoresis [10,44]. In addition, the
prolonged periods of cell-lysis at temperatures equal and espe-
cially higher to 37°C during DNA preparation can introduce the
problem of ‘heat-labile’ sites. These sites can be induced by ion-
izing radiation or other chemical agents within a clustered DNA
damage site and then are thermally converted to SSBs or DSBs and
therefore can be mistakenly measured as DNA damage [81]. Even
in the case of the y-H2AX foci methodology which can be used
very successfully for the in situ detection of DSBs, different stud-
ies suggest the possible induction of these foci at non-DSB sites
like degraded telomeres or in the absence of DNA damage [63,82].
Current electrophoretic techniques although rendering significant
information on the spectrum of clustered DNA damage have sev-
eral intrinsic problems especially related to the detection of small
DNA fragments leading to the underestimation of damage levels
[44]. All these experimental difficulties point to the need for the
development of an independent method for the accurate detec-
tion of clustered DNA lesions. Dynamic dielectric relaxation and
conductivity methods have been used in the past for the sensitive
detection of DNA damage and degradation, structure changes and
apoptosis-induced DNA fragmentation but have not been applied in
the case of complex DNA damage detection [26,83,84]. Specifically,
the technique of broadband dielectric relation spectroscopy (DRS)
is well established and one of the most widely applied non-invasive
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techniques used for probing the structure and function of a wide
variety of biopolymers like DNA, proteins etc. as reviewed in [85].
Over the last thirty years, the DNA dielectric behavior in solution
has been investigated by many research groups. Measurements of
dc conductivity have also been used in the past for the study of
radiation induced breaks in single stranded polynucleotides and
DNA molecules. The observed changes in conductivity have been
attributed to the liberation of counterions from these polymers as
aresult of the induced single strand breaks [86-88]. Dielectric mea-
surements have been also applied for the successful differentiation
of breast carcinoma to surrounding normal breast tissues [89]. But
as with all methods, a major difficulty for the use of DRS is the usual
high conductivity of cell or DNA solutions giving rise to electrode
polarization phenomena [90].

4. Conclusions and future directions

Many characteristic studies (Table 1) support the implication
of persistent or chronic oxidative stress and damage in human
carcinogenesis. Although they may suffer in some cases from a
lack of accuracy and a relative overestimation of the DNA lesions
detected, they pinpoint to the existence of a phenomenon i.e. the
parallel existence of a malignancy and oxidative DNA injury. The
idea of using several oxidatively generated DNA lesions (like 8-
oxodG, Tg, AP sites and potentially OCDLs) as novel biomarkers of
oxidative stress, chronic inflammation and susceptibility to can-
cer gains more ground. The many well documented cases of higher
levels of DNA damage in malignant cells or tissues compared to
non-malignant controls definitely reveals a great potential in the
usage of oxidatively generated DNA damage biomarkers towards
prognostic and curative applications in cancer and inflammation
as shown in Table 1 and also in [72]. The alternative presenta-
tion of these data also as a percentage (%) of damage increase
in cancer patients (relative to controls) in many cases makes the
above mentioned trend even more pronounced [91] and further
emphasizes the potential application of these novel biomarkers
associated with oxidative stress in a malignancy. Although no
knowledge of a definite mechanism exists on the occurrence of ele-
vated DNA damage in the presence of cancerous cells or a tumor
in the organism usually referred as ‘reverse-causation’ effect initi-
ated by tumor growth [92], all the above discussed mechanisms
of deficient DNA repair and/or antioxidant systems as well as
the induction of inflammatory responses may be involved. Onco-
genic changes induce a chronic inflammatory microenvironment
within and surrounding tumors including presence of inflamma-
tory cells like macrophages and inflammatory mediators such as
chemokines, cytokines and prostaglandins [12] as well as ele-
vated levels of endogenous oxidative stress and ROS production
[3,93]. These ROS, produced either directly by tumors, or indirectly
via inflammatory responses, can cause DNA damage in healthy
neighboring cells as well as distant sites (Fig. 1). Although no
direct and specific mechanistic insights can be derived from all
the above studies towards the exact role of oxidatively induced
DNA damage, the conversion of unrepaired or misrepaired DNA
lesions to mutations seems to be the driving force directing a
cell(s) to transformation and carcinogenesis [94]. The abrogation
and/or deregulation of key DNA repair, cell growth and apoptosis
related proteins play definitely a governing role in the promotion
of chromosomal instability and malignancy [16,95]. In addition,
new molecular approaches like epigenetics and proteomics are
needed that will allow us gain further mechanistic insights [96,97].
At the same time, the exploitation of new ‘cancer biomarkers’ in
the future will not only contribute significantly in early progno-
sis but also in the structural design of new and more efficient
therapeutic regimes especially in oxidative stress-related malig-
nancies.

Conflict of interest
There are no conflicts of interest.
Acknowledgments

The authors would like to express their gratitude to Drs. J.L.
Ravanat and P. O’Neill for helpful discussions. This work was sup-
ported by funds provided to Dr. Georgakilas by a 2009/2010 ECU
Research/Creative Activity Award. Dr. Pissis was funded by the
National Technical University of Athens, Greece.

References

[1] J. Cadet, T. Douki, J.-L. Ravanat, Oxidatively generated base damage to cellular
DNA, Free Radic. Biol. Med. 49 (2010) 9-21.

[2] F. Altieri, C. Grillo, M. Maceroni, S. Chichiarelli, DNA damage and repair: from
molecular mechanisms to health implications, Antioxid. Redox Signal. 10
(2008) 891-930.

[3] R. De Bont, N. van Larebeke, Endogenous DNA damage in humans: a review
of quantitative data, Mutagenesis 19 (2004) 169-185.

[4] O.A.Sedelnikova, C.E.Redon,].S.Dickey, A.J. Nakamura, A.G. Georgakilas, W.M.
Bonner, Role of oxidatively induced DNA lesions in human pathogenesis,
Mutat. Res. 704 (2010) 152-159.

[5] M. Pollycove, L.E. Feinendegen, Radiation-induced versus endogenous DNA
damage: possible effect of inducible protective responses in mitigating
endogenous damage, Hum. Exp. Toxicol. 22 (2003) 290-306.

[6] B. Epe, Role of endogenous oxidative DNA damage in carcinogenesis: what
can we learn from repair-deficient mice? Biol. Chem. 383 (2002) 467-475.

[7] A.L. Jackson, L.A. Loeb, The contribution of endogenous sources of DNA dam-
age to the multiple mutations in cancer, Mutat. Res. 477 (2001) 7-21.

[8] C.H. Lim, P.C. Dedon, W.M. Deen, Kinetic analysis of intracellular concentra-
tions of reactive nitrogen species, Chem. Res. Toxicol. 21 (2008) 2134-2147.

[9] A.G. Georgakilas, W. Mosley, S. Georgakila, D. Zeich, M.I. Panayiotidis, Viral-
induced human carcinogenesis: an oxidative stress perspective, Mol. Biosyst.
6(2010) 1162-1172.

[10] A.G. Georgakilas, Processing of DNA damage clusters in human cells: current
status of knowledge, Mol. Biosyst. 4 (2008) 30-35.

[11] M. Sitkovsky, D. Lukashev, Regulation of immune cells by local-tissue oxygen
tension: HIF1[alpha] and adenosine receptors, Nat. Rev. Immunol. 5 (2005)
712-721.

[12] A. Mantovani, P. Allavena, A. Sica, F. Balkwill, Cancer-related inflammation,
Nature 454 (2008) 436-444.

[13] W.-T. Chang, Y.-C. Yang, H.-H. Lu, LL. Li, I. Liau, Spatiotemporal char-
acterization of phagocytic NADPH oxidase and oxidative destruction of
intraphagosomal organisms in vivo using autofluorescence imaging and
Raman microspectroscopy, J. Am. Chem. Soc. 132 (2010) 1744-1745.

[14] W.Eiberger, B. Volkmer, R. Amouroux, C. Dhérin, ].P. Radicella, B. Epe, Oxida-
tive stress impairs the repair of oxidative DNA base modifications in human
skin fibroblasts and melanoma cells, DNA Repair 7 (2008) 912-921.

[15] N.Gillard, M. Begusova, B. Castaing, M. Spotheim-Maurizot, Radiation affects
binding of Fpg repair protein to an abasic site containing DNA, Radiat. Res.
162 (2004) 566-571.

[16] J.M. Hair, G.I. Terzoudji, V.I. Hatzi, K.A. Lehockey, D. Srivastava, W. Wang, G.E.
Pantelias, A.G. Georgakilas, BRCA1 role in the mitigation of radiotoxicity and
chromosomal instability through repair of clustered DNA lesions, Chem. Biol.
Interact. 188 (2010) 350-358.

[17] C.Redon, ].S. Dickey, A. Nakamura, I. Kareva, D. Naf, S. Nowsheen, T.B. Krys-
ton, W.M. Bonner, A.G. Georgakilas, O.A. Sedelnikova, Tumors induce complex
DNA damage in distant proliferative tissues in vivo, Proc. Natl. Acad. Sci. U.S.A.
107 (2010) 17992-17997.

[18] R. Medzhitov, Origin and physiological roles of inflammation, Nature 454
(2008) 428-435.

[19] M.V.Sokolov,].S. Dickey, W.M. Bonner, O.A. Sedelnikova, y-H2AX in bystander
cells: not just a radiation-triggered event, a cellular response to stress medi-
ated by intercellular communication, Cell Cycle 6 (2007) 2210-2212.

[20] G. Cohen, P.M. Sinet, The Fenton reaction between ferrous-
diethylenetriaminepentaacetic acid and hydrogen peroxide, FEBS Lett.
138 (1982) 258-260.

[21] A.Spassky, D. Angelov, Influence of the local helical conformation on the gua-
nine modifications generated from one-electron DNA oxidation, Biochemistry
36(1997) 6571-6576.

[22] S.Jiranusornkul, C.A. Laughton, Destabilization of DNA duplexes by oxidative
damage at guanine: implications for lesion recognition and repair, J.R. Soc.
Interface 5 (2008) 191-198.

[23] T. Douki, R. Martini, J.L. Ravanat, RJ. Turesky, ]J. Cadet, Measurement of 26-
diamino-4-hydroxy-5-formamidopyrimidine and 8-oxo-7,8-dihydroguanine
inisolated DNA exposed to gamma radiation in aqueous solution, Carcinogen-
esis 18 (1997) 2385-2391.

[24] J.P. Pouget, T. Douki, M.]. Richard, J. Cadet, DNA damage induced in cells by
v and UVA radiation as measured by HPLC/GC-MS and HPLC-EC and comet
assay, Chem. Res. Toxicol. 13 (2000) 541-549.



200 T.B. Kryston et al. / Mutation Research 711 (2011) 193-201

[25] Z. Radak, 1. Boldogh, 8-Oxo0-7,8-dihydroguanine: links to gene expression,
aging, and defense against oxidative stress, Free Radic. Biol. Med. 49 (2010)
587-596.

[26] A.A.Konsta, E.E. Visvardis, K.S. Haveles, A.G. Georgakilas, E.G. Sideris, Detect-
ing radiation-induced DNA damage: from changes in dielectric properties to
programmed cell death, J. Non-Cryst. Solids 305 (2003) 295-302.

[27] S.S.Wallace, Biological consequences of free radical-damaged DNA bases, Free
Radic. Biol. Med. 33 (2002) 1-14.

[28] W.K. Pogozelski, T.D. Tullius, Oxidative strand scission of nucleic acids: routes
initiated by hydrogen abstraction from the sugar moiety, Chem.Rev.98 (1998)
1089-1108.

[29] P.C. Dedon, The chemical toxicology of 2-deoxyribose oxidation in DNA,
Chem. Res. Toxicol. 21 (2007) 206-219.

[30] D.E.Barnes, T. Lindahl, Repair and genetic consequences of endogenous DNA
base damage in mammalian cells, Annu. Rev. Genet. 38 (2004) 445-476.

[31] H. Atamna, I. Cheung, B.N. Ames, A method of detecting abasic sites in living
cells: age-dependent changes in base excision repair, Proc. Natl. Acad. Sci.
U.S.A. 97 (2000) 686-691.

[32] T.Lindahl, D.E. Barnes, Repair of endogenous DNA damage cold spring, Harb.
Symp. Quant. Biol. 65 (2000) 127-133.

[33] T.Lindahl, Instability and decay of the primary structure of DNA, Nature 362
(1993) 709-715.

[34] A. Sancar, G.B. Sancar, DNA repair enzymes, Annu. Rev. Biochem. 57 (1988)
29-67.

[35] G.B.Sancar, W.Siede, A.A. van Zeeland, Repair and processing of DNA damage:
a summary of recent progress, Mutat. Res. 362 (1996) 127-146.

[36] S.L.Yu, S.K. Lee, R.E. Johnson, L. Prakash, S. Prakash, The stalling of transcrip-
tion at abasic sites is highly mutagenic, Mol. Cell. Biol. 23 (2003) 382-388.

[37] M. Takeshita, W. Eisenberg, Mechanism of mutation on DNA templates con-
taining synthetic abasic sites: study with a double strand vector, Nucleic Acids
Res. 22 (1994) 1897-1902.

[38] D.M.R. Wilson, D. Barsky, The major human abasic endonuclease: formation,
consequences and repair of abasic lesions in DNA, Mutat. Res. 485 (2001)
283-307.

[39] W. Chan, B. Chen, L. Wang, K. Taghizadeh, M.S. Demott, P.C. Dedon, Quantifi-
cation of the 2-deoxyribonolactone and nucleoside 5'-aldehyde products of
2-deoxyribose oxidation in DNA and cells by isotope-dilution gas chromatog-
raphy mass spectrometry: differential effects of y-radiation and Fe?*-EDTA,
J. Am. Chem. Soc. 132 (2010) 6145-6153.

[40] P. Lim, G.E. Wuenschell, V. Holland, D.-H. Lee, G.P. Pfeifer, H. Rodriguez,
J. Termini, Peroxyl radical mediated oxidative DNA base damage: implica-
tions for lipid peroxidation induced mutagenesis, Biochemistry 43 (2004)
15339-15348.

[41] J.F. Ward, W.F. Blakely, E.I. Joner, Mammalian cells are not killed by DNA
single-strand breaks caused by hydroxyl radicals from hydrogen peroxide,
Radiat. Res. 103 (1985) 383-392.

[42] J.F. Ward, Some biochemical consequences of the spatial distribution of ion-
izing radiation produced free radicals, Radiat. Res. 86 (1981) 185-195.

[43] E.Gollapalle, R. Wong, R. Adetolu, D. Tsao, D. Francisco, G. Sigounas, A.G. Geor-
gakilas, Detection of oxidative clustered DNA lesions in X-irradiated mouse
skin tissues and human MCF-7 breast cancer cells, Radiat. Res. 167 (2007)
207-216.

[44] M.Hada, A.G. Georgakilas, Formation of clustered DNA damage after high-LET
irradiation: a review, J. Radiat. Res. 49 (2008) 203-210.

[45] S. Nowsheen, R.L. Wukovich, K. Aziz, P.T. Kalogerinis, C.C. Richardson, M.L.
Panayiotidis, W.M. Bonner, O.A. Sedelnikova, A.G. Georgakilas, Accumulation
of oxidatively induced clustered DNA lesions in human tumor tissues, Mutat.
Res. 674 (2009) 131-136.

[46] P.Bennett, A.A.Ishchenko,]. Laval, B. Paap, B.M. Sutherland, Endogenous DNA
damage clusters in human hematopoietic stem and progenitor cells, Free
Radic. Biol. Med. 45 (2008) 1352-1359.

[47] S. Paul, L. Gros, J. Laval, B.M. Sutherland, Expression of the E. coli fpg pro-
tein in CHO cells lowers endogenous oxypurine clustered damage levels and
decreases accumulation of endogenous Hprt mutations, Environ. Mol. Muta-
gen. 47 (2006) 311-319.

[48] B.M. Sutherland, P.V. Bennett, N.S. Cintron, P. Guida, J. Laval, Low levels of
endogenous oxidative damage cluster levels in unirradiated viral and human
DNAs, Free Radic. Biol. Med. 35 (2003) 495-503.

[49] P.V. Bennett, N.S. Cintron, L. Gros, ]. Laval, B.M. Sutherland, Are endogenous
clustered DNA damages induced in human cells? Free Radic. Biol. Med. 37
(2004) 488-499.

[50] B.N. Ames, L.S. Gold, Endogenous mutagens and the causes of aging and can-
cer, Mutat. Res. 250 (1991) 3-16.

[51] J. Cadet, T. Douki, D. Gasparutto, J. Ravanat, Oxidative damage to DNA: forma-
tion, measurement and biochemical features, Mutat. Res. 531 (2003) 5-23.

[52] C.M. Gedik, A. Collins, ESCODD (European Standards Committee on Oxidative
DNA Damage), Establishing the background level of base oxidation in human
lymphocyte DNA: results of an interlaboratory validation study, FASEB J. 19
(2005) 82-84.

[53] H.E. Poulsen, Oxidative DNA modifications, Exp. Toxic. Pathol. 57 (2005)
161-169.

[54] B.M. Sutherland, P.V. Bennett, O. Sidorkina, J. Laval, Clustered damages and
total lesions induced in DNA by ionizing radiation: oxidized bases and strand
breaks, Biochemistry 39 (2000) 8026-8031.

[55] P.D. Chastain II., J. Nakamura, J. Swenberg, D. Kaufman, Nonrandom AP site
distribution in highly proliferative cells, FASEB J. 20 (2006) 2612-2614.

[56] P.D. Chastain, J. Nakamura, S. Rao, H. Chu, J.G. Ibrahim, J.A. Swenberg, D.G.
Kaufman, Abasic sites preferentially form at regions undergoing DNA repli-
cation, FASEB J. 24 (2010) 3674-3680.

[57] F.Bergeron, F. Auvré, ].P. Radicella, ].-L. Ravanat, HO* radicals induce an unex-
pected high proportion of tandem base lesions refractory to repair by DNA
glycosylases, Proc. Natl. Acad. Sci. U.S.A. 107 (2010) 5528-5533.

[58] M.E. Lomax, M.K. Gulston, P. O’Neill, Chemical aspects of clustered DNA dam-
age Induction by ionising radiation, Radiat. Prot. Dosimetry 99 (2002) 63-68.

[59] H.C.Box, J.B. Dawidzik, E.E. Budzinski, Free radical-induced double lesions in
DNA, Free Radic. Biol. Med. 31 (2001) 856-868.

[60] B.M.Sutherland, A.G. Georgakilas, P.V. Bennett, J. Laval, ].C. Sutherland, Quan-
tifying clustered DNA damage induction and repair by gel electrophoresis,
electronic imaging and number average length analysis, Mutat. Res. 531
(2003)93-107.

[61] K. Magnander, R. Hultborn, K. Claesson, K. Elmroth, Clustered DNA damage
in irradiated human diploid fibroblasts: influence of chromatin organization,
Radiat. Res. 173 (2010) 272-282.

[62] E.Burlakova, G. Zhizhina, S. Gurevich, L. Fatkullina, A. Kozachenko, L. Nagler,
T. Zavarykina, V. Kashcheev, Biomarkers of oxidative stress and smoking in
cancer patients, J. Cancer Res. Ther. 6 (2010) 47-53.

[63] W.M.Bonner, C.E.Redon,].S. Dickey, A.J. Nakamura, O.A. Sedelnikova, S. Solier,
Y. Pommier, [gamma]H2AX and cancer, Nat. Rev. Cancer 8 (2008) 957-967.

[64] W. Pornthanakasem, N. Kongruttanachok, C. Phuangphairoj, C. Suyarnses-
takorn, T. Sanghangthum, S. Oonsiri, W. Ponyeam, T. Thanasupawat, O.
Matangkasombut, A. Mutirangura, LINE-1 methylation status of endogenous
DNA double-strand breaks, Nucleic Acids Res. 36 (2008) 3667-3675.

[65] T.Yu, S.H. MacPhail, ].P. Banath, D. Klokov, P.L. Olive, Endogenous expression
of phosphorylated histone H2AX in tumors in relation to DNA double-strand
breaks and genomic instability, DNA Repair 5 (2006) 935-946.

[66] M. Davidkova, V. Stisova, S. Goffinont, N. Gillard, B. Castaing, M. Spotheim-
Maurizot, Modification of DNA radiolysis by DNA-binding proteins: structural
aspects, Radiat. Prot. Dosimetry 122 (2006) 100-105.

[67] D. Sy, S. Hugot, C. Savoye, S. Ruiz, M. Charlier, M. Spotheim-Maurizot, Radio-
protection of DNA by spermine: a molecular modelling approach, Int. J. Radiat.
Biol. 75 (1999) 953-961.

[68] D.Sy, C.Savoye, M. Begusova, V. Michalik, M. Charlier, M. Spotheim-Maurizot,
Sequence-dependent variations of DNA structure modulate radiation-
induced strand breakage, Int. J. Radiat. Biol. 72 (1997) 147-155.

[69] M. Spotheim-Maurizot, S. Ruiz, R. Sabattier, M. Charlier, Radioprotection of
DNA by polyamines, Int. J. Radiat. Biol. 68 (1995) 571-577.

[70] C. Curtis, D. Thorngren, A. Nardulli, Inmunohistochemical analysis of oxida-
tive stress and DNA repair proteins in normal mammary and breast cancer
tissues, BMC Cancer 10 (2010) 9.

[71] J. Cadet, M. Bardet, M. Berger, T. Berthod, T. Delatour, C. D’Ham, T. Douki, D.
Gasparutto, A. Grand, A. Guy, F. Jolibois, D. Molko, M. Polverelli, J.-L. Ravanat,
A. Romieu, B. Signorini, S. Sauvaigo, Oxidative base damage to DNA Recent
mechanistic aspects, measurement and repair, in: M. Dizdaroglu, K. Karakaya
(Eds.), Advances in DNA Damage and Repair, Kluwer Academic/Plenum, New
York, 1999.

[72] M.D. Evans, M. Dizdaroglu, M.S. Cooke, Oxidative DNA damage and disease:
induction, repair and significance, Mutat. Res. 567 (2004) 1-61.

[73] M.S. Cooke, M.D. Evans, M. Dizdaroglu, J. Lunec, Oxidative DNA damage:
mechanisms, mutation, and disease, FASEB J. 17 (2003) 1195-1214.

[74] M. Dizdaroglu, P. Jaruga, H. Rodriguez, Measurement of 8-hydroxy-2'-
deoxyguanosine in DNA by high-performance liquid chromatography-mass
spectrometry: comparison with measurement by gas chromatography-mass
spectrometry, Nucleic Acids Res. 29 (2001) e12.

[75] M. Dizdaroglu, Facts about the artifacts in the measurement of oxidative DNA
base damage by gas chromatography-mass spectrometry, Free Radic. Res. 29
(1998) 551-563.

[76] J. Nakamura, AJ. Swenberg, Endogenous apurinic/apyrimidinic sites in
genomic DNA of mammalian tissues, Cancer Res. 59 (1999) 2522-2526.

[77] A.Klungland, I. Rosewell, S. Hollenbach, E. Larsen, G. Daly, B. Epe, E. Seeberg,
T. Lindahl, D.E. Barnes, Accumulation of premutagenic DNA lesions in mice
defective in removal of oxidative base damage, Proc. Natl. Acad. Sci. U.S.A. 96
(1999) 13300-13305.

[78] ]. Cadet, T. Douki, S. Frelon, S. Sauvaigo, J.P. Pouget, J.L. Ravanat, Assessment
of oxidative base damage to isolated and cellular DNA by HPLC-MS/MS mea-
surement, Free Radic. Biol. Med. 33 (2002) 441-449.

[79] L.Risom, C. Lundby, ].J. Thomsen, L. Mikkelsen, S. Loft, G. Friis, P. Mgller, Acute
hypoxia and reoxygenation-induced DNA oxidation in human mononuclear
blood cells, Free Radic. Res. 37 (2003) 957-966.

[80] A.R. Collins, ]. Cadet, L. Moller, H.E. Poulsen, J. Vifia, Are we sure we know
how to measure 8-0xo-7,8-dihydroguanine in DNA from human cells? Arch.
Biochem. Biophys. 423 (2004) 57-65.

[81] S.K.Singh, W.Wu, W.Wu, M. Wang, G. Iliakis, Extensive repair of DNA double-
strand breaks in cells deficient in the DNA-PK-dependent pathway of NHE]
after exclusion of heat-labile sites, Radiat. Res. 172 (2009) 152-164.

[82] E. Soutoglou, T. Misteli, Activation of the cellular DNA damage response in
the absence of DNA lesions, Science 320 (2008) 1507-1510.

[83] S.L. Ding, L.F. Sheu, ].C. Yu, T.L. Yang, B.F. Chen, F,J. Leu, C.Y. Shen, Abnormal-
ity of the DNA double-strand-break checkpoint/repair genes, ATM, BRCA1
and TP53, in breast cancer is related to tumour grade, Br. J. Cancer 90 (2004)
1995-2001.

[84] A.G. Georgakilas, A.A. Konsta, E.G. Sideris, L. Sakelliou, Dielectric UV spec-
trophotometric study of physicochemical effects of ionizing radiation on



T.B. Kryston et al. / Mutation Research 711 (2011) 193-201 201

mammalian macromolecular DNA, IEEE Trans. Dielectrics El. 8 (2001),
549-545.

[85] Y. Feldman, I. Ermolina, Y. Hayashi, Time domain dielectric spectroscopy
study of biological systems, IEEE Trans. Dielectrics El. 10 (2003) 728-753.

[86] E. Bothe, D. Schulte-Frohlinde, Release of K* and H* from poly U in aqueous
solution upon gamma and electron irradiation rate of strand break formation
in poly U, Z. Naturforsch. C. 37 (1982) 1191-1204.

[87] E.Bothe, G.A. Qureshi, D. Schulte-Frohlinde, Rate of OH radical induced strand
break formation in single stranded DNA under anoxic conditions. An inves-
tigation in aqueous solutions using conductivity methods, Z. Naturforsch. C.
38 (1983) 1030-1042.

[88] M. Adinarayana, E. Bothe, D. Schulte-Frohlinde, Hydroxyl radical-induced
strand break formation in single-stranded polynucleotides and single-
stranded DNA in aqueous solution as measured by light scattering and by
conductivity, Int. ]. Radiat. Biol. 54 (1988) 723-737.

[89] M.R. Stoneman, M. Kosempa, W.D. Gregory, C.W. Gregory, JJ. Marx, W.
Mikkelson, J. Tjoe, V. Raicu, Correction of electrode polarization contribu-
tions to the dielectric properties of normal and cancerous breast tissues at
audio/radiofrequencies, Phys. Med. Biol. 52 (2007) 6589-6604.

[90] F.Pedone, A. Bonincontro, Temperature dependence of DNA dielectric disper-
sion at radiofrequency, Biochim. Biophys. Acta 1073 (1991) 580-584.

[91] H. lijima, H.B. Patrzyc, E.E. Budzinski, H.G. Freund, ].B. Dawidzik, KJ. Rod-
abaugh, H.C. Box, A study of pyrimidine base damage in relation to oxidative
stress and cancer, Br. J. Cancer 101 (2009) 452-456.

[92] M. Berwick, P. Vineis, Markers of DNA repair and susceptibility to cancer in
humans: an epidemiologic review, J. Natl. Cancer Inst. 92 (2000) 874-897.

[93] T.P.Szatrowski, C.F. Nathan, Production of large amounts of hydrogen perox-
ide by human tumor cells, Cancer Res. 51 (1991) 794-798.

[94] R. Olinski, D. Gackowski, R. Rozalski, M. Foksinski, K. Bialkowski, Oxidative
DNA damage in cancer patients: a cause or a consequence of the disease
development? Mutat. Res. 531 (2003) 177-190.

[95] S.M. Holt, ]J.L. Scemama, M.I. Panayiotidis, A.G. Georgakilas, Compromised
repair of clustered DNA damage in the human acute lymphoblastic leukemia
MSH2-deficient NALM-6 cells, Mutat. Res. 674 (2009) 123-130.

[96] D. Ziech, R. Franco, A.G. Georgakilas, S. Georgakila, V. Malamou-Mitsi, O.
Schoneveld, A. Pappa, M.I. Panayiotidis, The role of reactive oxygen species
and oxidative stress in environmental carcinogenesis and biomarker devel-
opment, Chem. Biol. Interact. 188 (2010) 334-339.

[97] D. Ziech, R. Franco, A. Pappa, V. Malamou-Mitsi, S. Georgakila, A.G. Geor-
gakilas, M.I. Panayiotidis, The role of epigenetics in environmental and
occupational carcinogenesis, Chem. Biol. Interact. 188 (2010) 334-339.

[98] R. Olinski, T.H. Zastawny, M. Foksinski, A. Barecki, M. Dizdaroglu, DNA base
modifications and antioxidant enzyme activities in human benign prostatic
hyperplasia, Free Radic. Biol. Med. 18 (1995) 807-813.

[99] C.D. Curtis, D.L. Thorngren, A.M. Nardulli, Inmunohistochemical analysis of
oxidative stress and DNA repair proteins in normal mammary and breast
cancer tissues, BMC Cancer 10 (2010) 9.

[100] A.Matsui, T. Ikeda, K. Enomoto, K. Hosoda, H. Nakashima, K. Omae, M. Watan-
abe, T. Hibi, M. Kitajima, Increased formation of oxidative DNA damage
8-hydroxy-2'-deoxyguanosine, in human breast cancer tissue and its rela-
tionship to GSTP1 and COMT genotypes, Cancer Lett. 151 (2000) 87-95.

[101] J. Musarrat, J. Arezina-Wilson, A.A. Wani, Prognostic and aetiological rele-
vance of 8-hydroxyguanosine in human breast carcinogenesis, Eur. J. Cancer
32A(1996) 1209-1214.

[102] E. Mambo, S.G. Nyaga, V.A. Bohr, M.K. Evans, Defective DNA repair of 8-
hydroxyguanine in mitochondria of MCF-7 and MDA-MB-468 human breast
cancer cell lines, Cancer Res. 62 (2002) 1349-1355.

[103] S.G. Nyaga, A. Lohani, P. Jaruga, A.R. Trzeciak, M. Dizdaroglu, M.K. Evans,
Reduced repair of 8-hydroxyguanine in the human breast cancer cell line,
HCC1937, BMC Cancer 6 (2006) 297-312.

[104] S.G. Nyaga, J.P. Lohani, A. Dizdaroglu, M. Evans, Accumulation of oxidatively
induced DNA damage in human breast cancer cell lines following treatment
with hydrogen peroxide, Cell Cycle 6 (2007) 1472-1478.

[105] Z.Djuric, LK. Heilbrun, S. Lababidi, E. Berzinkas, M.S. Simon, M.A. Kosir, Levels
of 5-hydroxymethyl-2'-deoxyuridine in DNA from blood of women scheduled
for breast biopsy, Cancer Epidemiol. Biomarkers Prev. 10 (2001) 147-149.

[106] P. Atukeren, B. Yavuz, H.O. Soydinc, S. Purisa, H. Camlica, M.K. Gumus-
tas, I. Balcioglu, Variations in systemic biomarkers of oxidative/nitrosative
stress and DNA damage before and during the consequent two cycles of
chemotherapy in breast cancer patients, Clin. Chem. Lab. Med. (2010) 1249,
doi:101515/CCLM2010.

[107] G. Romano, A. Sgambato, R. Mancini, G. Capelli, M.R. Giovagnoli, G. Flamini,
A. Boninsegna, A. Vecchione, A. Cittadini, 8-Hydroxy-2'-deoxyguanosine in
cervical cells: correlation with grade of dysplasia and human papillomavirus
infection, Carcinogenesis 21 (2000) 1143-1147.

[108] T.Obtutowicz, M. Swoboda, E. Speina, D. Gackowski, R. Rozalski, A. Siomek, J.
Janik, B. Janowska, J.M. Cie$la, A. Jawien, Z. Banaszkiewicz, J. Guz, T. Dziaman,

A. Szpila, R. Olinski, B. Tudek, Oxidative stress and 8-oxoguanine repair are
enhanced in colon adenoma and carcinoma patients, Mutagenesis 25 (2010)
463-471.

[109] M.R. Oliva, F. Ripoll, P. Muniz, A. Iradi, R. Trullenque, V. Valls, E. Drehmer,
G.T.Saez, Genetic alterations and oxidative metabolism in sporadic colorectal
tumors from a Spanish community, Mol. Carcinog. 18 (1997) 232-243.

[110] S. Kondo, S. Toyokuni, Y. Iwasa, T. Tanaka, H. Onodera, H. Hiai, M. Imamura,
Persistent oxidative stress in human colorectal carcinoma, but not in ade-
noma, Free Radic. Biol. Med. 27 (1999) 401-410.

[111] S. Kondo, S. Toyokuni, T. Tanaka, H. Hiai, H. Onodera, H. Kasai, M. Imamura,
Overexpression of the hOGG1 gene and high 8-hydroxy-2’-deoxyguanosine
(8-0OHAG) lyase activity in human colorectal carcinoma: regulation mecha-
nism of the 8-OHdG level in DNA, Clin. Cancer Res. 6 (2000) 1394-1400.

[112] D. Gackowski, Z. Banaszkiewicz, R. Rozalski, A. Jawien, R. Olinski, Persistent
oxidative stress in colorectal carcinoma patients, Int. ]J. Cancer 101 (2002)
395-397.

[113] K. Oka, T. Tanaka, T. Enoki, K. Yoshimura, M. Ohshima, M. Kubo, T. Murakami,
T. Gondou, Y. Minami, Y. Takemoto, E. Harada, T. Tsushimi, T.S. Li, F. Traganos,
Z.Darzynkiewicz, K. Hamano, DNA damage signaling is activated during can-
cer progression in human colorectal carcinoma, Cancer Biol. Ther. 9 (2010)
246-252.

[114] T. Sato, H. Takeda, S. Otake, J. Yokozawa, S. Nishise, S. Fujishima, T. Orii, T.
Fukui, J. Takano, Y. Sasaki, K. Nagino, D. Iwano, T. Yaoita, S. Kawata, Increased
plasma levels of 8-hydroxydeoxyguanosine are associated with development
of colorectal tumors, ]. Clin. Biochem. Nutr. 47 (2010) 59-63.

[115] B.M. Lee, ]J.Jang, H.S. Kim, Benzo[a]pyrene diol-epoxide-I-DNA and oxidative
DNA adducts associated with gastric adenocarcinoma, Cancer Lett. 125 (1998)
61-68.

[116] F. Farinati, R. Cardin, P. Dean, M. Rugge, F.D. Mario, P. Bonvicini, R. Naccarato,
Oxidative DNA damage accumulation in gastric carcinogenesis, Gut 42 (1998)
351-356.

[117] T.Yamamoto, K. Hosokawa, T. Tamura, H. Kanno, M. Urabe, H. Honjo, Urinary
8-hydroxy-2’-deoxyguanosine (8-OHdG) levels in women with or without
gynecologic cancer, J. Obstet. Gynaecol. Res. 22 (1996) 359-363.

[118] K.B. Schwarz, M. Kew, A. Klein, R.A. Abrams, J. Sitzmann, L. Jones, S. Sharma,
R.S. Britton, A.M. Di Bisceglie, ]. Groopman, Increased hepatic oxidative DNA
damage in patients with hepatocellular carcinoma, Dig. Dis. Sci. 46 (2001)
2173-2178.

[119] S. Senturker, B. Karahalil, M. Inal, H. Yilmaz, H. Muslumanoglu, G. Gedikoglu,
M. Dizdaroglu, Oxidative DNA base damage and antioxidant enzyme levels in
childhood acute lymphoblastic leukemia, FEBS Lett. 416 (1997) 286-290.

[120] M. Honda, Y. Yamada, M. Tomonaga, H. Ichinose, S. Kamihira, Correlation of
urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG), a biomarker of oxidative
DNA damage, and clinical features of hematological disorders: a pilot study,
Leuk. Res. 24 (2000) 461-468.

[121] E. Mambo, A. Chatterjee, N.C. de Souza-Pinto, S. Mayard, B.A. Hogue, M.O.
Hoque, M. Dizdaroglu, V.A. Bohr, D. Sidransky, Oxidized guanine lesions and
hOgg1 activity in lung cancer, Oncogene 24 (2005) 4496-4508.

[122] S.V.Vulimiri, X. Wu, W. Baer-Dubowska, M. de Andrade, M. Detry, M.R. Spitz,
J. DiGiovanni, Analysis of aromatic DNA adducts and 7,8-dihydro-8-oxo-2'-
deoxyguanosine in lymphocyte DNA from a case-control study of lung cancer
involving minority populations, Mol. Carcinog. 27 (2000) 34-46.

[123] M. Erhola, S. Yoyokumi, K. Okada, T. Tanaka, H. Hiai, H. Ochi, K. Uchida, T.
Osawa, M.M. Nieminen, H. Alho, P. Kellokumpu-Lehtinen, Biomarker evidence
of DNA oxidation in lung cancer patients: association of urinary 8-hydroxy-2’-
deoxyguanosine excretion with radiotherapy, chemotherapy, and response to
treatment, FEBS Lett. 409 (1997) 287-291.

[124] P. Jaruga, T.H. Zastawny, J. Skokowski, M. Dizdaroglu, R. Olinski, Oxidative
DNA base damage and antioxidant enzyme activities in human lung cancer,
FEBS Lett. 341 (1994) 59-64.

[125] D. Murtas, F. Piras, L. Minerba, ]. Ugalde, C. Floris, C. Maxia, P. Demur-
tas, M.T. Perra, P. Sirigu, Nuclear 8-hydroxy-2’'-deoxyguanosine as survival
biomarker in patients with cutaneous melanoma, Oncol. Rep. 23 (2010)
329-335.

[126] Y.-]. Huang, B.-B. Zhang, N. Ma, M. Murata, A.-z. Tang, G.-W. Huang, Nitrative
and oxidative DNA damage as potential survival biomarkers for nasopharyn-
geal carcinoma, Med. Oncol. (2010), doi:10.1007/s12032-010-9434-2.

[127] J. Zhang, 1.B. Dhakal, G. Greene, N.P. Lang, F.F. Kadlubar, Polymorphisms in
hOGG1 and XRCC1 and risk of prostate cancer: effects modified by plasma
antioxidants, Urology 75 (2010) 779-785.

[128] P. Karihtala, Y. Soini, L. Vaskivuo, R. Bloigu, DNA adduct 8-hydroxydeoxy-
guanosine, a novel putative marker of prognostic significance in ovarian car-
cinoma, Int. J. Gynecol. Cancer 19 (2009) 1047-1051.

[129] K. Okamoto, S. Toyokuni, K. Uchida, O. Ogawa, ]. Takenewa, Y. Kakehi, H.
Kinoshita, Y. Hattori-Nakakuki, H. Hiai, O. Yoshida, Formation of 8-hydroxy-
2’-deoxyguanosine and 4-hydroxy-2-nonenal-modified proteins in human
renal-cell carcinoma, Int. J. Cancer 58 (1994) 825-829.



	Role of oxidative stress and DNA damage in human carcinogenesis
	1 Sources of intracellular oxidative stress
	2 Types of oxidatively induced DNA lesions
	3 Measurement of DNA damage in human cancer
	4 Conclusions and future directions
	Conflict of interest
	Acknowledgments
	References


