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Abstract

Increased levels of oxidatively induced DNA damage have been reported in various cases of 

human pathogenesis like age-related and chronic diseases. Advances in experimental 

carcinogenesis associate high oxidative stress with genome instability and oncogenic 

transformation. Cancer biomarkers are helpful for early tumor diagnostics, prediction of tumor 

development, and analysis of individual tumors’ response to therapy as well as recurrence. The 

repair resistant oxidatively induced clustered DNA lesions (OCDLs) could serve as a common 

indicator of oxidative stress in human malignant cells or tissues. To test this hypothesis, we 

assessed the levels of endogenous OCDLs in several human tumor and adjacent normal tissues 

from patients with liver, ovary, kidney, breast and colon cancer. These tumor tissues have already 

been shown to accumulate higher endogenous levels of γ-H2AX foci. For the detection of 

clustered DNA lesions we used the human repair enzymes APE1, OGG1 and NTH1 as well as the 

Escherichia coli homologue Endonuclease III. In the majority of cases we detected higher levels of 

OCDLs in tumor vs. normal tissues but not always with a statistically significant difference and 

not with uniform tissue dependence. These data suggest for the first time the importance of 

endogenous non-DSB clusters in human cancer and their potential use as cancer biomarkers.
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1. Introduction

Cellular DNA is constantly exposed to various cytotoxic and DNA damaging agents, 

endogenous and exogenous to the cell. DNA damage has been categorized as being of 
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spontaneous origin (endogenous) or environmentally induced (exogenous). Endogenous 

sources of DNA oxidation consist of reactive lipid peroxidation products and reactive 

oxygen species (ROS) formed as by-products of normal cellular metabolism [1]. Aggregated 

DNA changes in genes (mutations) can activate proto-oncogenes or inactivate tumor-

suppressor genes. The genetic instability driving tumorigenesis is fuelled by DNA damage 

and by errors performed by our genome maintenance machinery (i.e., DNA repair system). 

Numerous studies suggest the important role of oxidative DNA damage and its repair in 

cancer [2,3]. Higher levels of endogenous oxidative stress (reactive oxygen species, ROS), 

DNA damage and/or defective DNA repair have been reported in different malignancies and 

tumors [4–9]. In accordance with this, several human syndromes – like Xeroderma 

Pigmentosum (XP) or Ataxia telangiectasia (AT) – with defective genome maintenance (i.e., 
some type of DNA repair deficiency), show an increased predilection for developing cancer 

[10].

Of the different repair pathways, base excision repair (BER) is generally believed to 

constitute the primary defense against lesions formed by endogenous DNA-damaging agents 

or low levels of exogenous sources like radiotherapy, occupational ionizing radiation or 

environmental chemicals [11]. The resulting pool of oxidative DNA damage can contain a 

wide variety of different DNA lesions [single strand breaks (SSBs), oxidized bases and 

apurinic-apyrimidinic (abasic, AP) sites] [12]. Persistent basal DNA damage may reflect 

higher exposure to DNA damaging agents and/or deficient DNA repair. Higher levels of 

endogenous oxidative DNA damage lesions (like 8-OH-dG, 8-OH-Ade) have been reported 

in a variety of tumor tissues, e.g., breast, colon/rectum, cervix, liver, kidney, ovary, stomach 

and lung, compared with controls as reviewed in [4,6]. These findings suggest that the 

accumulation of DNA damage may contribute to tissue transformation and carcinogenesis.

The last decade, a significant amount of literature has been devoted to the study of clustered 

DNA lesions, first introduced by Ward as locally multiply damaged sites (LMDS) [13] and 

recently reviewed in [14]. Oxidative clustered DNA lesions (OCDLs), i.e., two or more 

bistranded DNA lesions within a short DNA fragment of 1–10 base pairs, including AP 

sites, oxidized purines/pyrimidines or SSBs, are hypothesized to be repair resistant which 

can produce cytotoxic and mutagenic effects [15–18], as well as substantial chromosomal 

instability [19]. Since clustered DNA damage can also be readily induced by either low 

doses of ionizing radiation and chemicals like bleomycin [20] or endogenously as a by-

product of oxidative metabolism [21], they are considered to be highly significant biological 

lesions. In addition, endogenous OCDLs are inducible in human cell lines of different tissue 

origin, pointing to the possible role of endogenous OCDL accumulation in the promotion of 

mutagenesis and genomic instability [22–24]. Based on the possible accumulation of 

endogenous OCDLs in human cells and tissues, an intriguing question arrives, whether there 

is a way to manipulate the level of endogenous clusters? Interestingly, recent studies by 

Bennett et al. have shown that the levels of endogenous clusters were decreased by growing 

human cells in the presence of selenium [23]. Selenium, a well-accepted antioxidant, has 

also been shown to have a protective role against genetic damage and cancer (for a review 

see [25]).
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In this study we assessed the levels of spontaneous OCDLs detected using different repair 

enzymes as damage probes, in malignant tumors of different origins, as well as in adjacent 

normal tissues from cancer patients of different ages. The specific tissues have already been 

shown to have an increased level of DNA DSBs revealed by the formation of γ-H2AX foci 

[26]. Our results suggest in most cases for tumor tissues that an increased level of non-DSB 

clustered DNA lesions can be associated with higher oxidative stress in these tissues.

2. Materials and methods

2.1. Human tissues

Twenty-six human biopsies were obtained from the Cooperative Human Tissue Network 

(CHTN), Mid-Atlantic Division (Charlottesville, VA) and Pediatric Division (Columbus, 

OH) with IRB approval. Colon tubular adenocarcinoma, breast invasive ductal 

adenocarcinoma, ovary adenocarcinoma, hepatoblastoma, Wilms kidney tumor 

(nephroblastoma), and normal adjacent tissues were removed from cancer patients (age 

range was from 1 year to 88 years) at the time of surgery as the “excess” tissues not essential 

for routine diagnosis. Patients’ confidentiality was maintained.

2.2. Isolation of human DNA and measurement of OCDLs

The “High Pure PCR Template Kit” (Roche, Indianapolis, IN) was used for isolation of 

DNA from the tissues as previously described [22]. For the detection and measurement of 

oxidatively induced clustered DNA lesions, constant-field gel electrophoresis was used 

along with quantitative electronic imaging, and number average length analysis (NALA). 

Human repair enzymes APE1, OGG1, and NTH1 were used as enzymatic probes along with 

E. coli EndoIII. The human NTH1 was a kind gift from Dr. Roy (Georgetown University), 

the remaining enzymes were purchased from New England Biolabs, MA (APE1- M0282L; 

E. coli EndoIII- M0268L; OGG1- M0241S, lot 1).

For the detection of bistranded oxidative clustered DNA lesions, 40 ng of isolated DNA was 

mixed with 7 μl of the appropriate enzyme reaction buffer and left on ice for 30 min. As 

reviewed in Hada and Georgakilas [27], OGG1 is expected to detect the majority of 

oxypurine clusters (containing at least one oxidized purine) and some abasic sites while 

NTH1 or EndoIII is expected to detect the majority of oxypyrimidine clusters (containing at 

least one oxidized pyrimidine) and some limited number of abasic sites. Using APE1 as a 

damage probe, we expect to detect the majority of abasic sites (Table 1). The enzyme buffers 

used were: APE1 buffer (50 mM potassium acetate, 20 mM Tris acetate, 10 mM magnesium 

acetate, pH 7.9), OGG1 buffer (50 mM NaCl, 10 mM MgCl2, 10 mM Tris–HCl, pH 7.9), E. 
coli NTH1 buffer (20 mM Tris-HCl, 1 mM EDTA, pH 8.0), and human NTH1 buffer(50 mM 

Hepes, 75 mM NaCl, pH 7.9) [28]. For each enzyme-treated sample, a corresponding non-

enzyme containing sample was also run as a control following the same steps but without the 

addition of the enzyme. Next, 1 μl of 10× Dithiothreitol (DTT, 10 mM, Sigma) was added 

and the mixture was vortexed. After an incubation time of 10 min on ice (4° C), 1 μl of the 

respective enzyme was added (1 unit for APE1 and E. coli EndoIII, 0.53 units for OGG1 and 

30 ng for human NTH1). These were mixed and further incubated on ice for 15 min. 

Samples were then transferred to 37 °C for 1 h. The reaction was terminated by the addition 
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of 5 μl of ice-cold native stop solution [50% glycerol (v/v), 100 mM EDTA, 0.025% 

bromophenol blue (w/v), 0.025% xylene blue (w/v)] and incubation on ice for 2 h. DNA 

samples were loaded and left to equilibrate for 10 min on the wells after which neutral 

constant field gel electrophoresis was performed [0.9% agarose (w/v; Molecular Biology, 

Biorad), 0.25× TBE, pH 7.6, 3.125 V/cm, 3h]. The gel was stained with Ethidium Bromide 

and destained overnight. As size standards on every gel λ-Hind III Digest (Fisher Scientific) 

was included. The marker preparation comprised of addition of 0.75 μl marker DNA (0.5 

μg/ml) to 4 μl native stop solution and 5 μl TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 

7.5), mixing and incubating at 55 °C for 3 min and then on ice until the gel was ready to be 

loaded.

Electronic images for each gel lane were processed using QuantiScan (BioSoft, Ferguson, 

MO) and a densitogram was obtained. DNA standards (λ-Hind III Digest) were used to 

obtain the corresponding dispersion curve with Origin 6.1 (OriginLab, Northampton, MA). 

The number average lengths (Ln) for each sample were calculated using the equations 

described in Sutherland et al. [27,29]. The frequencies of OCDLs (abasic or oxidized base 

clusters) were measured based on Ln values and using NALA [29]. For each enzyme-treated 

sample (+ lane), an accompanying control sample (− lane) was prepared by following the 

same steps without addition of the enzyme.

2.3. Statistical analysis

Paired Student’s t-tests were used to evaluate the differences between various groups of 

tumor and normal tissues (p < 0.05).

3. Results and discussion

We isolated DNA from biopsies taken from cancer patients and assessed the levels of non-

DSB oxidative clustered DNA lesions using various human and bacterial repair enzymes as 

damage probes. Fig. 1 shows a comparison between the background levels of APE1-clusters 

in tumors (hepatoblastoma, Wilms kidney tumor-nephroblastoma, ovary adenocarcinoma, 

breast invasive ductal adenocarcinoma and colon tubular adenocarcinoma), and 

histologically verified normal tissues adjacent to the tumors. The tissue numbering is 

identical to that used in Sedelnikova and Bonner (2006) to facilitate comparison [26]. 

Although in most cases the levels of these abasic clusters for tumor tissues are higher 

compared to normal tissues, statistically significant differences have been detected only for 

liver, kidney, ovary and some cases of breast and colon. The levels of endogenous abasic 

clusters in non-malignant tissues are generally very low within the range of 50–400 clusters/

Giga base pair (Gbp), while tumors generally show significantly elevated values in the range 

of 100–1500 clusters/Gbp. Another finding is that within the same tumor localization, for 

example, breast or colon, we see a significant variation in the values. Comparison of the 

abasic clusters for tumors with other types of clusters reveals a general trend of higher 

values for this specific type. Fig. 1B shows the data for OGG1-clusters which are primarily 

oxidized purine clusters, i.e., bistranded lesions comprising of at least one oxidized purine. 

Of course, based on the intrinsic AP lyase activity of this enzyme towards also abasic sites 

(Table 1), we cannot exclude the detection of some abasic sites. Comparison between Fig. 
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1A and B shows a similar pattern for OGG1- and abasic clusters. Again, we detected a 

statistically significant difference for kidney, liver and ovary and for selected breast and 

colon tissues.

We used human NTH1 and bacterial Endonuclease III enzymes to detect oxidized 

pyrimidine clusters (Fig. 2). These two enzymes practically detect and cleave the same type 

of lesions with a tendency of the bacterial enzyme to have a stronger AP lyase activity 

compared to its human homologue [30] and therefore an expected higher percentage of 

abasic sites detected with EndoIII. In both cases, we detected a prevalence of NTH1- or 

EndoIII-clusters in tumor tissues compared to normal ones in the range of 250–1000 

clusters/Gbp. In most cases, the levels of normal tissues are significantly lower in the range 

of 50–500 clusters/Gbp.

Sedelnikova and Bonner, 2006, have shown a higher accumulation of DSBs revealed by γ-

H2AX focus formation assay for the same tumor tissues along with several malignant cell 

lines [26]. In our case, and for the type of non-DSB lesions that we detected, we see a 

similar trend, i.e., a higher accumulation of bistranded oxidative DNA lesions. Although we 

did not detect a significant difference in every case, the specific trend suggests that 

oxidatively induced clusters can accumulate at much higher levels in tumor tissues compared 

to control normal tissues. The nature of these clusters can be very diverse. For example, in 

the case of abasic APE1-clusters, two bistranded abasic sites or one abasic site opposite to a 

SSB can be present. In general, the origin of these detected types of complex DNA damage 

is the endogenous oxidative stress in the cells. Different studies suggest that in many clinical 

cases, including liver, colon, breast and ovary cancers, much higher levels of the specific 

DNA base lesion (8-OH-dG) are found in tumors or even in blood or urine from cancer 

patients compared to controls [4,6]. 8-OH-dG has been excessively used in many studies as 

a biomarker of oxidative stress. As reviewed in Toyokuni et al. [31], 8-OH-dG levels have 

been reported to be much higher in several tumor tissues compared to adjacent normal 

controls.

Substantial evidence supports the accumulation and persistence of different oxidative DNA 

lesions (abasic sites or oxidized bases) even in non-malignant human or animal cells and 

tissues at values ranging from 100 to 10,000 lesions/Gbp [7,32–34]. In addition to single 

base lesions, different groups have shown an accumulation of endogenous clustered DNA 

lesions in human cells in the range of 20–500 clusters/Gbp [22,23,35]. Previous studies have 

shown an accumulation of all types of clusters in human breast cancer cells MCF-7 

compared to non-malignant MCF-10A coupled with a lower antioxidant capacity [22,36]. 

We cannot exclude the higher background levels of clusters detected for tumor tissues to be 

the result of a combination of factors like DNA repair and antioxidant enzyme deficiencies, 

lower antioxidant capacity, production of ROS or reactive nitrogen species (RNS) at higher 

levels in the tumor cells. One important finding of our results is the prevalence of high 

background levels for breast and colon tissues. One possible explanation may be the already 

documented higher oxidative stress detected in many cases of breast or colon cancer [37–

42]. All these studies suggest a direct association between cell transformation in these 

tissues with DNA repair deficiencies and specifically mutations or reduced expression of 

Nowsheen et al. Page 5

Mutat Res. Author manuscript; available in PMC 2020 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BRCA1, MSH2 and other DNA repair genes. Another possible factor at least in the case of 

breast cancer may be an exposure to estrogen-induced free radicals and smoking [43,44].

By looking in Figs. 1 and 2 we can also detect in some cases an increase in the accumulation 

of clustered DNA lesions with age, and increased DNA damage in aging cells and tissues 

has been well documented [45]. This can partially explain the higher levels of spontaneous 

clusters in some tissues of the aged patients. The greater variation in the values of clusters 

measured in colon and breast compared to liver/kidney/ovary may be also explained by the 

nature of these tissues. Liver/kidney/ovary tumor biopsies might be more histologically 

homogeneous, and, therefore, give more even results, compared to colon and breast tumor 

biopsies containing cancerous epithelium and normal fibroblasts. Depending on the ratio of 

these cells in the analyzed samples different levels of clusters might have been detected.

In this study we report for the first time a significant accumulation of non-DSB oxidatively 

induced clustered DNA lesions in human tumors compared to normal tissues. Although we 

were not able to detect a statistically significant difference in all cases, we can conclude that 

clustered DNA lesions can be used at least in some cases as an indicator of endogenous 

oxidative stress. Our results, in general, imply that the levels of endogenous clusters can be 

affected by the cells’ external or internal environment and oxidative stress, and their ability 

to deal with DNA damage. It this sense, adjacent normal tissues may not have been an 

adequate control for the tumors, since they existed in the tumor environment. Tumors can 

emit factors that can alter an oxidative level of surrounding normal tissues [46], inducing a 

stress-related bystander effect [47]. This could result in accumulation of oxidative DNA 

damage and DSBs in bystander tissues. Generally, OCDL analysis is more sensitive 

compared to the DSB detection. Therefore, OCDL levels in the normal tissues used in this 

study are very much likely to have been affected by neighboring tumors. On the other hand, 

endogenous DSBs in tumors may have different origins, both oxidative stress-associated and 

independently formed as a consequence of genomic instability [48]. Thus, correlation 

between the levels of DSBs and OCDL might not be direct, but affected by tumor’s 

characteristics. A possible correlation between OCDL accumulation and tumor 

characteristics and/or developmental stage would be of a great interest and would require the 

more extended case analysis than the one performed in this study.

Accumulation of the repair resistant oxidative lesions can lead eventually to mutations, pre-

malignant lesions and transformation, and, therefore, require further investigation. The 

identification of susceptibility factors that predispose individuals to any cancer (for instance, 

if they are exposed to particular environmental agents) could possibly give further insights 

into the etiology of the malignancy and provide targets for the future development of 

therapeutics.
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Fig. 1. 
Levels of different types of endogenous non-DSB oxidatively induced DNA clusters 

detected in DNA isolated from tumor and control (adjacent) tissues. (A) Abasic clusters 

detected using human APE1 and (B) oxypurine clusters detected using human OGG1. 

Values, averages out of three to five independent experiments. The age and gender of the 

patient can be also seen for each case. Error bars, standard errors of the means (S.E.M.). 

*Significant statistical difference (p < 0.05).
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Fig. 2. 
Levels of different types of endogenous non-DSB oxidatively induced DNA clusters 

detected in DNA isolated from tumor and control (adjacent) tissues. (A) Oxypyrimidine 

clusters detected using human NTH1 and (B) oxypurine clusters detected using bacterial 

EndoIII. Values, averages out of three to five independent experiments. The age and gender 

of the patient can be also seen for each case. Error bars, standard errors of the means 

(S.E.M.). *Significant statistical difference (p < 0.05).
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Table 1

Different human or Escherichia coli repair enzymes and their substrates used in the detection of oxidative 

clustered DNA lesions [6,49].

Repair enzymes used as damage probes Substrates

Human hAPE1 or E. coli Nfo protein (Endonuclease 
IV)

Abasic: Several types of abasic sites including oxidized abasic sites, abasic sites 
modified with alkoxyamines and DNA containing urea residues

Human OGG1 or E. coli Fpg protein (DNA 
glycosylase). Associated AP lyase activity

Oxypurines: Oxidized purines, FapyGua, FapyAde, C8-oxoGuanine, some abasic 
sites, C8-oxoAdenine and to a lesser extent, other modified purines

Human NTH1 protein or E. coli EndoIII 
(Endonuclease III). Associated AP lyase activity

Oxypyrimidines: Thymine residues damaged by ring saturation, fragmentation, or 
ring contraction including thymine glycol (Tg) and uracil residues (5-fo-Ura), 
FapyAde, 5-OH-Cyt and to a lesser extent FapyGua
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