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Abstract. Reactive oxygen species (ROS) accumulation
is known to induce carcinogenesis and accelerate cancer
progression. §-Hydroxydeoxyguanosine (8-OHdG) is a
specific marker of ROS-mediated DNA damage. Therefore,
we analysed 8-OHdG levels in cancerous and normal tissue
DNA via enzyme-linked immunosorbent assay (ELISA) using
97 tissue specimens obtained from surgically-treated patients
with stage II/III colorectal cancer (CRC). Additionally,
8-OHdG levels in these tissues were also assessed via
quantitative immunohistochemistry (qQIHC). To eliminate
individual background variables, the ratio of 8-OHdG levels
between cancerous and normal tissues was calculated using
both techniques. A comparative analysis demonstrated
that the 8-OHdG ratio in DNA was significantly correlated
with both lymph node metastasis and lymphatic invasion.
Multivariate analysis revealed that a high 8-OHdG ratio in
DNA was independently correlated with poor prognosis.
These results suggest that the 8-OHdG ratio in DNA reflects
ROS-induced cancer progression. Conversely, a low §-OHdG
ratio as estimated via qIHC was an independent factor for
poor prognosis. In Kaplan-Meier analysis, the combination of
a high 8-OHdG ratio in DNA (ELISA) and a low 8-OHdG
ratio in cytoplasm (qIHC) was associated with markedly
worse patient prognosis than other combinations. Combined
evaluation of the 8-OHdG ratio using ELISA and qIHC may
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be pivotal for predicting surgical outcomes for patients with
stage II/III CRC.

Introduction

Colorectal cancer (CRC) is one of the principal causes
of cancer-related deaths worldwide (1). Reactive oxygen
species (ROS) are believed to substantially influence carci-
nogenesis and cancer progression in solid tumors (2-5). ROS
are generated intracellularly as by-products of the electron
transport chain in mitochondria (3). In solid tumors, including
CRC, ROS generation in mitochondria is increased under
several conditions such as tumor hypoxia (6-8). Alternatively,
inflammation and exposure to certain foods and tobacco are
important aetiological factors of sporadic CRC (9,10). These
factors extracellularly increase ROS formation in the intestinal
mucosa (9,10). When ROS overwhelm the cellular antioxidant
defence system, oxidative stress occurs (11). Oxidative stress
causes ROS-mediated damage in DNA in epithelial cells,
thereby triggering the appearance of genetic mutations and
leading to carcinogenesis (2,12). Furthermore, several studies
have reported that ROS accumulation also increases the
malignant characteristics of cancer cells, such as invasion,
angiogenesis and metastasis, by activating several signalling
molecules (2,4,13,14). Therefore, assessing ROS levels in CRC
tissues may contribute to the assessment of malignant poten-
tial in individual patients. However, directly measuring ROS is
challenging due to their short lifespan (15). For instance, it has
been reported that the lifespan of hydroxyl radical, the most
harmful ROS, is <1 ns (15).

8-Hydroxydeoxyguanosine (8-OHdG) is a specific marker
of 2'-deoxyguanosine damage in DNA after an ROS-mediated
attack. In general, 8-OHdG in nuclear DNA can be formed
by the incorporation of 8-OHdGTP or by direct oxidation
of DNA guanine bases (16). 8-OHdG accumulation in DNA
increases the occurrence of G:C to T:A transversions, and
these mutations are believed to initiate carcinogenesis (16).
To date, 8-OHdG has been one of the most widely used
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oxidative stress biomarkers. Recently, a specific antibody for
8-OHdG was developed, thereby permitting measurements of
8-OHdG levels in serum, urine and cancer tissues via immu-
nohistochemistry (IHC) or enzyme-linked immunosorbent
assay (ELISA) (17). However, few studies have investigated
whether 8-OHdG accumulation in CRC tissues is correlated
with CRC progression.

In the present study, using 97 pairs of CRC and matched
normal tissues, 8-OHdG levels in DNA were analysed by
ELISA, whereas its levels in the cytoplasm were investigated
by quantitative IHC (qIHC). Furthermore, we estimated the
ratio of 8-OHdG levels between cancerous and normal tissues
using both ELISA and qIHC and examined the correlation of
these 8-OHAG ratios with several clinicopathological factors
and patient survival. The clinical application of the 8-OHdG
ratio as a prognostic factor in patients with CRC was evaluated.

Materials and methods

Standard protocol approvals and patient consent. All partici-
pants provided written informed consent, and this research
protocol was approved by the Saga University Institutional
Review Board (2018-01-R-04). All normal and cancerous
colorectal tissue samples were obtained during surgery
according to the guidelines of the Human Tissue Research
Committee at our hospital.

Patients and tissue collection. Between January 2003 and
December 2011, 102 pairs of cancerous and normal tissue
samples were collected from consecutively recruited patients
who underwent curative surgery for pathologically confirmed
stage II or III primary CRC at Saga University Hospital in
Japan. All patients (stage II, n=56; stage III, n=46) were regis-
tered in our prospectively maintained comprehensive database,
which contained their medical records including surgical
outcomes. Specimens from cancerous and normal regions
in the resected tissues were immediately frozen using liquid
nitrogen and stored at -80°C until use. Thirty-one patients with
a good performance status received adjuvant chemotherapy
following surgery due to the presence of lymph node metas-
tasis or lymphatic invasion.

Quantitative measurement of 8-OHdAG levels in tissue DNA
by ELISA. Before extracting DNA, we homogenised tissue
specimens on ice. DNA was extracted from the homogenates
using a DNA Extractor® TIS Kit (Wako Pure Chemical
Industries, Ltd., Osaka, Japan). Obtained DNA was digested
into mononucleosides via treatment with nuclease P1 followed
by alkaline phosphatase using an 8-OHdG Assay Preparation
Reagent Set (Wako Pure Chemical Industries, Ltd.). 8-OHdG
levels were assessed in tissues using a commercially available
highly sensitive ELISA kit for 8-OHdG (cat. no. KOG-HS10/E;
Japan Institute for the Control of Aging, Fukuroi, Shizuoka,
Japan) according to the manufacturer's instructions. In brief,
96-well plates were pre-coated with the §-OHdG antigen.
Both a DNA solution and monoclonal antibody against
8-OHdG were added to 96-well plates, which were incubated
at 4°C overnight. During this step, the monoclonal antibody
reacted competitively with 8-OHdG in sample solutions and
8-OHdG bound to the plate. After washing the plate with PBS,
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an enzyme-labelled secondary antibody was added, followed
by incubation at room temperature for 1 h. Next, unbound
enzyme-labelled secondary antibody was removed by washing
the plate. Finally, the plate was incubated with 100 ul of the
reaction-terminating solution for 15 min in the dark, and
colour development was measured on a plate reader at 450 nm.

IHC analysis of 8-OHdG expression. For IHC, paraffin blocks
(20 mm x 30 mm) were first sectioned on slides at a thick-
ness of 4 ym. Sections were incubated at 37 and 54°C for 24 h
and 30 min, respectively. Next, to remove the paraffin, slides
were soaked in xylene and then rehydrated in a graded alcohol
series. For antigen retrieval, the tissue sections were heated in
EDTA (pH 9.0) using a microwave for 60 min. Then, IHC was
performed automatically using an Autostainer Plus® (Dako;
Agilent Technologies, Inc., Santa Clara, CA, USA). Antibodies
against 8-OHdG (dilution 1:200; cat. no. sc-66036; mouse
monoclonal; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) and the EnVision+® System (ready-to-use; Code K5007;
Dako; Agilent Technologies, Inc.) were used as the primary
and secondary antibodies, respectively. The slides were visu-
alised using 3,3'-diaminobenzidine tetrahydrochloride and
nuclei were counterstained with hematoxylin.

qIHC analysis of 8-OHdG levels. Immunostained tissue slides
were digitised using a NanoZoomer 2.0HT digital slide scanner
(Hamamatsu Photonics, Hamamatsu, Japan), and resulting
whole-slide digital images in NDPI files were visualised using
NDP.view?2 software (Hamamatsu Photonics). NDPI files were
converted to JPEG files using NDP.view?2 software for the
imaging analysis.

The proportion of positive 8-OHdG staining was estimated
in the whole field of the slide by the pathologist. Furthermore,
the intensity of cytoplasmic 8-OHdG staining was assessed
using the average marker intensity, which was automatically
calculated by the imaging analysis software (Tissue Studio®4.0;
Definiens, Miinchen, Germany). Finally, the 8-OHdG value
was calculated using the following calculation formula:
Percentage of positive 8 - OHdG expression (%) x average
marker intensity.

Statistical analysis. Categorical variables are presented
as numbers. The biomarkers for each background cate-
gorical variable are expressed as the median [interquartile
range (IQR)], and Wilcoxon's signed-rank tests were used to
compare biomarkers and background categorical variables. A
Cox proportional hazards model was used in the univariate
and multivariate analyses of disease-free survival (DFS)
and disease-specific survival (DSS). Time-dependent
receiver-operating characteristic (ROC) curves with Youden
indices were used to identify the optimal cut-off values of
8-OHdG ratios (for both ELISA and qIHC), distinguishing the
high- and low-risk groups with respect to the recurrence event.
Kaplan-Meier curves of patients with high or low 8-OHdG
ratios were plotted, and log-rank tests were conducted. All
tests were two-tailed, and P<0.05 was considered to indicate a
statistically significant difference. All analyses were conducted
using R Statistical Software (version 3.3.3; R Foundation
for Statistical Computing, Vienna, Austria) and JMP Pro
version 13 (SAS Institute, Inc., Cary, NC, USA).
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Table 1. Relationship between clinicopathological characteristics and the 8-OHdG ratio.
8-OHdG ratio (ELISA) 8-OHdG ratio (qIHC)
Univariate Univariate
Characteristics n Median (IQR) P-value Median (IQR) P-value
Age, years
<75 65 1.014 (0.795-1.250) 0.0892 0.978 (0.583-1.307) 0.5069
=75 32 0.863 (0.666-1.073) 1.138 (0.432-1.838)
Sex
Male 63 0.993 (0.550-1.221) 0.3504 0.999 (0.000-4.050) 0.1909
Female 34 0.929 (0.724-1.221) 0.949 (0.000-3.558)
Tumor depth
<T3 69 0.934 (0.778-1.182) 0.6021 1.047 (0.587-1.486) 0.0587
T4 28 1.014 (0.745-1.236) 0.791 (0.440-1.041)
Lymph node metastasis
Absent 54 0.883 (0.675-1.114) 0.0265 1.013 (0.550-1.515) 0.6680
Present 43 1.031 (0.825-1.303) 0.978 (0.000-1.382)
Lymphatic invasion
Absent 44 0.886 (0.686-1.094) 0.0353 1.034 (0.557-1.488) 0.6480
Present 53 1.031 (0.824-1.305) 0.978 (0.566-1.324)
Venous invasion
Absent 62 0.924 (0.767-1.100) 0.1155 1.013 (0.554-1.522) 0.4920
Present 35 1.061 (0.760-1.307) 0.978 (0.561-1.329)
Adjuvant chemotherapy
Absent 66 0.883 (0675-1.146) 0.0189 1.034 (0.522-1.484) 0.6340
Present 31 1.050 (0.934-1.285) 0.932 (0.593-1.211)

8-OHdG, 8-hydroxydeoxyguanosine; ELISA, enzyme-linked immunosorbent assay; qIHC, quantitative immunohistochemistry; IQR, inter-

quartile range.

Results

Based on 8-OHdG ratio screening, 97 patients were finally
enrolled in the study. The CONSORT flow diagram detailing
the selection of patients is presented in Fig. 1. Five patients
were deemed ineligible because adequate amounts of DNA for
ELISA could not be extracted (n=3) or the 8-OHdG ratio for
qIHC could not be calculated (n=2).

Quantitative measurement of 8-OHdG levels via ELISA and
qIHC. First, we quantitatively assessed 8-OHdG in CRC tissue
DNA using ELISA and examined 8-OHdG expression in CRC
tissues via qIHC. According to ELISA, the median §-OHdG
level in normal tissue DNA was 1.176 (IQR=0.864-1.527)
ng/ml, compared with 1.124 (IQR=0.792-1.577) ng/ml in cancer
tissue, with no significant difference identified (Fig. 2A). In IHC
analysis, positive 8-OHdG staining was observed in the cyto-
plasm, but not in the nucleus. Fig. 2B shows examples of normal
(Fig. 2B-a) and cancer tissue specimens (Fig. 2B-b, and -c)
assessed via qIHC. The 8-OHdG value in normal samples was
estimated at 0.398 (Fig. 2B-a). The value in one CRC sample
with strongly positive 8-OHdG staining was estimated at 0.873
(Fig. 2B-b), whereas another CRC sample with weakly posi-
tive expression had a value of 0.131 (Fig. 2B-c). Fig. 2C shows

that the median 8-OHdG values in normal and CRC tissues
were 0.280 (IQR=0.156-0.351) and 0.263 (IQR=0.116-0.412),
respectively, with no significant difference observed.

Relationship between the 8-OHdG ratios in cancerous/normal
tissues and clinicopathological characteristics of CRC. To
eliminate the individual backgrounds of the 97 patients, we
next determined 8-OHAG ratios (8-OHAG level in cancerous
tissue/8-OHdG level in normal tissue) using both ELISA and
qIHC. Table I reveals the relationship between the clinico-
pathological characteristics and the 8-OHdG ratios in DNA.
No significant differences in the 8-OHdG ratio in DNA were
noted in terms of age (<75 years vs. =75 years), sex (male
vs. female), tumor depth (T4 vs. <T3) or venous invasion.
However, significant differences in the ratio were observed
according to lymph node metastasis, lymphatic invasion and
the use of postoperative adjuvant chemotherapy. Conversely,
no clinicopathological factor was associated with a difference
in the 8-OHdG ratio in the cytoplasm (Table I). In addition,
we performed correlation analysis between the 8-OHdG ratio
in DNA and the 8-OHdG ratio in the cytoplasm. The results
revealed a negative linear correlation between the two 8-OHdG
ratios; however, the coefficient was small (r=-0.229, P=0.024)
(data not shown).
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Total patient population n=102

,| Excluded n=3
Adequate amounts of DNA for ELISA could not be extracted

A 4

Successful measurement in ELISA n=99

4

Successful IHC analysis n=99

Excluded n=2
8-OHdG ratio for qIHC could not be calculated.

A 4

Patients enrolled in this study n=97

Figure 1. CONSORT flow diagram. CONSORT flow diagram detailing the selection of patients for analysis. Five tissue samples were not suitable for inclusion
in the present study since adequate amounts of DNA for measurement using ELISA could not be extracted (n=3) or the 8-OHdG ratio for qIHC could not be
calculated (n=2). ELISA, enzyme-linked immunosorbent assay; 8-OHdG, 8-hydroxydeoxyguanosine; qIHC, quantitative immunohistochemistry.
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Figure 2. 8-OHdG levels in CRC and normal tissues measured using ELISA or qIHC. (A) 8-OHdG levels in 97 pairs of normal and cancerous tissue DNA as
estimated by ELISA. N, normal tissue DNA; C, cancer tissue DNA; NS, not significant. (B) Case presentation of 8-OHdG levels in normal and CRC tissues
as determined by qIHC. a, Image of normal tissue with positive 8-OHdG staining in the cytoplasm. The proportion of positive 8-OHdG expression was 100%.
The mean staining intensity of 8-OHdG in this area was automatically estimated as 0.398 using imaging analysis software. Thus, the 8-OHdG expression
value for this tissue was 0.398 (100% x 0.398). b, Image of cancer tissue with strong 8-OHdG staining in the cytoplasm. The proportion of positive 8-OHdG
expression in this tissue was 100%. The mean staining intensity of 8-OHdG expression in this area was quantitatively measured as 0.873. Thus, the 8-OHdG
expression value in this sample was 0.873 (100% x 0.873). ¢, Image of cancer tissue with weak 8-OHdG staining in the cytoplasm. The proportion of positive
8-OHdG expression in this tissue was 60%. The mean staining intensity of 8-OHdG expression in this area was quantitatively measured as 0.218. Thus, the
8-OHdG expression value in this sample was 0.131 (60% x 0.218). (C) 8-OHdG levels in 97 pairs of normal and cancerous tissues as estimated by qIHC.
N, normal tissue; C, cancer tissue; NS, not significant; 8-OHdG, 8-hydroxydeoxyguanosine; CRC, colorectal cancer; ELISA, enzyme-linked immunosorbent
assay; qIHC, quantitative immunohistochemistry.
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Table II. Univariate and multivariate analyses of disease-free survival using a Cox proportional hazard model.
DFS
Univariate analysis Multivariate analysis

Characteristics HR (95% CI) P-value HR (95% CI) P-value
8-OHdG (ELISA) 5.15 (2.59-10.23) <0.0001 6.48 (2.61-16.09) 0.0001
8-OHdG (qIHC) 0.34 (0.15-0.77) 0.0094 0.14 (0.04-0.51) 0.0031
Age, years (<75/=75) 1.62 (0.60-4.38) 0.3453 0.85 (0.25-2.96) 0.8017
Sex (male/female) 2.72 (0.92-8.04) 0.0705 0.30 (0.09-0.96) 0.0425
Tumor depth (<T3/T4) 1.43 (0.60-3.42) 0.4160
Lymph node metastasis (+/-) 2.42 (1.02-5.77) 0.0461
Lymphatic invasion (+/-) 3.28 (1.21-8.89) 0.0197 2.62 (0.87-7.93) 0.0880
Venous invasion (+/-) 1.88 (0.82-4.34) 0.1384
Adjuvant chemotherapy (+/-) 2.32(1.01-5.36) 0.0484 244 (0.97-6.12) 0.0577

DEFS, disease-free survival; HR, hazard ratio; CI, confidence interval; 8-OHdG, 8-hydroxydeoxyguanosine; ELISA, enzyme-linked immuno-

sorbent assay; qIHC, quantitative immunohistochemistry.
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Figure 3. Time-dependent ROC curve. The ROC curve analysis indicated
that the optimal cut-off values of the 8-OHdG ratio were 1.087 by ELISA
and 0.999 by qIHC. ROC, receiver-operating characteristic; 8-OHdG,
8-hydroxydeoxyguanosine; ELISA, enzyme-linked immunosorbent assay;
qIHC, quantitative immunohistochemistry.

Relationship of 8-OHAG ratios with survival outcomes.
During the observation period, 22 patients experienced CRC
recurrence, which was fatal in 11 patients. We conducted
analyses of DFS and DSS in the 97 enrolled patients using
a Cox proportional hazard model (Tables II and III).
Univariate analysis demonstrated that DFS was signifi-
cantly correlated with the 8-OHdG ratio in DNA [hazard
ratio (HR)=5.15; 95% confidence interval (CI)=2.59-10.23;
P=0.0001], the 8-OHdG ratio in the cytoplasm (HR=0.34;
95% CI=0.15-0.77; P=0.0094), lymph node metastasis
(HR=2.42; 95% CI=1.02-5.77; P=0.0461), lymphatic invasion
(HR=3.28; 95% CI, 1.21-8.89; P=0.0197) and the receipt of

postoperative adjuvant chemotherapy (HR=2.32; 95% ClI,
1.01-5.36; P=0.0484) (Table II). Additionally, the 8-OHdG
ratio in DNA was significantly correlated with DSS (HR=8.14;
95% CI, 3.51-18.90; P<0.0001) (Table III). According to
multivariate analyses, the 8-OHdG ratio in DNA (HR=6.48;
95% CI, 2.61-16.09; P=0.0001), the 8-OHdG ratio in the
cytoplasm (HR=0.14; 95% CI, 0.04-0.51; P=0.0031) and sex
(HR=0.30; 95% CI, 0.09-0.96; P=0.0425) were independently
correlated with DFS (Table II). Furthermore, the 8-OHdG
ratio in both DNA (HR=10.74; 95% ClI, 3.54-32.6; P<0.0001)
and the cytoplasm (HR=0.17; 95% CI, 0.04-0.83; P=0.0285)
were independently correlated with DSS (Table III).

ROC curve analysis and cut-off value for predicting CRC
recurrence. Time-dependent ROC curve analysis was
conducted to determine the most informative cut-off point
of the 8-OHdG ratio in both DNA and the cytoplasm for
predicting CRC recurrence. Fig. 3 reveals the estimated
ROC curve with respect to the 5-year DFS. The ROC curve
analysis indicated that the optimal cut-off 8-OHdG ratio
in DNA, as determined using the Youden index, was 1.087
(sensitivity=58.8%; specificity=76.2%). The optimal cut-off
value for the 8-OHdG ratio in the cytoplasm was 0.999 (sensi-
tivity=85.3%; specificity=58.7%) (Fig. 3).

Survival curves according to the 8-OHdG ratios estimated
using both ELISA and qIHC. Based on ROC analyses, the
impact of the 8-OHdG ratio in DNA or the cytoplasm on DFS
and DSS was further analysed using Kaplan-Meier curves
(Fig. 4). DFS and DSS were significantly poorer in the high
8-OHdG ratio in DNA group than in the low ratio group
(Fig. 4A; P=0.0043 for DFS, P=0.0044 for DSS). By contrast,
DFS was significantly poorer in the low 8-OHdG ratio in the
cytoplasm group than in the high ratio group, whereas DSS
was not significantly different between these groups (Fig. 4B;
P=0.0006 for DFS, P=0.0520 for DSS). Furthermore, we
divided the patients into three groups as follows. Group I
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Table III. Univariate and multivariate analyses of disease-specific survival using a Cox proportional hazard model.

DSS
Univariate analysis Multivariate analysis
Characteristics HR (95% CI) P-value HR (95% CI) P-value
8-OHdG (ELISA) 8.14 (3.51-18.90) <0.0001 10.74 (3.54-32.60) <0.0001
8-OHdG (qIHC) 0.32 (0.09-1.06) 0.0618 0.17 (0.04-0.83) 0.0285
Age, years (<75/=75) 0.72 (0.21-2.45) 0.5953 2.03 (0.44-9.25) 0.3618
Sex (male/female) 5.61 (0.72-43.79) 0.1003 0.16 (0.02-1.29) 0.0845
Tumor depth (<T3/T4) 3.09 (0.94-10.13) 0.0623
Lymph node metastasis (+/-) 2.24 (0.66-7.66) 0.1978
Lymphatic invasion (+/-) 2.40 (0.64-9.04) 0.1968
Venous invasion (+/-) 1.52 (0.46-4.99) 0.4869
Adjuvant chemotherapy (+/-) 1.13 (0.33-3.87) 0.8418

DSS, disease-specific survival; HR, hazard ratio; CI, confidence interval; 8-OHdG, 8-hydroxydeoxyguanosine; ELISA, enzyme-linked immu-
nosorbent assay; qIHC, quantitative immunohistochemistry.
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Figure 4. Kaplan-Meier curves of DFS and DSS according to the 8-OHdG ratios estimated using ELISA or qIHC. (A) DFS or DSS for patient groups with high or
low 8-OHAG ratios using ELISA. High 8-OHdG ratio (ELISA) group, =1.087; low 8-OHdG ratio (ELISA) group, <1.087. (B) DFS or DSS for patient groups with
high or low 8-OHdG ratios using qIHC. High 8-OHdG ratio group, =0.999; low 8-OHdG ratio group, <0.999. DFS, disease-free survival; DSS, disease-specific
survival; 8-OHdG, 8-hydroxydeoxyguanosine; ELISA, enzyme-linked immunosorbent assay; qIHC, quantitative immunohistochemistry.

included patients with an 8-OHdG ratio in DNA =1.087 andan ~ Group III included patients with an 8-OHdG ratio in
8-OHdG ratio in the cytoplasm <0.999 [n=33 (34.0%)]. GroupII  DNA =1.087 and an 8-OHdG ratio in the cytoplasm =0.999,
included patients with an 8-OHdG ratio in DNA <1.087 and  or an 8-OHdG ratio in DNA <1.087 and an 8-OHdG ratio in
an 8-OHdG ratio in the cytoplasm =0.999 [n=19 (19.6%)].  the cytoplasm <0.999 [n=45 (46.4%)]. Fig. 5 demonstrated that
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sorbent assay; qIHC, quantitative immunohistochemistry.
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Figure 6. Relationship between 8-OHdG levels in DNA and the cytoplasm and its potential regulation by OGGI function. 8-OHdG in DNA is replaced with
guanine by the OGGl-mediated DNA base excision repair system and transported to the cytoplasm. OGGI function, impaired. 8-OHdG in DNA is not excised,
resulting in low 8-OHdG levels in cytoplasm. Accumulation of 8-OHdG in DNA increases cancer aggressiveness (group I in our study). OGG1 function,
normal. 8-OHdG in DNA is repaired by the OGG-1-mediated base excision repair system. Thereafter the excised 8-OHdG mononucleotides are transported
to the cytoplasm, leading to high 8-OHdG levels in the cytoplasm and low 8-OHdG levels in DNA, thereby suppressing cancer aggressiveness (group 11 in our
study). 8-OHdG, 8-hydroxydeoxyguanosine; OGG1, 8-OHdG DNA glycosylase.

the DFS and DSS were markedly lower in group I than in the  for recurrence or death among groups I-III. Group I had an
other groups (P<0.0001 for DFS, P=0.0007 for DSS). Finally, increased risk of recurrence or death compared with the find-
Table IV presents the comparative analysis of the hazard ratios  ings in the other groups (Table IV).



3048

KITAGAWA et al: 8-HYDROXYDEOXYGUANOSINE RATIO PREDICTS OUTCOMES FOR CRC PATIENTS

Table I'V. Comparison of the risk of recurrence or death among groups I-III.

Recurrence Death
Categorical variable HR (95% CI) P-value HR (95% CI) P-value
Group I 1 - - 1 - -
Group II 0.08 (0.02-0.34) 0.00076 0.08 (0.01-0.65) 0.01792
Group III 0.23 (0.09-0.56) 0.00133 0.17 (0.04-0.66) 0.01044

HR, hazard ratio; CI, confidence interval.

Discussion

8-OHdG levels have been previously measured in serum,
leukocytes and urine to assess oxidative stress in humans (4,18).
Studies have also investigated plasma 8-OHdG levels in patients
with CRC and evaluated their correlations with clinicopatho-
logical variables or patient survival (19,20). However, no study
has identified significant correlations of plasma §-OHdG
levels with such factors (19,20). A recent study also analysed
8-OHdG levels in CRC tumors via high-performance liquid
chromatography (21). The results illustrated that 8-OHdG
levels were higher in cancerous tissues than in the corre-
sponding normal tissues, whereas no significant relationship
was observed between 8-OHdG levels and tumor stage (21).

In the present study, 8-OHdG levels in CRC tissues were
quantitatively assessed via ELISA and qIHC. First, 8-OHdG
levels in tissue DNA were measured by ELISA using both
cancerous and corresponding normal tissues. The results
indicated that 8-OHdG levels in DNA were not significantly
different between normal and cancerous tissues. Next, 8-OHdG
levels in the cytoplasm were also investigated via qIHC using
imaging analysis software. Positive 8-OHdG staining was
observed in the cytoplasm, but not in the nucleus, in both
cancerous and normal tissues. In line with the ELISA observa-
tions, 8-OHdG levels in the cytoplasm were not significantly
different between normal and cancerous tissues.

Previous studies reported that ROS accumulation in
humans varies among individuals because ROS generation
can be influenced by ageing (22,23), smoking (24) and chronic
diseases such as diabetes (25). Additionally, the intestinal
epithelium is directly exposed to red meat, fat and alcohol,
thereby exogenously increasing ROS generation (26,27).
Therefore, to eliminate such backgrounds, we estimated the
8-OHdG ratio between cancerous and normal tissues using
both ELISA and qIHC and determined the 8-OHdG ratios as
the cancer-dependent accumulation of 8-OHdG. To the best of
our knowledge, only one study has evaluated the relationship
between the outcomes of patients with cancer and 8-OHdG
ratios in DNA from ovarian cancer tissue (18), revealing that
survival was worse in patients with higher 8-OHdG ratios
than in those with lower 8-OHdG ratios (18). Based on these
concepts, we examined the correlation of the 8-OHdG ratio
with several clinicopathological factors and patient survival.
The 8-OHdG ratio in DNA was significantly correlated with
Ilymph node metastasis, lymphatic invasion and a history
of adjuvant chemotherapy. The results suggested that the

cancer-dependent accumulation of 8-OHdG in DNA acceler-
ates tumor progression in CRC. G:C to T:A mutations caused
by 8-OHdG accumulation may activate genes related to cancer
invasion or metastasis. Alternatively, since 8-OHdG accumu-
lation in DNA results from ROS-induced oxidative damage
in DNA, excessive ROS generation may increase CRC inva-
sion and metastasis by directly activating signal transduction
molecules in patients with high 8-OHdG ratios in DNA (2).
Contrarily, the 8-OHdG ratio in cytoplasm had no statistical
correlation with any clinicopathologic factors.

Regarding survival, multivariate analysis revealed that high
8-OHdG ratios in DNA were independently correlated with poor
DFS and DSS. Notably, low 8-OHdG ratios in the cytoplasm
were also significantly correlated with poor DFS and DSS.
Previously, an THC study using breast cancer tissues demon-
strated that DSS was significantly poorer among patients with
negative 8-OHdG than in those with positive expression (28).
This study may support our gIHC findings, although the breast
cancer study did not assess 8-OHdG levels quantitatively (28).
Using Kaplan-Meier curves, we further revealed that the
co-existence of a high 8-OHdG ratio in DNA and a low 8-OHdG
ratio in the cytoplasm was associated with significantly poorer
DFS and DSS than other combinations of these variables.

In the present study, we did not address the mechanism
by which the 8-OHdG ratio in DNA or the cytoplasm
inversely affected the surgical outcomes of patients with CRC.
Concerning this point, a possible mechanism involved 8-OHdG
DNA glycosylase (OGGL1), a base excision repair enzyme that
participates in DNA repair (16,29). To avoid DNA mutation,
OGG1 removes 8-OHdG residues opposite cytosine from DNA,
and the excised 8-OHdG mononucleotides can be transported
to the cytoplasm (16,29). Therefore, our interpretation is that
8-OHdG localisation in nuclear DNA or the cytoplasm may be
determined by OGGI activity in CRC. When OGGI functions
normally, incorporated 8-OHdG is effectively excised from
DNA, and high amounts of 8-OHdG mononucleotides may
be effluxed to the cytoplasm. By contrast, if OGGI activity is
impaired, then significant 8-OHdG accumulation can occur in
nuclear DNA, resulting in G:C to T:A mutations and leading to
CRC progression and poor patient prognoses. Under this situa-
tion, 8-OHdAG mononucleotide levels in the cytoplasm may be
decreased, resulting in the detection of low levels via qIHC.
Fig. 6 illustrates a possible mechanism by which 8-OHdG
may be accumulated in nuclear DNA owing to impaired
OGG] activity, thereby leading to increasing CRC aggressive-
ness. Additionally, we could not detect 8-OHdG expression
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in nuclear DNA by IHC. Higher-order chromatin structures
may disturb the immunological detection of 8-OHdG by the
antibody used in the present study. With respect to differences
in OGGTI activity in cancers, several studies linked the OGGl1
Ser326Cys polymorphism to OGGl activity (30,31). In CRC,
a previous study analysed the frequencies of the Ser326Ser,
Ser326Cys and Cys326Cys genotypes in CRC tissues;
however, the literature did not report a significant correlation
between any of the three polymorphic patterns and OGGl1
activity (32). In the future, further research evaluating the rela-
tionships among OGGI polymorphisms, OGGI activity and
8-OHdG ratios may offer new insights into the pathogenesis of
8-OHdG-mediated CRC progression.

In conclusion, the present study demonstrated that
cancer-dependent 8-OHdG accumulation in tissue DNA,
which was determined as the ratio of 8-OHdG levels between
cancerous and normal tissues via ELISA, may be an important
factor for assessing ROS-mediated oxidative stress in CRC
tissue DNA. Furthermore, assessing 8-OHdG ratios using the
combination of ELISA and qIHC could represent a powerful
tool for predicting cancer recurrence and post-operative
survival among patients with CRC.
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