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ABSTRACT

Purpose: Chronic inflammation and lipid peroxidation (LPO) are associated with the pathogenesis of
hepatocellular carcinoma (HCC), and y-hydroxy-1, N2-propanodeoxyguanosine (y-OHPdG) is a promutagenic
DNA adduct derived from LPO. This study aimed to examine the relationship between y-OHPdG and the
progression of liver carcinogenesis.

Methods: Primary HCC specimens were obtained from 228 patients and cirrhosis specimens from 46 patients.
The patients were followed up with after surgery via outpatient visits and telephone calls. The levels of
y-OHPdG were determined by immunohistochemical analysis in the carcinomatous tissues together with
adjacent and cirrhosis tissues.

Results: y-OHPdG levels in the cancerous tissues were significantly higher compared to adjacent tissues (P <
0.001) and also higher than the ones from the tissues of cirrhosis patients. Along with tumor size, histological
grade, MVI grade, T stage, the percentage of ki67-positive cells and HCC progression, y-OHPdG levels in
cancerous tissues showed a gradually increasing trend. Moreover, prognostic analysis showed that higher y-
OHPdG levels in cancerous tissues were strongly correlated with lower overall survival (P < 0.001), lower
intrahepatic recurrence-free survival (P < 0.001) and lower distant metastasis-free survival (P < 0.05). There
was a trend, although not statistically significant, of increased levels of y-OHPdG in cirrhosis cases that
advanced to HCC, whereas y-OHPdG levels reversely correlated with the period of time observed for cirrhosis
advanced to HCC.

Conclusions: These results suggest that y-OHPdG is a prognostic biomarker for predicting outcomes in HCC,
and may serve as a prospective indicator for predicting HCC in cirrhosis patients.
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INTRODUCTION

Hepatocellular carcinoma (HCC), a major histologic
liver cancer, is one of the worldwide leading causes of
cancer related mortalities [1, 2]. HCC is predominant
in Asia, with China accounting for nearly half of the
world’s HCC cases [3]. HCC generally progresses
rapidly with high invasiveness, and its 5-year relative
survival rate is a mere 18% [4]. Moreover, metastasis
and recurrence are attribute over 90% of HCC deaths
[5]. Thus, it is critical to identify specific and reliable
biomarkers to detect early-stage HCC and reduce HCC-
related mortality.

HCCs develop mainly in cirrhotic livers, and chronic
inflammation is the major underlying hepatocarcino-
genesis cause [6-8]. In China, the prominent etiology for
chronic liver inflammation is viral hepatitis (especially
HBV and HCV) [9, 10], with more than 85% of HCC
being predominantly related to HBV infection [11].
It has been well-established that chronic inflammation
leads to oxidative stress and lipid peroxidation (LPO),
producing highly reactive a, B-unsaturated aldehydes
(enals) and consequently forming promutagenic cyclic
DNA adducts, a significant stage in early oncogenesis
[12-14].

y-hydroxy-1,N?-propanodeoxyguanosine (y-OHPdG)
is ubiquitously detected as a source of endogenous
DNA damage, and is one of the most abundant
LPO-derived DNA adducts in mammalian tissues
[15-17]. y-OHPdG is mutagenic, known to induce
predominantly DNA G to T and G to A base
mutations [18, 19]. Previous studies have showed that
v-OHPdG formation principally occurs at TP53, a tumor
suppressor gene in human cancers [20, 21], more
specifically at the mutation hotspots identified in
HCC, comprising a location of known HCC-specific
mutations [22, 23]. Thus, it is likely that y-OHPdG’s
role in hepatocarcinogenesis may be crucial.

There have been limited reports of y-OHPAG’s
association with HCC development and progress in
tissues from patients to date. Using an animal model,
Fu et al. [24] investigated y-OHPdG as a potential
hepatocarcinogenesis biomarker and also as an anti-
oxidant biomarker for cancer prevention [15]. They
demonstrated that liver y-OHPdG levels consistently
correlated with HCC occurrence and progression,
and anti-oxidation treatment suppressed liver tissue y-
OHPAG levels and prevented liver from carcinogenesis
in a nucleotide excision repair (NER)-deficient mouse
model. Furthermore, based on liver samples from HCC
patients, y-OHPdG can be used as a highly reliable
predictive indicator of HCC recurrence and survival.
Coia et al. also examined the formation of y-OHPdG

across all stages in HCC development in order to
understand its potential role, and showed that y-OHPdG
might be a mutagenic DNA damage source in the
HCC progression [25]. However, it should be noted that
the cohort samples in both studies are very small.
In addition, results from one previous study were not
consistent with above mentioned results, which
indicated high y-OHPdG levels in paraneoplastic non-
cancerous tissues but not in cancerous tissues, and were
highly correlated with lower distant metastasis-free
survival in HCC patients [26]. Thus, the potential
clinical application of y-OHPdG in relationship to
HCC progression remains inconclusive and warrants
further investigation. We examined the y-OHPdG levels
in 228 HCC tissues and 46 cirrhosis tissues with the
majority of the patients suffering from HBV infection in
the past.

MATERIALS AND METHODS
Patient samples

Formalin-fixed paraffin embedded (FFPE) samples
of primary HCC were acquired from 228 patients
undergoing curative surgery at The First Affiliated
Hospital (from January 2010 to December 2016)
and The Affiliated Provincial Hospital of Shandong
First Medical University (from July 2010 to August
2016). The inclusion criteria include the following
aspects: complete clinicopathological characteristics,
histologically confirmed HCC, no preoperative anti-
tumor therapy, no other malignant tumors or fatal
comorbidities and regular follow-up. Histological
observations of all specimens were reassessed by
experienced pathologists in accordance with the
“Evidence-based Practice Guidelines for Standardized
Pathological Diagnosis of Primary Liver Cancer in
China: 2015 Update” [27]. Out of the 228 primary
HCC individuals, 46 FFPE samples with recurrence
and 28 samples with metastasis were obtained either
during subsequent surgical resection or biopsy. In
addition, FFPE cirrhosis specimens were obtained
from 46 patients who received splenectomy and
wedge-shaped liver biopsy at The First Affiliated
Hospital of Shandong First Medical University from
March 2005 to March 2016.

Immunohistochemistry (IHC) staining

FFPE serial sections of the liver tissues were stained
with an anti-y-OHPdG monoclonal antibody (a kind gift
from Dr Fung-Lung Chung, Department of Oncology,
Lombardi Comprehensive Cancer Center, Georgetown
University Medical Center, Washington DC, USA)
according to previously reported protocols [25, 26].
Briefly, the slides were incubated with 3% hydrogen

www.aging-us.com 7259

AGING



peroxide and 10% goat serum in phosphate buffered
saline (PBS) for 10 minutes. Subsequently, the tissue
sections were incubated with the y-OHPdG antibody
(1:500) at room temperature (RT) for 1 hour. Finally,
the slides were treated with 3% hydrogen peroxide
once again and incubated with anti-mouse horseradish
peroxidase-labeled polymer for 30 minutes at RT,
chromogenic reaction with DAB. Positive y-OHPdG
signals show brown-colored nuclei.

The results of IHC were semi-quantified using the
histoscore and was performed by 2 independent
pathologists who were blinded to all other study related
data. The H-score for y-OHPdG level on all sections
of the cancerous tissues, adjacent tissues and cirrhosis
tissues was graded by adding the intensity and the
proportion of brown nuclear stained cells as described
previously [25, 28]. Adjacent tissues were defined as
non-cancerous tissues adjacent to the cancerous tissue
in the same slide, which were normal, fibrosis or
cirrhosis (most of them were cirrhosis). The intensity
of y-OHPdG was graded as negative (0), weak (1+),
moderate (2+) or intense (3+). The distribution of
positive cells was recorded in percentages, respectively.
H-score was obtained by multiplying the intensity
grades by the percentage of positive cells. These H-
scores have a range of possible scores between 0 and
300. The median H-score of all specimens was used
as the cut-off value and all specimens were divided
into low and high two groups for further correlation
analysis.

Laboratory tests and follow-up

Participants were followed up with via outpatient visits
and telephone calls. Pre- and postsurgical follow-up
assessments including laboratory measurements such
as levels of serum alpha-fetoprotein (AFP), abdominal
ultrasonography and computed tomography (CT) or
magnetic resonance imaging (MRI) were performed as
complementary examination. Patients were evaluated
once every two months during the first two years
post-discharge, then once every three to six months
thereafter. The follow-up period was terminated in
March 2022, and cirrhosis patients were followed after
diagnosis for at least 8 years.

Recurrence/metastasis was identified through imaging
examinations and AFP level tests, and others were
confirmed using re-surgical excision or biopsy. The
study endpoints were intrahepatic recurrence-free
survival (RFS), distant metastasis-free survival (MFS),
and overall survival (OS). The OS was measured from
the date of pathological diagnosis to the date of death
or the last follow-up. RFS and MFS were recorded
from the date of pathological diagnosis to recurrence

and metastasis, respectively, or to the date of last
follow-up.

Statistical analysis

Analyses were performed using SPSS software
program (version 17.0) and GraphPad Prism V.9
(GraphPad Prism Software, USA). Categorical
variables were expressed as numbers, percentages and
were performed by the chi-squared test or Fisher’s
exact test. Continuous variables were reported as the
mean + standard deviation, and were compared using
the t test or Mann-Whitney U-test. Wilcoxon rank-
sum test was used for two-group comparisons and
the Kruskal-Wallis test was applied for normalizing
multiple groups. Kaplan-Meier survival curves and
log-rank tests, together with the time-related receiver
operating feature curve (ROC) analysis, were conducted
to evaluate survival outcomes and to assess the
predictive ability. Cox’s proportional hazard model
was employed to univariate and multivariate analysis
to obtain any independent risk factors that were related
to survival. P value less than 0.05 was considered
statistically significant.

RESULTS

Patient characteristics and the expression of
v-OHPdG

The baseline characteristics for the HCC patients
are summarized in Table 1. The 228 FFPE liver
samples were evaluated for y-OHPdG staining using
IHC, and all cancerous and the adjacent tissues
were scored by histological evaluation as described
above. The presence of y-OHPJG was detected in
the nuclei in the adjacent tissues and carcinomatous
tissues as shown in Figure 1A. The levels of y-OHPdG
were significantly increased in carcinomatous tissues
compared with those in the adjacent tissues (P <
0.001) (Figure 1B). W.ilcoxon signed rank test
showed similar results (Figure 1C). Of the 228
resected specimens, 85 (37%) were grouped with
lower and 143 (63%) with higher levels of y-OHPdG,
and were analyzed accordingly. Our data showed
that the y-OHPdG levels were associated with the
tumor size, histological grades (ES), MVI grades
and T stages (Figure 1D-1G). y-OHPdG levels
in HCC were also positively correlated with the
percentage of ki67-positive cells (Figure 1H, p =
0.010). Comparison of the patient’s clinicopathological
characteristics with the two groups, significant cor-
relation was found between y-OHPAG levels and
presurgical AFP levels (Table 1), but other baseline
variables including age, sex, HbsAg, HBV DNA load,
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Table 1. Baseline clinicopathological characteristics of hepatocellular

carcinoma patients based on y-OHPdG levels.

v-OHPdG levels

Characteristics P-value
Low(n=85) High(n=143)

Age, mean + SD 55.73 £8.58 53.21+99 0.052

Sex, n (%) 0.483
Female 15 (6.6%) 19 (8.3%)
Male 70 (30.7%) 124 (54.4%)

HbsAg, n (%) 0.091
Negative 18 (7.9%) 17 (7.5%)
Positive 67 (29.4%) 126 (55.3%)

HBYV DNA load, n (%) 0.180
<5x10? TU/ml 56 (24.6%) 80 (35.1%)
>5x10% IU/ml 29 (12.7%) 63 (27.6%)

AFP, ng/ml, n (%) 0.024
<20 36 (15.8%) 42 (18.4%)
20 400 31(13.6%) 47 (20.6%)
>400 18 (7.9%) 54 (23.7%)

ALT levels, n (%) 0.381
Normal 58 (25.4%) 88 (38.6%)
High 27 (11.8%) 55 (24.1%)

AST levels, n (%) 1.000
Normal 15 (6.6%) 26 (11.4%)
High 70 (30.7%) 117 (51.3%)

TBIL levels, n (%) 0.523
Normal 62 (27.2%) 111 (48.7%)
High 23 (10.1%) 32 (14%)

PT levels, n (%) 0.872
Normal 50 (21.9%) 87 (38.2%)
High 35 (15.4%) 56 (24.6%)

Alcoholism, n (%) 1.000
No 63 (27.6%) 107 (46.9%)
Yes 22 (9.6%) 36 (15.8%)

Long term smoking, n (%) 0.926
No 56 (24.6%) 92 (40.4%)
Yes 29 (12.7%) 51 (22.4%)

HCC family history, n (%) 0.877
No 64 (28.1%) 105 (46.1%)
Yes 21 (9.2%) 38 (16.7%)

Liver transplantation, n (%) 1.000
No 77 (33.8%) 130 (57%)
Yes 8 (3.5%) 13 (5.7%)

Tumor number, n (%) 0.524

1 nodule 72 (31.6%) 115 (50.4%)
>2 nodules 13 (5.7%) 28 (12.3%)
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Tumor diameter, n (%)
<Scm
>5cm

Tumor capsule, n (%)
Present
Absent

Surgical margin, n (%)
Negative
Positive

Neoplastic necrosis, n (%)

No
Yes
ES grade, n (%)
I-1I
II-1v
MVI grade, n (%)
MO
M1
M2

Macrovascular invasion, n (%)

Negative
Positive

Satellite nodules, n (%)
Absent
Present

Liver cirrhosis, n (%)
No
Yes

Ki67, median (IQR)

<0.001
57 (25%) 59 (25.9%)
28 (12.3%) 84 (36.8%)
0.178
76 (33.3%) 117 (51.3%)
9 (3.9%) 26 (11.4%)
0.219
74 (32.5%) 114 (50%)
11 (4.8%) 29 (12.7%)
0.306
65 (28.5%) 99 (43.4%)
20 (3.8%) 44 (19.3%)
0.004
56 (24.6%) 65 (28.5%)
29 (12.7%) 78 (34.2%)
0.003
61 (26.8%) 70 (30.7%)
13(5.7%) 34 (14.9%)
11 (4.8%) 39 (17.1%)
0.064
81(35.5%) 124 (54.4%)
4 (1.8%) 19 (8.3%)
0.915
79 (34.6%) 131 (57.5%)
6 (2.6%) 12 (5.3%)
1.000
11 (4.8%) 19 (8.3%)
74 (32.5%) 124 (54.4%)
02(0.1,0.3) 02(0.1,04)  0.033

Statistically significant p values are in bold (p < 0.05).
Note: Long-term smoking was defined as smoking at least 10 cigarettes a

day for more than 10 years.

ALT, AST, TBIL, prothrombin time, alcoholism, long-
term smoking, HCC family history, surgical procedures,
nodule numbers, tumor capsule, surgical margin, neo-
plastic necrosis, satellite nodules and background liver
function, were not associated. No significant difference
in macrovascular invasion between the two groups was
observed.

The co-relationship between the levels of y-OHPdG
and HCC development

In addition to the 228 FFPE liver samples, 46 recurrent
HCC and 23 metastatic HCC samples were also
examined by IHC staining and scored by histological
assessment as described in Materials and Methods, and

the results are shown in Figure 1A. The y-OHPdG levels
in the recurrent or metastatic tumors were compared to
the levels in the corresponding primary HCC. It was
observed that y-OHPdG levels were significantly higher
in the recurrent or metastatic tumors, respectively (Figure
11, 1J, P < 0.01 for both).

v-OHPAG as a useful prognostic biomarker for HCC
patients

The median follow-up time of HCC patients was 52.5
months for the present study. The average time to post-
operative recurrence was 26.8 months, the average time
to postoperative metastasis was 23.6 months, and the
average OS was 53.6 months.
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Figure 1. The levels of y-OHPdG by IHC staining in the development of HCC. (A) The levels of y-OHPdG in the adjacent tissues,
primary tumors, the recurrent and metastatic tumor tissues (20x); (B, C) Comparison of the levels of y-OHPdG in HCC and the adjacent
tissues; (D—G) The histogram plot shows y-OHPdG levels in tumor size, Edmondson-Steiner grades -1V, MVI grades 0-2, T stages T1a-T4 HCC
patients, respectively; (H) Dot plot between y-OHPdG levels and ki67 percentage scores; (I, J) y-OHPdG levels between the recurrent
tumors/metastatic tumors and their primary HCC tissues.*P < 0.05, **P < 0.01, ***P < 0.001 (Wilcoxon rank sum test and Kruskal-Wallis test).
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As shown in Figure 2A-2C and Supplementary Tables
1-3, higher y-OHPdG levels (median value as the cut-
off) in cancerous tissues were correlated reversely with
overall survival (OS, log-rank P < 0.001), intrahepatic
recurrence-free survival (RFS, log-rank P < 0.001), and
metastasis-free survival (MFS, log-rank P = 0.015).
Kaplan-Meier plot with log-rank analyses also indicated
that higher levels of y-OHPdG in the adjacent tissues,
similar to cancerous tissues, was associated with shorter
OS (P < 0.001), shorter RFS (P < 0.001) and shorter
MFS (P < 0.001) as shown in Supplementary Figure

1A-1C. In addition, receiver operating characteristic
(ROC) curve and area under the curve (AUC) statistical
analysis were performed to evaluate the capacity of
v-OHPdG levels in carcinomatous tissues and the
adjacent tissues for predicting the OS, MFS and
RFS of HCC. The AUC of the ROC curve was 0.757,
0.616 and 0.579, respectively (Figure 2D-2F). Figure
2G-21 show the predictive potential of the y-OHPdG
in carcinomatous tissues using time-dependent ROC
curves. And the area under the ROC curve (AUC) of the
prognostic model for OS are 0.710 at 1 year, 0.760 at
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Figure 2. The y-OHPdG levels and the prediction of prognosis in HCC patients. (A-C) Kaplan-Meier survival curve analysis of OS, PFS
and MFS rates with high and low y-OHPdG levels in HCC patients, respectively; (D—F) ROC curve validation of the prognostic value of the
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3 years and 0.783 at 5 years, and an AUC of 0.769 at 1
year, 0.695 at 3 years and 0.751 at 5 years for MFS,
respectively. Furthermore, the AUC of the prognostic
model for RFS at 1, 3 and 5 years are 0.697, 0.733
and 0.738, respectively. Supplementary Figure 2D-2F
shows the predictive potential of the y-OHPdG in the
adjacent tissues using time-dependent ROC curves. The
AUC of the prognostic model for OS are 0.727 at 1
year, 0.785 at 3 years and 0.802 at 5 years, and an AUC
of 0.773 at 1 year, 0.763 at 3 years and 0.759 at 5 years
for MFS, respectively. Furthermore, the AUC of the
prognostic model for RFS at 1, 3 and 5 years are 0.728,
0.669 and 0.727, respectively.

Based on these observation, Cox proportional hazard
regression analysis were implemented to identify
independent predictors of OS, RFS and MFS, and
the results are shown in Supplementary Tables 1-3.
The prognostic factors for OS based on multivariable
analyses were multinodular tumor (HR 2.045, 95% ClI
1.363-3.069, P < 0.001), larger tumor diameter (HR
2.104, 95% CI 1.415-3.127, P < 0.001), grade MVI-
M1 (HR 2.023, 95% CI 1.281-3.194, P = 0.003), grade
MVI-M2 (HR 2.070, 95% CI 1.189-3.602, P = 0.010),
MVI-TTG classification (M1,HR 2.023, 95% CI 1.281-
3.194, P = 0.003; M2,HR 2.070, 95% CI 1.189-
3.602, P = 0.010), positive of TBIL (HR 1.485, 95%
Cl11.005-2.194, P = 0.047) and y-OHPdG higher levels
(HR 1.011, 95% CI 1.008-1.014, P < 0.001). Whereas
the multivariable Cox-regression analyses of MFS
indicated that the prognostic factors were liver
transplantation (HR 2.337, 95% CI 1.004-5.443, P =
0.049), positive of AST (HR 5.993, 95% CI 1.352-
26.561, P = 0.018), larger tumor diameter (HR 2.645,
95% CI 1.284-5.446, P = 0.008), grade MVI-M1 (HR
2.763, 95% CI 1.281-5.963, P = 0.010), macrovascular
invasion (HR 2.798, 95% CI 1.008-7.766, P = 0.048),
higher Ki67 percentage (HR20.337, 95% CI 1.590-
260.160, P = 0.021) and y-OHPdG higher levels (HR
1.008, 95% CI 1.003-1.014, P = 0.002). Furthermore,
only y-OHPdG level in cancerous tissue served as
an independent prognostic factor associated with
intrahepatic recurrence-free survival (HR 1.007, 95%
Cl 1.004-1.009, P < 0.001).

The expression levels of y-OHPAG in cirrhosis
patients and its relationship with the time of
cirrhosis advanced to HCC

Out of the 46 cirrhosis individuals, 16 patients
progressed to HCC during follow-up, and the median
time advanced to HCC time was 32.5 months. The
presence of y-OHPAG in cirrhosis tissues was detected
with IHC as shown in Figure 3A-3D. The levels of
v-OHPJG were generally higher in cirrhosis tissues
advanced to HCC (Figure 3C, 3D) except in 2 out of 16

samples where y-OHPdG levels were extremely low,
thus resulting in no significant difference between these
two groups (Supplementary Figure 2). We also compared
v-OHPdG levels between these 46 cirrhosis patients and
the above mentioned 228 HCC patients. The levels of y-
OHPAG in HCC tissues were significantly higher than
that in cirrhosis tissues (P < 0.001) (Figure 3E). Further
analysis showed that y-OHPDG levels were reversely
correlated with the time course of cirrhosis advanced to
HCC (P = 0.037) (Figure 3F).

DISCUSSION

There has yet to be a significant clinical improvement in
the discovery of biomarkers for HCC surveillance and
early diagnosis in the last few decades [29]. Thus, HCC
is often diagnosed at advanced stages, leading to not
only a poor prognosis, but also high mortality. Thus,
exploring and identifying new biomarkers that could
detect HCC earlier and predict its prognosis accurately
is essential and critical.

Several biomarkers have already been proposed [30-35],
but their clinical utility has not been widely accepted. It
is well known that HCC is an inflammation-related
cancer, and HCC risks are associated with chronic
inflammation and its resultant oxidative stress [36].
Moreover, it has been proved that oxidative stress is
involved in HCC migration, invasion and metastasis
[37]. These findings imply that biomarkers associated
with oxidative stress may serve as potential HCC
prognostic indicators. Unfortunately, only a few studies
on the correlation between oxidative stress markers and
HCC have been reported and the findings so far remain
inconclusive.

v-OHPdG, a pro mutagenic DNA adduct derived from
acrolein as a product of oxidative stress and LPO,
has been involved in cancer development [19, 20].
Therefore, the present study investigated the association
between y-OHPdG levels and the HCC clinical
characteristics including prognosis of HCC in Chinese
patients. Our results showed that the levels of y-OHPdG
were higher in HCC cancerous tissues comparing
to the ones in adjacent tissues (majority of them
were cirrhosis), which is consistent with the previous
study conducted by Feng et al. [26], but not with the
study by Fu et al. [24] where they did not observe
significant difference of y-OHPdG levels between the
two tissues. Differences in etiology might contribute to
the inconsistency. HBV is the leading cause of HCC in
China, and about 94% of HCC cases in this study are
predominantly related to HBV infection, whereas in
North America HCV, unhealthy alcohol use, and non-
alcoholic steatohepatitis (NASH) are the main causes of
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HCC [38]. The population of study subject by Fu et
al. Previous findings demonstrated that NER is the
main DNA repair system for repairing cyclic 1, N2-
propanodeoxyguanine DNA adducts-induced DNA
damage [39]. Further studies demonstrate that the
inhibition of xeroderma pigmentosum type B (XPB)
and type D (XPD) helicase in patients with HBV
resulted in the hepatitis B virus X protein (HBXx)
suppressing the NER pathway, leading to inefficient
removal of DNA adducts [40]. As Feng et al. [26]
speculated, HBV infection causes both DNA mutation
and repair pathway disruption, thus resulting in an
additive effect on HCC progression. In addition,
we found that y-OHPAG levels were significantly
higher in the HCC tissues compared with that in the
cirrhosis tissues, which is consistent with previous
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study by Coia et al. [25]. In agreement with the studies
mentioned above, our results demonstrate that v-
OHPAG levels are indicative for oxidative stress, and
may serve as a predictor of DNA damage-mediated
hepatocarcinogenesis.

Since oxidative stress contributes to the progression
of liver disease, we expected an increase in the DNA
damage and oxidative stress with the increase of HCC
stage, recurrence and metastasis [41]. Fu et al. [15]
demonstrated that the relationship between y-OHPdG
levels in liver DNA and HCC development, and
significantly decreased y-OHPdG levels are associated
with antioxidant treatment and notably decreased HCC
incidence in animal models. Our present study provides
evidence that y-OHPdG levels in cancerous tissues
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Figure 3. The y-OHPdG levels in cirrhosis patients. (A, B) The levels of y-OHPdG (representatives of IHC staining) in cirrhosis tissues.
(C, D) y-OHPdG IHC examination of cirrhosis tissues advanced to HCC; (E) The comparison of y-OHPdG levels in HCC and the cirrhosis tissues;
(F) Dot plotting and Spearman fitting show the correlation between y-OHPdG levels and the time of cirrhosis advanced to HCC. *** indicates

P <0.001 (Wilcoxon rank sum test).
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increase as HCC progresses in regards to tumor size,
grade, stage and tumor cell proliferation status as
indicated by Ki67 staining, and is significantly higher
in recurrent or metastatic tumors compared to the
levels in the corresponding primary HCC as well.
These findings suggest that y-OHPdG may serve as a
reliable indicator of the DNA damage levels for the
prediction of HCC progression (recurrence and
metastasis).

The above findings were also consistent with the
results of survival analysis and logistic regression,
which indicate higher levels of y-OHPdG both in the
carcinomatous tissues and the adjacent tissues of HCC
patients are associated with shorter overall survival,
shorter intrahepatic recurrence-free survival and shorter
distant metastasis-free survival, suggesting that
oxidative stress may be involved in HCC migration,
invasion, and metastasis. Presumably, oxidative stress
induced y-OHPdG accumulation could trigger cancerous
cell transformation and proliferation, resulting in distant
metastasis, recurrence, and shorter overall survival.
More importantly, the results of the multivariate Cox
analysis demonstrated that y-OHPdG is an independent
prognostic biomarker for HCC, and the ROC curve
suggests the potential value of y-OHPdG levels in
predicting HCC prognosis.

Cirrhosis is a major HCC risk factor and up to 15% of
cirrhosis cases each year advanced to HCC [42,
43]. The HCC autopsy results indicated that 80-90%
had underlying cirrhosis [44]. Thus, it is clinically
valuable to classify and monitor the risk of liver
cirrhosis in order to prevent hepatocarcinogenesis.
As previous studies indicated, y-OHPdG may lead
to hepatocarcinogenesis. To evaluate the association
between y-OHPdG levels with different stages of
cirrhosis, a set of 46 samples were examined. During
the period of follow-up, 16 of the 46 patients advanced
to HCC. Out of these 16 patients, 14 patients had
higher levels of y-OHPdG in their cirrhosis tissues
compared to those without advanced to HCC. We re-
sliced and stained the remaining 2 cirrhosis specimens
with low y-OHPdG levels to identify potential technical
errors, tissue degradation, or specific clincopathological
characteristic differences, but concluded that there was
no reasonable explanation for their extremely low y-
OHPdG levels.

There are certain limitations in this study. Firstly, the
immunohistochemistry staining technique used in this
study is a semi-quantitative method that may be subject
to observer bias. Secondly, the sample size of cirrhosis
patients in our study was small and the subject follow-
up periods are not long enough.

CONCLUSIONS

Our current study evaluates the prognostic value and
clinical characteristics of y-OHPdG levels in HCC and
cirrhosis patients by evaluating the clinical characteristics
of y-OHPdG levels in HCC patients. The findings
demonstrate that y-OHPdG levels were upregulated
in HCC specimens and positively correlated with the
progression of HCC. Further analysis showed that y-
OHPAG is an independent negative predictor for OS,
MFS and RFS in HCC patients. However, due to the
small sample size, it should be noted that the clinical
use of y-OHPdG as an HCC diagnostic and prognostic
biomarker needs further investigation with a larger
prospective cohort study.
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SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. The y-OHPdG levels and prediction of prognosis in adjacent tissues. (A—C) Kaplan-Meier survival curve

analysis shows OS, PFS and MFS rates of high and low y-OHPdG levels in adjacent tissues, respectively. (D—F) Time-dependent ROC curve
analysis of the y-OHPdG levels for OS, MFS and RFS.
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Supplementary Figure 2. Comparison of the levels of y-OHPdG in the cirrhosis tissues advanced to HCC and not advanced to

HCC.
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Supplementary Tables

Supplementary Table 1. Univariate and multivariate analysis of overall survival for hepatocellular

carcinoma.

- Univariate analysis Multivariate analysis
Characteristics Total(N) = ard ratio (9506 CI) P value  Hazard ratio (95% CI) P value
Age 228 1.001 (0.984-1.018) 0.903
Sex 228

Female 34 Reference

Male 194 1.282 (0.808-2.035) 0.291
HbsAg 228

Negative 35 Reference

Positive 193 1.207 (0.775-1.880) 0.405
HBYV DNA load 228

<5x102 IU/ml 136 Reference

>5x10% IU/ml 92 1.328 (0.967-1.823) 0.079 0.865 (0.603-1.240) 0.430
AFP, ng/ml 228

<20 78 Reference

20-400 78 1.217 (0.822-1.802) 0.327 0.907 (0.600-1.372) 0.644

>400 72 1.741 (1.186-2.555) 0.005 0.880 (0.564-1.373) 0.574
ALT levels 228

Normal 146 Reference

High 82 1.285 (0.931-1.772) 0.127
AST levels 228

Normal 41 Reference

High 187 1.581 (1.015-2.464) 0.043 1.341 (0.844-2.130) 0.214
TBIL levels 228

Normal 173 Reference

High 55 1.402 (0.986-1.995) 0.060 1.485 (1.005-2.194) 0.047
PT levels 228

Normal 137 Reference

High 91 1.356 (0.985-1.866) 0.061 1.196 (0.832-1.718) 0.334
Alcoholism 228

No 170 Reference

Yes 58 1.046 (0.732-1.494) 0.805
Long-term smoking 228

No 148 Reference

Yes 80 1.243 (0.898-1.719) 0.190
HCC family history 228

No 169 Reference

Yes 59 1.030 (0.719-1.476) 0.870
Liver transplantation 228

No 207 Reference

Yes 21 1.463 (0.883-2.422) 0.140
Tumor number 228

1 nodule 187 Reference

>2 nodules 41 1.665 (1.137-2.437) 0.009 2.045 (1.363-3.069) <0.001
Tumor diameter 228

<5cm 116 Reference
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>5cm 112 2.854 (2.059-3.954) <0.001 2.104 (1.415-3.127) <0.001
Tumor capsule 228

Present 193 Reference

Absent 35 1.558 (1.051-2.310) 0.027 1.490 (0.964-2.303) 0.073
Surgical margin 228

Negative 188 Reference

Positive 40 1.187 (0.787-1.790) 0.413
Neoplastic necrosis 228

No 164 Reference

Yes 64 1.825 (1.307-2.549) <0.001 1.124 (0.763-1.658) 0.554
E-S grade 228

I-11 121 Reference

Hi-1v 107 2.778 (2.013-3.835) <0.001 1.239 (0.774-1.982) 0.372
MVI grade 228

MO 131 Reference

M1 47 2.830 (1.903-4.208) <0.001 2.023 (1.281-3.194) 0.003

M2 50 4.152 (2.837-6.076) <0.001 2.070 (1.189-3.602) 0.010
Macrovascular invasion 228

Negative 205 Reference

Positive 23 2.719 (1.721-4.296) <0.001 0.842 (0.462-1.535) 0.575
Satellite nodules 228

Absent 210 Reference

Present 18 2.831 (1.680-4.770) <0.001 1.566 (0.876-2.800) 0.130
Liver Cirrhosis 228

No 30 Reference

Yes 198 0.943 (0.600-1.480) 0.798
Ki67 228 11.245 (4.329-29.208) <0.001 1.666 (0.495-5.607) 0.409
y-OHPdG IHC Score 228 1.011 (1.008-1.014) <0.001 1.011 (1.008-1.014) <0.001
Statistically significant p values are in bold (p < 0.05).
Note: Long-term smoking was defined as smoking at least 10 cigarettes a day for more than 10 years.
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Supplementary Table 2. Univariate and multivariate analysis of intrahepatic recurrence-free

survival for hepatocellular carcinoma.

Univariate analysis

Multivariate analysis

Characteristics Total(N) Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
Age 228 1.006 (0.987-1.024) 0.552
Sex 228
Female 34 Reference
Male 194 0.972 (0.621-1.521) 0.900
HbsAg 228
Negative 35 Reference
Positive 193 1.167 (0.746-1.825) 0.500
HBYV DNA load 228
<5x102 IU/ml 136 Reference
>5x102 IU/ml 92 1.440 (1.032-2.009) 0.032 1.137 (0.787-1.644) 0.494
AFP, ng/ml 228
<20 78 Reference
20-400 78 1.493 (0.993-2.244) 0.054 1.260 (0.826-1.924) 0.283
>400 72 1.916 (1.264-2.907) 0.002 1.239 (0.778-1.974) 0.367
ALT levels 228
Normal 146 Reference
High 82 1.152 (0.814-1.631) 0.425
AST levels 228
Normal 41 Reference
High 187 1.280 (0.835-1.962) 0.257
TBIL levels 228
Normal 173 Reference
High 55 1.229 (0.841-1.796) 0.287
PT levels 228
Normal 137 Reference
High 91 1.059 (0.755-1.486) 0.738
Alcoholism 228
No 170 Reference
Yes 58 1.052 (0.725-1.526) 0.790
Long-term smoking 228
No 148 Reference
Yes 80 1.174 (0.833-1.656) 0.360
HCC family history 228
No 169 Reference
Yes 59 0.981 (0.667-1.443) 0.922
Liver transplantation 228
No 207 Reference
Yes 21 0.731 (0.384-1.391) 0.339
Tumor number 228
1 nodule 187 Reference
>2 nodules 41 1.312 (0.862-1.996) 0.205
Tumor diameter 228
<5cm 116 Reference
>5Scm 112 1.706 (1.222-2.382) 0.002 1.197 (0.806-1.777) 0.374
Tumor capsule 228
Present 193 Reference
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Absent
Surgical margin
Negative
Positive
Neoplastic necrosis
No
Yes
E-S grade
I-11
Hn-1v
MVI grade
MO
M1
M2

Macrovascular
invasion

Negative
Positive
Satellite nodules
Absent
Present
Liver Cirrhosis
No
Yes
Ki67
v-OHPdG IHC Score

35
228
188

40
228
164

64
228
121
107
228
131

47

50

228

205
23
228
210
18
228
30
198
228
228

1.491 (0.959-2.318)

Reference
1.264 (0.825-1.937)

Reference
1.297 (0.896-1.878)

Reference
1.695 (1.213-2.368)

Reference
1.774 (1.158-2.720)
2.355 (1.547-3.585)

Reference
2.508 (1.441-4.366)

Reference
2.418 (1.291-4.529)

Reference
1.094 (0.675-1.775)
1.817 (0.606-5.445)
1.008 (1.005-1.011)

0.076

0.283

0.168

0.002

0.008
<0.001

0.001

0.006

0.715
0.287
<0.001

1.345 (0.849-2.130)

1.083 (0.726-1.616)

1.406 (0.881-2.246)
1.388 (0.791-2.435)

1.386 (0.705-2.725)

1.652 (0.861-3.170)

1.007 (1.004-1.009)

0.207

0.696

0.153
0.254

0.344

0.131

<0.001

Statistically significant p values are in bold (p < 0.05).
Note: Long-term smoking was defined as smoking at least 10 cigarettes a day for more than 10 years.
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Supplementary Table 3. Univariate and multivariate analysis of distant metastasis-free survival for
hepatocellular carcinoma.

Univariate analysis

Multivariate analysis

Characteristics TotalN) = ard ratio (95% CI) P value Hazard ratio (95% CI) P value
Age 228 0.988 (0.957-1.019) 0.438
Sex 228
Female 34 Reference
Male 194 2.002 (0.712-5.626) 0.188
HbsAg 228
Negative 35 Reference
Positive 193 1.541 (0.607-3.912) 0.363
HBV DNA load 228
<5x102 1IU/ml 136 Reference
>5x102 1IU/ml 92 1.260 (0.692-2.294) 0.449
AFP, ng/ml 228
<20 78 Reference
20-400 78 0.641 (0.302-1.359) 0.246
>400 72 1.075 (0.540-2.140) 0.836
ALT levels 228
Normal 146 Reference
High 82 1.804 (0.998-3.264) 0.051 1.146 (0.573-2.292) 0.700
AST levels 228
Normal 41 Reference
High 187 5.357 (1.295-22.163) 0.021 5.993 (1.352-26.561) 0.018
TBIL levels 228
Normal 173 Reference
High 55 0.920 (0.441-1.921) 0.825
PT levels 228
Normal 137 Reference
High 91 1.430 (0.790-2.592) 0.238
Alcoholism 228
No 170 Reference
Yes 58 0.960 (0.485-1.900) 0.906
Long-term smoking 228
No 148 Reference
Yes 80 1.062 (0.569-1.983) 0.849
HCC family history 228
No 169 Reference
Yes 59 1.237 (0.647-2.365) 0.521
Liver transplantation 228
No 207 Reference
Yes 21 2.060 (0.917-4.627) 0.080 2.337 (1.004-5.443) 0.049
Tumor number 228
1 nodule 187 Reference
>2 nodules 41 0.803 (0.339-1.903) 0.619
Tumor diameter 228
<5cm 116 Reference
>5cm 112 3.425 (1.783-6.581) <0.001 2.645 (1.284-5.446) 0.008
Tumor capsule 228
Present 193 Reference
Absent 35 1.769 (0.873-3.585) 0.114
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Surgical margin

228

Negative 188 Reference

Positive 40 1.152 (0.534-2.484) 0.719
Neoplastic necrosis 228

No 164 Reference

Yes 64 1.496 (0.792-2.828) 0.215
E-S grade 228

I-11 121 Reference

In-1v 107 2.124 (1.159-3.895) 0.015 0.702 (0.323-1.524) 0.371
MVI grade 228

MO 131 Reference

M1 47 3.799 (1.905-7.577) <0.001 2.763 (1.281-5.963) 0.010

M2 50 2.599 (1.174-5.750) 0.018 0.581 (0.202-1.672) 0.314
Macrovascular invasion 228

Negative 205 Reference

Positive 23 2.483 (1.100-5.606) 0.029 2.798 (1.008-7.766) 0.048
Satellite nodules 228

Absent 210 Reference

Present 18 2.470 (0.967-6.308) 0.059 1.294 (0.455-3.682) 0.629
Liver Cirrhosis 228

No 30 Reference

Yes 198 0.796 (0.354-1.789) 0.581
Ki67 228 14.283 (2.497-81.698) 0.003  20.337 (1.590-260.160) 0.021
v-OHPdG IHC Score 228 1.009 (1.004-1.014) <0.001 1.008 (1.003-1.014) 0.002
Statistically significant p values are in bold (p < 0.05).
Note: Long-term smoking was defined as smoking at least 10 cigarettes a day for more than 10 years.
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