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Background: Current investigations suggest that the Base Excision Repair (BER) system
may change DNA repair capacity and affect clinical gastric cancer progression such as
overall survival. However, the prognostic value of BER system members in gastric cancer
remains unclear.
Methods: We explored the prognostic correlation between 7 individual BER genes, including
uracil-DNA glycosylase (UNG), Single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1), Methyl-CpG binding domain 4 (MBD4), thymine DNA glycosylase (TDG),
8-oxoguanine DNA glycosylase (OGG1), MutY DNA glycosylase (MUTYH) and Nei like
DNA glycosylase 1 (NEIL1), expression and overall survival (OS) in different clinical data,
such as Lauren classiﬁcation, pathological stages, human epidermal growth factor receptor-2
(HER2) expression status, treatment strategy, gender and differentiation degree in gastric
cancer patients, using Kaplan-Meier plotter (KM plotter) online database. Based on the
bioinformatics analysis, we utilized Berzosertib (VE-822) to inhibit DNA damage repair in
cancer cells compared to solvent control group via real-time cellular analysis (RTCA), ﬂow
cytometry, colony formation and migration assay. Finally, we utilized reverse transcriptionpolymerase chain reaction (RT-PCR) to conﬁrm the expression of BER members between
normal and two gastric cancer cells or solvent and VE-822 treated groups.
Results: Our work revealed that high UNG mRNA expression was correlated with high
overall survival probability; however, high SMUG1, MBD4, TDG, OGG1, MUTYH and
NEIL1 mRNA expression showed relatively low overall survival probability in all GC
patients. Additionally, UNG was associated with high overall survival probability in intestinal and diffuse types, but SMUG1 and NEIL1 showed opposite results. Further, VE-822
pharmacological experiment suggested that inhibition of DNA damage repair suppressed
gastric cancer cells’ proliferation and migration ability via inducing apoptosis. Further, realtime polymerase chain reaction results proposed the inhibition of gastric cancer cells by VE822 may be through UNG, MUTYH and OGG-1 of BER system.
Conclusion: We comprehensively analyze the prognostic value of the BER system (UNG,
SMUG1, MBD4, TDG, OGG1, MUTYH and NEIL1) based on bioinformatics analysis and
experimental conﬁrmation. BER members are associated with distinctive prognostic signiﬁcance and maybe new valuable prognostic indicators in gastric cancer.
Keywords: base excision repair, gastric cancer, Kaplan-Meier plotter

Introduction
Gastric cancer (GC) is one frequently occurring malignancies and the third leading
cause of cancer-related mortalities worldwide.1 Though early diagnosis and treatment of gastric cancer detection have been improved in the last decade, the
prognosis of gastric cancer remains poor with a median overall survival (OS) of
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12 months.2 In clinical, chemoradiotherapy is the most
widely used therapies in clinical GC treatment; however,
chemoradiotherapy may cause DNA damage in non-cancerous cells leading to tissue toxicity in patients.2,3
Although effective therapy and speciﬁc medicine for GC
is scarce, identiﬁcation of novel prognostic biomarkers and
potential drug therapeutic targets are urgently required in
GC diagnosis and treatment.2,3
Base excision repair (BER) system involving in repairing lost or mispairing DNA bases is the most prevalent
pathway in damaged bases modiﬁcation.4 Imbalance of
BER results in the accumulation of DNA damage and is
related to multiple cancer malignant transformations
including gastric cancer.5 The absence of BER increased
DNA damage by endogenous reactive oxygen species
(ROS) and further resulted in carcinogenesis.5 Moreover,
BER system was also related to DNA polymorphisms
regulation and the false key DNA variant not corrected
may be related to cancer risk.6 However, the diagnosis and
treatment values of BER system in gastric cancer have not
been determined.
In our study, we performed a comprehensive KaplanMeier plotter (KM plotter) analysis to demonstrate the
relationship between alterations of BER and prognosis of
GC patients. However, our results only found uracil-DNA
glycosylase (UNG) overexpression was associated with
better OS in gastric cancer patients, high expression of
single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1), methyl-CpG binding domain 4
(MBD4), thymine DNA glycosylase (TDG), 8-oxoguanine
DNA glycosylase (OGG1), MutY DNA glycosylase
(MUTYH) and Nei like DNA glycosylase 1 (NEIL1)
were correlated with poor OS. Further analysis indicated
that UNG was associated with better OS of all patients,
intestinal and diffuse gastric cancer, as well as cancer of
pathological stages 1 and 3.

(HER2) expression status, treatment strategy, differentiation
degree and gender). In the Kaplan-Meier survival plots, the
certain gene mRNA expression above or below the median
splits the cases into high expression group or low expression
group and the number-at-risk is indicated below the main
plot. Hazard ratio (HR) and 95% conﬁdence intervals as well
as log rank P-value were calculated and displayed. P<0.05 is
statistically signiﬁcant.

Materials and methods
Survival analysis of BER system

Colony formation assay

To evaluate the signiﬁcance and association between individual BER system mRNA levels and OS of gastric cancer
patients, an online KM plotter database (http://kmplot.com)
was utilized. The 7 selected BER pathway genes including
UNG, SMUG1, MBD4, TDG, OGG1, MUTYH and NEIL1
were analyzed. The prognostic roles were estimated based on
Lauren classiﬁcation and clinical outcomes (including pathological stages, human epidermal growth factor receptor-2
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Cells and cell culture
Human gastric cancer cell lines (BGC-823 and MKN-45) were
obtained from the American Type Culture Collection (ATCC,
Manassas, USA). The cells were cultured in Dulbecco’s modiﬁed Eagle’s medium-high glucose (4.5g/L) with L-Glutamine
and sodium pyruvate (110mg/L) (Thermo Fisher Scientiﬁc,
Waltham, USA), containing 10% fetal bovine serum
(Thermo Fisher Scientiﬁc, Waltham, USA), and 1%
Penicillin-Streptomycin (Thermo Fisher Scientiﬁc, Waltham,
USA) and were maintained at 37°C in a humidiﬁed chamber
with 5% CO2. The medium was changed every 1–2 days.

Regents
Berzosertib (VE-822) was purchased from Selleck library
(Selleck Chemicals, Houston, USA). VE-822 was dissolved in dimethylsulfoxide (DMSO) as 10mM for stock
and diluted in the medium as 2, 4, 6, 8, 10μM for in vitro
studies compared to 0.1% DMSO as a solvent control
group.

Real-time cellular analysis
The cells were seeded at 2×105 cells per well in cell
culture E16-Plate (ACEA Biosciences, San Diego, USA)
for proliferation assay and the cell growth index was
recorded using Label-free Real-time Cellular Analysis
System (RTCA; Roche, Penzberg, Germany) automatically. The cell growth index was normalized at every
time point when the cells were treated.

The cells were plated in 6-well plates with 1000–2000
cells per well. When the cells formed visible colonies, 0,
2, 4, 6, 8, 10μM VE-822 was added. After 2 days, colonies
were stained with crystal violet and counted.

Migration assay
The cells were seeded in 6-well plates with 20,0000 cells
per well and incubated at 37°C for 48 hrs. Then, the
culture area was scratched with a crystal pipette tip to
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make a linear gap in the conﬂuent cell monolayer. Then,
0.01M PBS was used to wash the cells 3 times gently and
medium with 0, 5, 10μM VE-822 was added. Cells were
allowed to ﬁll the gap and images of the culture area were
captured using an inverted microscope every 24 hrs.

Flow-cytometry analysis of apoptosis
The cells were treated with 0, 2, 4, 6, 8, 10μΜ VE-822 in a
6-well plate (5×105 cells/mL, 2 mL/well), washed with 0.01M
PBS. When the cells conﬂuence reached 85%, the cells were
harvested and re-suspended in binding buffer (Thermo Fisher
Scientiﬁc, Waltham, USA) containing 50mM HEPES,
700mM NaCl and 12.5mM CaCl 2, pH 7.4 with a density of
5×105 cells/mL, then incubated with 5 μL Annexin V-FITC
for 15 min at room temperature under dark condition, and
further incubated with 5 μL propidium iodide (PI) for another
5 mins at room temperature under dark condition. Finally,
ﬂow-cytometry was performed by utilizing a FACS C6 instrument. The data were analyzed by FlowJo (version 7.6).
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Table 1 Base excision repair (BER) family members related
primer sequences (from 5ʹ to 3ʹ) used in RT-qPCR
Gene

Primer

Sequence

GAPDH

Forward

TGACTTCAACAGCGACACCCA

Reverse

CACCCTGTTGCTGTAGCCAAA

Forward

GGTGTTCTCCTTCTCAACGCTGTC

Reverse

ACATGGTGCCGCTTCCTATCAATG

Forward

TCTGTGGACAGCCTGAGGTCTTC

Reverse

AGGCAGCTCAGCAGGAGTAAGG

Forward

GCAAGAACCGCAGACTGGAGAG

Reverse

TGCACCTGCTTCCACTCATTGAC

Forward

GGACGGTAGAAGCCTGGAGGAG

Reverse

GCGTGGTACTCACTGCGGTAAG

Forward

TGGACCTGGTTCTGCCTTCTGG

Reverse

TGGCTCTTGTCTCCTCGGTACAC

Forward

CGGAAGGTGGTAGAGGAGCTAGG

Reverse

GCACCAATGGCTCGGACACG

Forward

GCACACCTTCGCCTCCGATTC

Reverse

GTTGCGGCTGACAGAGGACTTC

UNG

SMUG1

MBD4

TDG

OGG1

MUTYH

NEIL1

RNA isolation and RT-PCR
Total RNA was isolated from cells by trizol reagent (Thermo
Fisher Scientiﬁc, Waltham, USA). RNA was then reversetranscribed into cDNA by High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientiﬁc, Waltham, USA)
following the protocol at 37°C for 60 mins. Then, reverse
transcriptase was inactivated at 85°C for 5 mins. BER cDNA
expression level was measured by reverse transcription-polymerase chain reaction (RT-PCR) via Prime Script RT-PCR Kit
(Takara Biochemicals, Tokyo, Japan) following the manual
suggestion. RT-PCR reaction was performed at ABI PRISM
7500FAST PCR Sequence Detection System (Thermo Fisher
Scientiﬁc, Foster, USA) using the following parameters: 95°C
for 10 mins, 40 cycles at 95°C for 10 s, at 60°C for 20 s and at
72°C for 30 s. The primers used are listed in Table 1. Relative
gene expression level was calculated by comparing to reference GAPDH gene.

Statistical analysis
All data were obtained from triplicate independent experiments and were presented as mean ± standard deviation.
P<0.05 was considered to indicate a statistically signiﬁcant
difference. Statistical analysis was performed using SPSS
version 18.0 (IBM, Armonk, USA) and GraphPad Prism
version 6.0 (GraphPad Software Inc., San Diego, USA).
One-way ANOVA and the Student–Newman Keuls tests
(SNK) were used to compare means of each pair from
different groups.
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Abbreviations: UNG, uracil-DNA glycosylase; SMUG1, single-strand-selective
monofunctional uracil-DNA glycosylase 1; MBD4, Methyl-CpG binding domain 4;
TDG, thymine DNA glycosylase; OGG1, 8-oxoguanine DNA glycosylase; MUTYH,
MutY DNA glycosylase; NEIL1, Nei like DNA glycosylase 1.

Results
Prognostic role of BER system in gastric
cancer patients
In the KM plotter database, all 7 BER genes (UNG, SMUG1,
MBD4, TDG, OGG1, MUTYH and NEIL1) are related to
OS of gastric cancer patients. The curves of OS were plotted
from 876 GC patients and separated to intestinal type
(n=320), diffuse type (n=241), mixed type (n=32) based on
Lauren classiﬁcation. We initially evaluated the prognostic
value of UNG in the database, whose Affymetrix ID is
202330_s_at. As shown in Figure 1, the high expression of
UNG mRNA was found to be correlated to high overall
survival probability in all GC patients (HR=0.6 (0.48–
0.74), P=2.8e−6). Furthermore, intestinal type (HR=0.53
(0.39–0.73), P=6.5e−5) and diffuse type (HR=0.61 (0.43–
0.86), P=0.0039) are related to high expression of UNG; the
mixed type of GC showed less association.
High mRNA expression of SMUG1 (Affymetrix ID:
223684_s_at) was negatively correlated to OS in all GC
patients (Figure 2, HR=1.78 (1.46–2.18), P=1.4e−8). Both
intestinal and diffuse-type GC results (HR=2 (1.45–2.47),
P=1.3e−5, HR=1.59 (1.13–2.24), P=0.00078, respectively)
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Figure 1 The prognostic signiﬁcance of UNG expression in GC. The prognostic value of uracil-DNA glycosylase (UNG) expression in www.kmplot.com. Affymetrix ID for
UNG: 202330_s_at. OS curves were plotted for (A) all the patients (n=882), (B) instestinal cancer patients (n=336), (C) diffuse cancer patients (n=248), and (D) mixed
cancer patients (n=33).

Figure 2 The prognostic signiﬁcance of SMUG1 expression in GC. The prognostic value of Single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1)
expression in www.kmplot.com. Affymetrix ID for SMUG1: 223684_s_at. OS curves were plotted for (A) all the patients (n=882), (B) instestinal cancer patients (n=336),
(C) diffuse cancer patients (n=248), and (D) mixed cancer patients (n=33).

further conﬁrmed the results. As shown in Figure 3, high
expression of MBD4 (Affymetrix ID: 209579_s_at) was
associated with low overall survival probability in all GC
patients (HR=1.49 (1.24–1.8), P=2.8e−5) but had no effect
on OS of three variety patients.

Figures 4 and 5 reveal the prognostic value of TDG
(Affymetrix ID: 203742_s_at) and OGG1 (Affymetrix ID:
205760_s_at) mRNA expression in the database. Elevated
mRNA expression of both TDG and OGG1 were associated
with an unfavorable OS in all the GC patients, the intestinal

Figure 3 The prognostic signiﬁcance of MBD4 expression in GC. The prognostic value of Methyl-CpG binding domain 4 (MBD4) expression in www.kmplot.com.
Affymetrix ID for MBD4: 209579_s_at. OS curves were plotted for (A) all the patients (n=882), (B) instestinal cancer patients (n=336), (C) diffuse cancer patients (n=248),
and (D) mixed cancer patients (n=33).
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Figure 4 The prognostic signiﬁcance of TDG expression in GC. The prognostic value of Thymine DNA glycosylase (TDG) expression in www.kmplot.com. Affymetrix ID
for TDG: 203742_s_at. OS curves were plotted for (A) all the patients (n=882), (B) instestinal cancer patients (n=336), (C) diffuse cancer patients (n=248), and (D) mixed
cancer patients (n=33).

Figure 5 The prognostic signiﬁcance of OGG1 expression in GC. The prognostic value of 8-oxoguanine DNA glycosylase (OGG1) expression in www.kmplot.com.
Affymetrix ID for OGG1: 205760_s_at. OS curves were plotted for (A) all the patients (n=882), (B) instestinal cancer patients (n=336), (C) diffuse cancer patients (n=248),
and (D) mixed cancer patients (n=33).

type patients, the diffuse type patients and the mixed type
patients. In TDG, the KM plotter results are as follows: all
GC patients (HR=2.06 (1.73–2.46), P=1.1e−16), intestinal
type (HR=2.5 (1.74–3.58), P=2.3e−7), diffuse type (HR=1.6
(1.05–2.43), P=0.026), mixed type (HR=6.97 (1.86–26.1),
P=0.0011). In OGG1, the KM plotter results are as follows:
all GC patients (HR=1.87 (1.56–2.24), P=5.6e−12), intestinal type (HR=2.27 (1.63–3.15), P=6.1e−7), diffuse type
(HR=1.86 (1.29–2.68), P=0.00069) and mixed type
(HR=7.92 (1.77–35.46), P=0.0015).
We then determined the correlation between prognostic
effect and the expression of MUTYH (Affymetrix IDs:
207727_s_at) in KM plotter (Figure 6). High mRNA
expression of MUTYH was signiﬁcantly correlated to
low overall survival probability in all GC patients
(HR=1.4 (1.22–1.72), P=1.5e−5) and intestinal-type
patients (HR=1.93 (1.41–2.65), P=3.2e−5). However, the
curves of MUTYH expression above or below the median
do not separate the cases into signiﬁcantly different
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prognostic groups in either diffuse or mixed type
(P=0.071 in diffuse and 0.063 in mixed, respectively).
Figure 7 illustrates the prognostic value of NEIL1
(Affymetrix IDs: 219396_s_at) in the database. The high
mRNA expression level of NEIL1 mRNA was signiﬁcantly
associated with low overall survival probability in all GC
cancer patients (HR=1.88 (1.55–2.29), P=6.9e−11). In accordance with the result, both intestinal and diffuse-type led to
low overall survival probability (Intestinal type: HR=2.28
(1.56–3.34), P=1.3e−5, diffuse type: HR=1.45 (1.03–2.05),
P=0.034). Additionally, there was no signiﬁcant difference
between NEIL1 mRNA expression and OR of mixed type.
To further explore the association between individual
BER system genes and other clinicopathological proﬁles,
we analyzed the correlation of OS with pathological stages
(Table 2), HER2 expression status (Table 3), treatment strategy (Table 4), gender (Table 5) and different gastric cancer
degree (Table 6). As shown in Table 2, high expression of
UNG gene showed a better correlation to OS in stage 1, 2 and
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Figure 6 The prognostic signiﬁcance of MUTYH expression in GC. The prognostic value of MutY DNA glycosylase (MUTYH) expression in www.kmplot.com. Affymetrix
ID for MUTYH: 207727_s_at. OS curves were plotted for (A) all the patients (n=882), (B) instestinal cancer patients (n=336), (C) diffuse cancer patients (n=248), and (D)
mixed cancer patients (n=33).

Figure 7 The prognostic signiﬁcance of NEIL1 expression in GC. The prognostic value of Nei like DNA glycosylase 1 (NEIL1) expression in www.kmplot.com. Affymetrix
ID for NEIL1: 219396_s_at. OS curves were plotted for (A) all the patients (n=882), (B) instestinal cancer patients (n=336), (C) diffuse cancer patients (n=248), and (D)
mixed cancer patients (n=33).

3 GC patients, and high expressed MUTYH is related to OS
of stage 4 GC patients. OGG1 was r associated with an
unfavorable OS in all 4 stages of GC. SMUG1, TDG,
MUTYH and NEIL1 linked with negative OS in most GC
stages (Table 2). UNG, SMUG1, MBD4, TDG, OGG1 and
NEIL1 were all associated with worse OS either in negative
or positive HER2 expression group (Table 3). UNG and
SMUG1 were signiﬁcantly associated with better OS in
different GC treatment strategy including surgery alone and
5-FU based adjuvant (Table 4). In Table 5, only high expression of UNG correlated to an improved OS in female and
male GC patients. Contrastively, SMUG1, TDG, OGG1,
MUTYH and NEIL1 were all associated with worse OS
both in female and male group. Unexpectedly, high UNG
mRNA expressions were associated with worse OS in poor
differentiation based on differentiation degree of GC patients
as shown in Table 6. Moreover, SMUG1 and TDG mRNA
expression were associated with poor OS in good differentiation degree of GC patient.
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Blocking DNA damage repair suppresses
gastric cancer proliferation and induces
apoptosis
To further understand the function of seven BER family members, we utilized WEB-based Gene SeT AnaLysis Toolkit
(WebGestalt, http://www.webgestalt.org) to analysis the
enriched signaling pathway. BER family members participate
in almost all DNA damage repair process (Table 7). To explore
the regulation mechanism of BER in gastric cancer, we
selected a widely used DNA damage repair inhibitorBerzosertib (VE-822) to treat two commonly used gastric
cell lines.7,8 Compared to DMSO solvent control group,
Label-free Real-time Cellular Analysis (RTCA) showed that
the ability of BGC-832 (Figure 8A) and MKN-45 (Figure 8B)
cells proliferation was obviously inhibited depending on VE822 concentration.
To investigate the effects of VE-822 on the apoptosis of
gastric cancer cell lines, we treated BGC-832 and MKN-45
cells with VE-822 with 2μM, 4μM, 6μM, 8μM, 10μM for
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Table 2 Correlation of base excision repair (BER) system genes
expression level with overall survival (OS) in gastric cancer
patients with different pathological stages
P-value

Table 3 Correlation of base excision repair (BER) system genes
expression with overall survival (OS) in gastric cancer patients
with HER2 expression status
BER
system

HER 2
status

Cases

HR (95% CI)

P-value

UNG

Negative
Positive

298
295

1.42 (1.08−1.88)
1.48 (1.13−1.94)

0.013*
0.0044*

SMUG1

Negative
Positive

532
344

1.64 (1.3−2.09)
1.47 (1.12−1.93)

3.6e−05*
0.0054*

BER system

Stages

Cases

HR (95% CI)

UNG

1

67

0.24 (0.08−0.75)

0.0084*

2
3

140
305

0.55 (0.3−1)
0.6 (0.45−0.81)

0.048*
0.00078*

4

148

0.79 (0.51−1.24)

0.3

1

67

2.01 (0.56−7.14)

0.27

2
3

140
305

2.45 (1.34−4.48)
1.86 (1.4−2.48)

0.0026*
1.6e−05*

4

148

0.76 (0.49−1.2)

0.24

1

67

2.33 (0.84−6.42)

0.093

2

140

1.35 (0.72−2.52)

0.35

3
4

305
148

0.78 (0.57−1.08)
1.5 (0.97−2.3)

0.14
0.066

OGG1

1
2

67
140

3.03 (1.12−8.17)
1.75 (0.96−3.2)

0.021*
0.066

MUTYH

3

305

2.02 (1.41−2.9)

9.3e−05*

4

148

1.58 (1.07−2.33)

0.021*

SMUG1

MBD4

TDG

OGG1

MUTYH

NEIL1

1

67

10.64 (1.39−81.4)

0.0047*

2
3

140
305

2.08 (1.14−3.78)
2.13 (1.54−2.94)

0.015*
3.3e−06*

4

148

1.66 (1.09−2.54)

0.018*

1

67

6.26 (1.42−27.59)

0.0055*

2

140

1.36 (0.75−2.47)

0.31

3
4

305
148

1.84 (1.28−2.64)
0.64 (0.41−0.98)

0.00074*
0.039*

1
2

67
140

4.17 (1.5−11.57)
2.7 (1.45−5.04)

0.003*
0.0012*

3

305

1.7 (1.27−2.27)

0.00028*

4

148

0.69 (0.44−1.08)

0.1

Note: *P<0.05.
Abbreviations: CI, conﬁdence interval; HR, hazard ratio; UNG, uracil-DNA glycosylase; SMUG1, single-strand-selective monofunctional uracil-DNA glycosylase 1; MBD4,
Methyl-CpG binding domain 4; TDG, thymine DNA glycosylase; OGG1, 8-oxoguanine
DNA glycosylase; MUTYH, MutY DNA glycosylase; NEIL1, Nei like DNA glycosylase 1.

48 hrs. And apoptosis was evaluated using the annexin V/PI
assay. Apoptosis assay showed that VE-822 treatment exhibited an obvious increase in the percent of apoptotic cells
compared to the control group. VE-822 induced apoptosis
increasing from 2.25% to 4.07% in BGC-832 cells and
6.63% to 12.99% in MKN-45 cells, respectively, depending
on VE-822 concentration (Figure 9).

VE-822 inhibits proliferation and
migration of gastric cancer cells
To examine the effect of VE-822 on gastric cancer cell
proliferation, we conducted a colony formation assay.

Cancer Management and Research 2019:11

MBD4

TDG

NEIL1

Negative

532

1.29 (1.01−1.66)

0.041*

Positive

344

1.75 (1.31−2.35)

0.00014*

Negative

532

2.05 (1.64−2.57)

2.1e−10*

Positive

344

2.44 (1.87−3.18)

9.9e−12*

Negative

532

2.05 (1.6−2.63)

7.2e−09*

Positive

344

1.68 (1.25−2.27)

0.00052*

Negative

532

1.46 (1.16−1.85)

0.0014*

Positive

344

1.29 (0.99−1.67)

0.057

Negative

532

2.02 (1.57−2.59)

2.5e−08*

Positive

344

1.62 (1.23−2.14)

0.00055*

Note: *P<0.05.
Abbreviations: CI, conﬁdence interval; HR, hazard ratio; HER2, human epidermal
growth factor receptor-2; UNG, uracil-DNA glycosylase; SMUG1, single-strandselective monofunctional uracil-DNA glycosylase 1; MBD4, Methyl-CpG binding
domain 4; TDG, thymine DNA glycosylase; OGG1, 8-oxoguanine DNA glycosylase;
MUTYH, MutY DNA glycosylase; NEIL1, Nei like DNA glycosylase 1.

Colony formation assay revealed that VE-822 caused a
signiﬁcant inhibition in the proliferative capability of the
BGC-832 and MKN-45 cells in a concentration-dependent
manner (Figure 10). Scratch test was performed in vitro to
investigate the ability of migration under VE-822 condition. Scratch test revealed that VE-822 signiﬁcantly inhibited cell migration capacity of BGC-832 (Figure 11).

VE-822 suppresses gastric cells
proliferation by inﬂuencing BER genes
expression
To conﬁrm the previous BER genes expression and OS
relationship from KM plotter database, we tested the
expression of BER genes in two gastric cancer cell lines
compared to normal gastric cell GES-1 that is commonly
used human gastric epithelium.9 Consisted with KM plotter analysis, BER members including SMUG, MBD4,
MUTYH, NEIL1 and OGG1 with poor prognosis were
highly expressed in gastric cancer cells (BGC-832 and
MKN-45) and BER members including UNG and TDG
with good prognosis were highly expressed in normal
gastric cells (GES-1) (Figure 12A).
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Table 4 Correlation of base excision repair (BER) system genes expression with overall survival (OS) in gastric cancer patients with
different treatment strategies
BER

Treatment

Cases

HR (95% CI)

P-value

UNG

Surgery alone

380

0.6 (0.42−0.87)

0.0069*

5 FU-based adjuvant

153

2.55 (1.76−3.68)

3e−07*

Other adjuvant

80

Not available

Not available

Surgery alone

380

1.41 (1.05−1.89)

0.022*

5 FU-based adjuvant
Other adjuvant

153
76

1.58 (1.09−2.3)
0.29 (0.1−0.86)

0.015*
0.017*

Surgery alone

380

1.6 (1.17−2.18)

0.003*

5 FU-based adjuvant

153

1.3 (0.89−1.89)

0.18

Other adjuvant

76

0.5 (0.21−1.21)

0.12

Surgery alone

380

1.72 (1.27−2.32)

0.00036*

5 FU-based adjuvant
Other adjuvant

153
76

2.13 (1.48−3.06)
1.81 (0.72−4.53)

3e−05*
0.2

Surgery alone
5 FU-based adjuvant

380
153

1.88 (1.4−2.52)
0.77 (0.52−1.15)

1.7e−05*
0.2

Other adjuvant

76

2.09 (0.85−5.13)

0.098

Surgery alone

380

0.87 (0.65−1.17)

0.37

5 FU-based adjuvant

153

1.75 (1.23−2.48)

0.0017*

Other adjuvant

76

3.26 (0.75−14.07)

0.094

Surgery alone

380

1.48 (1.11−1.98)

0.0079*

5 FU-based adjuvant
Other adjuvant

153
76

1.26 (0.88−1.82)
2.4 (0.87−6.61)

0.21
0.08

SMUG1

MBD4

TDG

OGG1

MUTYH

NEIL1

Note: *P<0.05.
Abbreviations: 5-FU, 5-Fluorouracil; CI, conﬁdence interval; HR, hazard ratio; UNG, uracil-DNA glycosylase; SMUG1, single-strand-selective monofunctional uracil-DNA
glycosylase 1; MBD4, Methyl-CpG binding domain 4; TDG, thymine DNA glycosylase; OGG1, 8-oxoguanine DNA glycosylase; MUTYH, MutY DNA glycosylase; NEIL1, Nei
like DNA glycosylase 1.

Based on the RT-PCR conﬁrmation, we further wanted
to explore the suppression of gastric cancer cells by VE822 involving in BER system or not. After 48 hrs of VE822 treatment, we observed that mRNA expression levels
of UNG (Figure 12B) were signiﬁcantly increased in the
gastric cancer cells (BGC-832 and MKN-45), and the
levels of MUTYH (Figure 12C) and OGG1 (Figure 12D)
were signiﬁcantly decreased in the gastric cancer cells
(BGC-832 and MKN-45). The mRNA expression levels
of other BER family members exhibited no difference
between normal and two gastric cancer cell lines.

Discussion
The previous study suggests that UNG is responsible for
modiﬁcation of one most common uracil base UNG collaborated with SMUG1 effectively to restrict deoxyuridine
(dU) accumulation in DNA by recruiting critical DNA
repair factors.10 In the regulation, mechanism of UNG in
B cells was clear. Activation-induced cytidine deaminase
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required class switch recombination and somatic hypermutation; during the process, UNG promotes the former one
and suppresses the latter one.11–13 Moreover, there was
also a negative correlation between UNG expression and
APOBEC3B (apolipoprotein B mRNA-editing enzyme,
catalytic polypeptide-like 3) in mature B-cell lymphoma
cells.13 An important carcinogenic factor is a viral infection which may be caused by up-regulation of
APOBEC3B.13 APOBEC3B gene up-regulation increased
cancer risk with 5–10% up-regulated in lower end spectrum tumors and nearly 90–95% up-regulated in higher
end spectrum tumors.14–16 UNG plays a reverse role
against APOBEC3B by affecting its mutagenesis.13 In
accordance with previous studies, our KM plotter results
also showed only high UNG expression was associated
with high overall survival probability in gastric cancer
patients that suggested UNG may take a major role in
BER-related DNA damage repair. In gastric cancer,
APOBEC3B has been improved to highly express in
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Table 5 Correlation of base excision repair (BER) system genes
expression with overall survival (OS) in gastric cancer patients
with gender expression status
BER
UNG

SMUG1

Gender

Cases

HR (95% CI)

P-value

BER

Differentiated

Cases

HR (95% CI)

P-value

UNG

Poor

165

1.61 (1.07−2.44)

0.022*

Moderate
Good

67
32

0.74 (0.38−1.46)
1.9 (0.8−4.55)

0.39
0.14

Poor
Moderate

165
67

1.3 (0.87−1.93)
0.57 (0.28−1.15)

0.2
0.11

Good

32

3.72 (1.34−10.27)

0.0069*

Female

236

0.45 (0.3−0.67)

7.5e−05*

Male

548

0.64 (0.49−0.83)

0.00073*

Female

236

1.85 (1.28−2.66)

0.00078*

Male

545

1.8 (1.42−2.29)

8.7e−07*

MBD4

Female
Male

236
545

1.4 (0.96−2.03)
1.61 (1.28−2.03)

0.076
5.2e−05*

TDG

Female
Male

236
545

2.17 (1.51−3.1)
2.26 (1.81−2.81)

1.5e−05*
7.2e−14*

OGG1

Female
Male

236
545

1.67 (1.16−2.39)
2.17 (1.73−2.71)

0.005*
6.5e−12*

MUTYH

Female
Male

236
545

1.78 (1.25−2.54)
1.56 (1.26−1.94)

0.0012*
4e−05*

NEIL1

Female
Male

236
545

2.15 (1.43−3.25)
1.95 (1.53−2.47)

0.00017*
2.4e−08*

Note: *P<0.05.
Abbreviations: CI, conﬁdence interval; HR, hazard ratio; UNG, uracil-DNA glycosylase; SMUG1, single-strand-selective monofunctional uracil-DNA glycosylase 1;
MBD4, Methyl-CpG binding domain 4; TDG, thymine DNA glycosylase; OGG1, 8oxoguanine DNA glycosylase; MUTYH, MutY DNA glycosylase; NEIL1, Nei like DNA
glycosylase 1.

gastric cancer tissues.17 Combined with our UNG KM
plotter analysis, one possible mechanism of UNG in
improving overall survival of gastric cancer may be by
affecting APOBEC3B.
For SMUG1, high mRNA expression was negatively
correlated to OS in all GC patients, correspondingly to the
consequence of both intestinal and diffuse-type GC. As a
back-up role in somatic hypermutation, its function is also
controlling accurate repairment of uracils after binding to
AP-sites stably in DNA and inhibiting the downstream
activity of APE1 (AP-endonuclease). It also excises oxidized 5-formyluracil, 5-hydroxymethyluracil and 5-hydroxyuracil. However, not only it cannot complement UNG in
the repair of U:G mismatches, but persisting mutations at
A-T base pairs only in UNG−/− mice were generated by the
expression of uracil glycosylases, SMUG1 and TDG, in
germinal center B cells and naive B cells.18 Besides,
Dingler et al. suggested that SMUG1 stimulated B cells’
mutagenesis, and during the immune response, the cells
showed increased afﬁnity and varied antibody function.19
Furthermore, compared with UNG, SMUG1 could resume
the replication after 5-FU cancer chemotherapy, which
leads to the RNA and DNA incorporation of FUTP and
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Table 6 Correlation of base excision repair (BER) system genes
expression with overall survival (OS) in gastric cancer patients
with differentiation degree

SMUG1

MBD4

TDG

OGG1

MUTYH

NEIL1

Poor

165

0.69 (0.46−1.03)

0.068

Moderate
Good

67
32

1.66 (0.81−3.41)
0.52 (0.18−1.56)

0.16
0.24

Poor
Moderate

165
67

1.33 (0.84−2.1)
1.6 (0.83−3.11)

0.23
0.16

Good

32

3.44 (1.38−8.58)

0.0051*
0.079

Poor

165

1.5 (0.95−2.36)

Moderate

67

0.7 (0.33−1.5)

0.35

Good

32

1.81 (0.61−5.41)

0.28

Poor

165

1.34 (0.9−2.02)

0.15

Moderate
Good

67
32

1.47 (0.77−2.81)
0.69 (0.29−1.68)

0.24
0.42

Poor
Moderate

165
67

0.83 (0.55−1.26)
0.58 (0.3−1.13)

0.39
0.11

Good

32

3.11 (0.91−10.61)

0.056

Note: *P<0.05.
Abbreviations: CI, conﬁdence interval; HR, hazard ratio; UNG, uracil-DNA glycosylase; SMUG1, single-strand-selective monofunctional uracil-DNA glycosylase 1;
MBD4, Methyl-CpG binding domain 4; TDG, thymine DNA glycosylase; OGG1, 8oxoguanine DNA glycosylase; MUTYH, MutY DNA glycosylase; NEIL1, Nei like DNA
glycosylase 1.

FdUTP.20 Thus, the association with neoplasm needs
further study.
MBD4 is a major factor in response to oxidative stress,
as an enzyme that controls base excision repair, DNA
demethylation and gene expression regulation. It also functions as a mismatch-speciﬁc N-glycosylase effective on
uracil, thymine, 5-ﬂuorouracil and 3,N(4)-ethenocytosine
paired with guanine.21 Similar to our results, Chen’s study
showed that in 46% of non-muscle invasive tumors, MBD4
mRNA expression was reduced, while 11% was found in
muscle-invasive tumors, indicating that high expression
tended to be associated with higher tumor stage. At the
same time, low level of MBD4 mRNA may be a favorable
prognostic biomarker, which corresponds with our results.22
In sporadic GC, MBD4 frameshift mutations were found in
29%, as high-frequently as in colon cancers, resulting in
tumor progression.23 As for breast cancer, RON/MSP
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Table 7 Reactome enrichment analysis
Gene set

P-value

Description

False discovery
rate (FDR)

R-HSA-73884

Base Excision Repair

0

0

R-HSA-73933

Resolution of Abasic Sites (AP sites)

0

0

R-HSA-73929
R-HSA-110357

Base Excision Repair, AP Site Formation
Displacement of DNA glycosylase by APEX1

0
0

0
0

R-HSA-110328

Recognition and association of DNA glycosylase with site containing an affected pyrimidine

0

0

R-HSA-110329
R-HSA-73928

Cleavage of the damaged pyrimidine
Depyrimidination

0
0

0
0

R-HSA-73894
R-HSA-5649702

DNA Repair
APEX1-Independent Resolution of AP Sites via the Single Nucleotide Replacement Pathway

2.02E-11
7.91E-06

4.37E-09
0.001518

Figure 8 VE-822 inhibits proliferation of gastric cancer. Proliferation BGC-823 (A) and MKN-45 (B) cells of gastric cancer exposed to 0, 2μM, 4μM, 6μM, 8μM, 10μM VE822 detected by Label-free Real-time Cellular Analysis (RTCA).

(recepteur d’origine nantais/macrophage stimulating protein) can signal PI3K (phosphatidylinositol 3-kinase) to
upregulate MBD4. And speciﬁc breast tumors show the
RON/MBD4 epigenetic signature, which is associated
with unfavorable prognosis.24 Moreover, in cervical cancer,
MBD4 codon Glu346Lys polymorphism might bring about
susceptibility in the Chinese population.25 Whether those
conclusion can be applied to gastric cancer or not needs
further exploration.
In our study, both elevated TDG and OGG1 mRNA
expression were associated with an unfavorable OS in all
the GC patients, the intestinal-type patients, the diffuse-type
patients and the mixed-type patients. For another uracil-DNA
N-glycosylase, TDG (Thymine DNA Glycosylase) can act as
thymine on G: T and G: U mismatches to protect CpG sites in
the genome from deamination-induced mutagenesis. In addition, TDG is able to remove the novel cytosine derivatives, 5formylcytosine and 5-carboxylcytosine, which are generated
by TET (Ten-Eleven Translocation) enzymes during active
DNA demethylation.26 However, when looking into other
functions, TDG played a prominent role in oxidation and
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excision of 5Mc in DNA, thus controlling DNA
demethylation.27,28 And the excessive demethylation is suspected to be in connection to cancer. Koslowski’s report ﬁrst
revealed that hypoxia-inducible factor 1 alpha (HIF-1 alpha)
showed a high level of expression in human cancers, and
Tumor-associated CpG demethylation promoted positive
autoregulation of HIF-1 alpha, thus resulting in the transactivation of the HIF-1 alpha target gene, which was induced by
hypoxia, and it affected the growth of malignant cells.29 In
addition, gene expression regulation is suggested to be correlated with TDG because it interacts with several transcription factors, chromatin-modifying enzymes and DNMTs.22,27
And the immoderate expression-induced excess cell proliferation may associate with cancer.
The OGG1 gene, which can express both DNA glycosylase and apurinic or apyrimidinic (AP) lyase, positions
in chromosome 3p25.30 However, there could be other
functions that may be detrimental. Another protein,
PARP-1 (Poly [ADP-ribose] polymerase 1), which has a
synergistic effect with OGG1, acting as a molecular sensor
of broken DNA or some damage like oxidatively modiﬁed
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Figure 9 VE-822 enhances apoptosis in BGC-823 and MKN-45 cells of gastric cancer. Flow cytometry for apoptosis [apoptosis ratio was calculated as (Q2+Q3)/(Q1+Q2
+Q3+Q4)] of BGC-823 and MKN-45 cells incubated with 2μM, 4μM, 6μM, 8μM, 10μM VE-822 or an equal volume of DMEM medium for 48 hrs. VE-822 signiﬁcantly
promoted apoptosis in BGC-823 and MKN-45 cells of gastric cancer, and the apoptosis induced by VE-822 is concentration-dependent. *Data are presented as mean ± SD,
N=3; **P<0.01; ***P<0.001; ****P<0.0001, compared with control.

nucleotides, regulates BER.31–33 Furthermore, both
enzymes may regulate the expression of critical genes,
thus contributing to cancer progression. c-MYC (MYC
proto-oncogene) may promote the expression of the cMYC gene by converting the human c-MYC promoter’s
guanine-quadruplex structure into B-DNA, thereby promoting the proximity of the transcription factor to the
promoter.34 And, OGG1 promotes transcription of genes
which was controlled by c-MYC.35 Eid suggested that
there is a signiﬁcant positive association between the
ampliﬁcation of c-MYC and advanced cervix cancer

Cancer Management and Research 2019:11

grading; furthermore, it could be detected in the early
stages; thus, c-MYC helped in the diagnosis and
prognosis.36 Other studies showed that adenoma-carcinoma pathway colon lesions usually linked with OGG1
genes’ overexpression, and that this phenomenon is more
signiﬁcant in severe ones.37 This result also implies that
the high expression of OGG1 indicates a worse prognosis.
Our result showed that MUTYH was signiﬁcantly correlated to a worse OS in all GC patients and intestinal-type
patients by Lauren classiﬁcation. MUTYH can initiate
correction of replication errors by acting at replication
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Figure 10 VE-822 inhibit BGC-823 and MKN-45 cells of gastric cancer proliferation. Colony formation assay following BGC-823 and MKN-45 cells incubated with 2μM,
4μM, 6μM, 8μM, 10μM VE-822 or an equal volume of DMEM medium for 48 hrs. VE-822 signiﬁcantly inhibited proliferation in BGC-823 and MKN-45 cells of gastric cancer,
and the proliferation inhibited by VE-822 is concentration-dependent. Scale bar =5 mm. *Data are presented as mean ± SD, N=3; *P<0.05; **P<0.01; ***P<0.001;
****P<0.0001, compared with control.

forks.38 And MUTYH is usually considered to have the
ability of repairing DNA 8-oxoG, but despite the former
advantage, MUTYH could also contribute to therapeutic
toxicity. Both DNA 6-TG and UVA, caused by therapeutic
thiopurines, are cytotoxic and their interaction results in
oxidative damage. DNA-protein crosslinks may cause
DNA damage. The interactions of MUTYH with 28 parts
of the replication systems may lead it to crosslinking to
DNA-embedded 6-TG.39
The higher expression of the NEIL1 mRNA level is
signiﬁcantly associated with worse OS in all GC cancer
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patients. The NEIL1 DNA glycosylase can recognize oxidized bases and remove damage before the formation of
the replication fork.40 Nevertheless, Shinmura suggested
that among breast invasive carcinoma, a decline of NEIL1
expression predicted a poor survival outcome, but gastric
cancer was not included.41
We also documented overexpression of the BER system
in 5-FU-based adjuvant, which showed markedly unfavorable prognosis. The potential mechanisms of cell killing in
5-FU-mediated way are not clear, though it has been put
into use for over 40 years.42 Some researchers indicated that
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Figure 11 VE-822 inhibit BGC-823 cells of gastric cancer migration. Migration following BGC-823 cells incubated with 5μM, 10μM, VE-822 or an equal volume of DMEM
medium for 48 hrs. VE-822 signiﬁcantly inhibited migration in BGC-823 cells of gastric cancer. Scale bar =500μm.

Figure 12 VE-822 inhibits proliferation and induces apoptosis of gastric cancer cells through inﬂuencing BER genes expression. (A) The difference expression of BER genes
(UNG, SMUG1, MBD4, OGG1, MUTYH TDG and NEIL1) in normal gastric cells (GES-1) and gastric cancer cells (BGC-832 and MKN-45). (B, C, D) The expression change
of BER (UNG, MUTYH, OGG-1) system genes in the BGC-823 and MKN-45 cells of gastric cancer after treating with VE-822. *Data are presented as mean ± SD, N=3;
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, compared with control.

BER may be the main repairment of 5-FU in DNA.43
Furthermore, Pettersen’s study indicated that this way may
badly effect chemotherapy, and the uracil and 5-FU may

Cancer Management and Research 2019:11

induce “futile cycling” of uracil BER.43 During this cycling,
some toxic products like single-strand breaks, double-strand
breaks or basic sites may promote cell death.44
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Furthermore, based on our prognostic function of
BER system in GC patients, we show the potential role
of VE-822 in gastric cancer therapy inhibiting gastric
cancer growth by regulating the BER system. However,
the detail regulation mechanism of the three valuable BER
members in gastric cancer needs further determined. In
future studies, gene regulation, especially overexpressed
UNG, is potentially helpful to understand the role of BER
system-related DNA damage repair in gastric cancer.

strand-selective monofunctional uracil-DNA glycosylase 1;
TDG, thymine DNA glycosylase; TET, ten-eleven translocation; UNG, uracil-DNA glycosylase; UVA, ultraviolet A;
VE-822, berzosertib.
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