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ABSTRACT

Gastric cancer is a highly immunogenic malignancy. Immune tolerance facilitated by myeloid-
derived suppressor cells (MDSCs) has been implicated in gastric cancer resistance mechanisms.
The potential role of APE1 in regulating gastric cancer metastasis by targeting MDSCs remains
uncertain. In this study, the plasmid Plxpsp-mGM-CSF was used to induce high expression of
granulocyte-macrophage colony-stimulating factor (GM-CSF) in GES-1 cells. For tumor transplan-
tation experiments, AGS, AGS+GM-CSF and AGS+GM-CSF-siAPE1 cell lines were established by
transfection, followed by subcutaneous implantation of tumor cells. MDSCs, Treg cells, IgG, CD3
and CD8 levels were assessed. Transfection with siAPE1 significantly inhibited tumor growth
compared to the AGS+GM-CSF group. APE1 gene knockdown modulated the immune system in
gastric cancer mice, characterized by a decrease in MDSCs and an increase in Treg cells, IgG, CD3
and CD8. In addition, APE1 gene knockdown resulted in decreased levels of pro-MDSC cytokines
(HGF, CCL5, IL-6, CCL12). Furthermore, APE1 gene knockdown inhibited proliferation, migration
and invasion of AGS and MKN45 cells. AGS-GM-CSF cell transplantation increased MDSC levels and
accelerated tumor growth, whereas APE1 knockdown reduced MDSC levels, inhibited tumor
growth and attenuated inflammatory infiltration in gastric cancer tissues. Strategies targeting
the APE1/MDSC axis offer a promising approach to the prevention and treatment of gastric
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cancer, providing new insights into its management.

1. Introduction

Gastric cancer stands out as one of the most preva-
lent malignancies globally, characterized by elevated
morbidity and mortality rates [1]. Its etiology is
predominantly associated with factors such as infec-
tion, diet, environment, and heredity. Treatment
modalities for gastric cancer encompass surgical
interventions, chemotherapy, radiotherapy, and tar-
geted therapy [2]. Unfortunately, the early diagnosis
rate for gastric cancer remains suboptimal, leading to
a considerable number of patients being diagnosed
at advanced stages, precluding timely surgical inter-
vention [3]. Advanced gastric cancer management
typically involves a combination of traditional radio-
therapy, chemotherapy, and targeted therapy.
Regrettably, this approach is marked by a grim prog-
nosis, poor tolerability, substantial adverse reactions,
and a low survival rate [4].

The pathogenesis of gastric cancer is intricately
linked to various cells within the tumor microen-
vironment - a multifaceted and dynamic milieu
comprising tumor cells, immune cells, such as
cancer-associated fibroblasts, mesenchymal stem
cells, endothelial cells, M2 tumor-associated
macrophages, myeloid-derived suppressor cells
(MDSCs), regulatory T cells, cytokines, and other
small molecules [5,6]. MDSCs, characterized as
a heterogeneous group of undifferentiated mature
myeloid cells exhibiting granulocytic, immunosup-
pressive, and monocytic features, play a pivotal
role in gastric cancer progression [7]. Upon the
onset of gastric cancer, MDSCs can be induced to
proliferate and accumulate in the tumor site
through the vascular system, becoming integral
components of the tumor microenvironment [8].
MDSCs, by secreting chemokines, cytokines, and
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enzymes, exert immunosuppressive functions,
facilitating immune escape. This, in turn, amplifies
tumor cell proliferation, survival, adhesion, inva-
sion, thereby fostering tumor progression and
metastasis [9].

Apurinic/apyrimidinic endonuclease-reduction
/oxidation factor 1 (APEL) is a versatile biological
enzyme with significant roles in DNA repair and
redox signaling pathways [10]. It exerts wide-
spread influence on tumorigenesis, development,
as well as responses to chemotherapy, radiother-
apy, and targeted therapy through its redox regu-
lation of nucleic acid endonucleases and
transcription factors [11]. Aberrant expression of
APE1 has been identified in various malignant
tumors, including hepatocellular carcinoma,
where studies have linked its elevated expression
to the proliferation and apoptosis of hepatocellular
carcinoma cells [12].

However, the potential impact of APEI on gas-
tric cancer malignancy, particularly through its
modulation of MDSCs and downstream mole-
cules, remains unclear. In this study, we employed
Plxpsp-mGM-CSF transfection to in vivo stimulate
an increase in MDSCs. Tumor transplantation
experiments were conducted using AGS, AGS
+GM-CSF, and AGS+GM-CSF-siAPE1 cell lines.
Our results demonstrate that APE1 knockdown
not only impedes tumor progression but also alle-
viates inflammatory infiltration within gastric can-
cer tissues. This highlights the significance of the
APE1/MDSC axis in gastric cancer pathogenesis.
Strategies targeting this axis emerge as promising
avenues for both the prevention and treatment of
gastric cancer, providing novel insights into the
management of gastric cancer.

2. Materials and methods
2.1. Cell culture

In this study, GES-1 (#IM-H084, Immocell,
China), AGS (#CRL-1739, ATCC, US), MKN45
(#IM-H088, Immocell, China), MKN28 (#IM-
H294, Immocell, China) and KATO III (HTB-
103, ATCC, US) cells were used in this research.
These cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, #12491015, US)
supplemented with 5% fetal bovine serum (FBS,

#26010066, Gibco, US), 50 pug/ml streptomycin
(#ST487, Beyotime, China) and 50 IU penicillin
(#V900929, Sigma, US). Cells were maintained in
a humidified incubator at 37°C with 5% CO,.

2.2. Cell transfection

GES-1 cells were transfected with Plxpsp-mGM-
CSF using Lipofectamine 3000 (#L3000001,
Invitrogen, US) for 48 hours. Plxpsp-mGM-CSF
contains the granulocyte-macrophage colony-
stimulating factor (GM-CSF) gene and confers
resistance to hygromycin B (200 pg/mL). The
supernatant from transfected GES-1 cells contain-
ing the Plxpsp-mGM-CSF gene was then applied
to AGS cells for 48 hours, resulting in the designa-
tion of these cells as AGS+GM-CSF. si-APE1 (20
nM) was used to transfect AGS or AGS+GM-CSF
for 48 hours, resulting in the designation of AGS
+siAPE1 and AGS+GM-CSF+siAPEL, respectively.

2.3. Establishment of a mouse gastric cancer
model

AGS (2x10 [7], 0.1 ml), AGS+GM-CSF (2x 10
[7], 0.1 ml) or AGS+GM-CSF-siAPE1 (2 x 10 [7],
0.1 ml) cells were injected subcutaneously into the
dorsal side of severe combined immunodeficiency
(SCID) mice (SPF grade, 5 weeks old, 20-25 g). All
animal experiments were ethically approved by the
Ethics Committee of Fujian Medical University
Affiliated Fujian Provincial Hospital.

2.4. Immunohistochemical staining (IHC)

After animal sacrifice, spleens were collected,
dehydrated, embedded in paraffin and sectioned
at 10 um. Antigen retrieval was achieved by
microwave heating for 3 minutes followed by
incubation in 3% hydrogen peroxide for 3 min-
utes. The sections were then washed with PBS,
blocked with 5% skim milk (#MB4219-3, meilun-
bio) and incubated with primary antibodies.
Subsequent steps included three washes, 4 hours
secondary antibody incubation, DAB staining
(#P0203, Beyotime, China), dehydration and
mounting. Observations were made with an
Olympus Bx41lmicroscope (Tokyo, Japan). The
antibodies used in IHC were listed as follows.



Rabbit monoclonal to CD3 antibody (#ab16669,
Abcam, UK), Rabbit monoclonal to CD8 anti-
body (#ab217344, Abcam, UK). In the negative
control group, we used PBS instead of primary
antibody. We quantified tissue staining intensity
using Image ] software. The staining intensity
values of all groups were subtracted from the
staining intensity values of the negative control
group. The AGS group was used as an experi-
mental control and the staining intensity values
of this group were homogenized. The staining
intensity values of the other groups were com-
pared to the AGS group. Then, statistical analysis
among different groups was performed.

2.5. Flow cytometry

Blood samples (200 pL) were collected from the
eyes at week 3, and flow cytometry analysis was
performed using FITC-labeled CD3 (#11-0032-82,
Invitrogen, US) and CDS8 (#ab210367, Abcam,
UK) monoclonal antibodies.

2.6. Measurement of IgG and GM-CSF

Peripheral blood samples were collected three
weeks after tumor implantation and the levels of
IgG (#ab151276, Abcam, UK) and GM-CSF
(#BMS612, Invitrogen, US) were measured quan-
titatively by enzyme-linked immunosorbent assay
(ELISA). The sensitivity of IgG ELISA kit is 1 ng/
mL, and the R? of standard curve was 0.989. The
sensitivity of GM-CSF ELISA kit is 2 pg/mL, and
the R? of standard curve was 0.991.

2.7. Measurement of MDSCs and Treg cells

Three weeks after tumor implantation, blood
samples were collected for enucleation.
Peripheral blood mononuclear cell suspension
was prepared using the Percoll method. CD3+
lymphocytes were isolated using anti-CD3 mag-
netic beads, and CD8+ T lymphocytes were
sorted by flow cytometry. The remaining fluid
was separated using magnetic beads and flow
cytometry to isolate CD11b+ MDSCs. Data ana-
lysis was performed using BD CELL Quest
software.
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2.8. CCK8 assay

Cells in the logarithmic growth phase were washed
with PBS, digested with trypsin, suspended in
serum-free culture medium and adjusted to a cell
concentration of 1x 10 [5]/ml. These cells were
then cultured in a 96-well plate for 24 hours.
After incubation with CCKS8 reagent (Beyotime,
#C0038, China) for 2hours, absorbance at 450
nm was detected. A blank control was used with
wells containing corresponding amounts of cell
culture medium and CCK-8 reagent but without
cells added. The si-NC group was used as the
experimental control.

2.9. Transwell assay

A total of 2 x 10 [6] cells were seeded in the upper
chamber with Matrigel (diluted 1:3, #356234,
Corning, US) and serum-free medium. The bot-
tom chamber contained DMEM with 10% FBS
(#26010066, Gibco, US). After 48 hours, invasive
cells in the lower chamber were fixed with 4%
methanol and stained with crystal violet (#C0775,
Sigma-Aldrich, US).

2.10. Wound healing assay

For the wound healing assay, cells were digested
with trypsin (#108444, Sigma-Aldrich, US), centri-
fuged and seeded in a 6-well plate at a density of
1x10 [6] cells per well. After reaching 90% con-
fluence in the cell culture incubator for 24 hours,
the cell monolayer was scratched using a 200 pL
pipette tip. After two washes with PBS to remove
non-adherent cells, the gap left by the scratch was
clearly visible. Fresh serum-free culture medium
was added and the distance between the wounds
was measured at 0 and 24 hours, followed by
migration distance analysis.

2.11. Bioinformatic analysis

Gene expression and survival analyses were per-
formed using GEPIA (http://gepia.cancer-pku.cn/)
and TCGA (https://www.cancer.gov/about-nci
/organization/ccg/research/structural-genomics
/tcga). RNA purity and integrity were assessed
using a NanoPhotometer spectrophotometer and
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an Agilent 2100 Bioanalyzer, respectively. Library
construction was performed using the NEBNext*
Ultra® RNA Library Prep Kit for Illumina.
Sequencing was performed using the synthetic
sequencing method and StringTie (version 1.3.3b)
was used for novel gene prediction. Differential
expression analysis for two comparison groups
was performed using DESeq2 software, with
adjusted p values and |log2foldchange| as signifi-
cance thresholds.

2.12. Western blotting

Proteins were lysed using RIPA lysis buffer
(#R0278, Sigma, US) containing a protein phos-
phatase inhibitor. Protein concentration was deter-
mined by the BCA method (#A045-4-1, Nanjing
]iancheng Bioengineering Institute, Nanjing,
China) and equal amounts of protein were loaded
on 10% SDS-PAGE gels. Proteins were then trans-
ferred to a PVDF membrane (Milipore,
#GVWP02500, US). After blocking with 5% skim
milk in TBST (Beyotime, #P0222, China) for 3
hours, the membranes were incubated with pri-
mary antibodies overnight at 4°C, followed by
incubation with secondary antibodies for 3 hours
at room temperature. Target gene detection was
performed using an enhanced chemiluminescence
detection kit from Thermo Fisher (#32132, US),
and Image] software was used for band analysis.
The antibodies used in western blotting were listed
as follows. Rabbit polyclonal to GAPDH (#ab9485,
Abcam, UK), Rabbit monoclonal to APEl
(#ab92744, Abcam, UK), and Goat anti-rabbit
IgG antibody (#ab6721, Abcam, UK).

2.13. RT-PCR

For RT-PCR analysis, RNA was extracted from
tissues using Trizol (#R0016, Beyotime). RNA pur-
ity was assessed using a NanoPhotometer spectro-
photometer (Thermo Scientific, USA). Reverse
transcription was performed using the Takara
PrimeScript RT Reagent Kit with gDNA Eraser
Kit (#RR047A). RT-PCR amplification was per-
formed using the Bio-Rad CxF96system. The rela-
tive expression level of the target gene was
determined using the 27T method. GAPDH
expression was used as for normalization.

2.14. Statistical analysis

Data are expressed as mean * standard deviation.
Statistical analyses were performed using SPSS
software version 18. A p value less than 0.05 was
considered statistically significant, and statistical
analysis included t-tests and analysis of variance.

3. Results

3.1. Differential expression of APE1 in gastric
cancer

Using the GEPIA and TCGA databases, we per-
formed an analysis of APE1 expression in different
tumor types and found significant differences in its
expression between tumor and normal tissues.
Notably, gastric cancer tissues showed a significant
decrease in APE1 expression (Figure 1(a,b)). The
reduced expression of APEl correlated negatively
with tumor stage (Figure 1(c)) and positively with
higher survival rates (Figure 1(d)). In addition,
APEI expression was significantly lower in normal
gastric cells (Figure 1(e)).

3.2. Overexpression of GM-CSF in AGS and
inhibitory effects of siAPE1 on tumor growth

GES-1 cells were transfected with Plxpsp-mGM-CSF
(f)or 48 hours, resulting in a significant increase in
GM-CSF expression in the supernatant (Figure 2(a)).
Culturing AGS cells with the GM-CSF-rich super-
natant resulted in a significant increase in both intra-
cellular and extracellular GM-CSF levels (Figure 2(b,
¢)). Thus, successful establishment of AGS cells with
enhanced GM-CSF expression was achieved.
Subsequent transfection with siAPE1 resulted in the
establishment of AGS+GM-CSF-siAPE1 cells. In
addition, the transfection efficiency of si-APE1 was
confirmed (Figure 2(d)) with RT-PCR. The si-APE1
was shown to reduce target gene expression by
around 75% 48 hours post transfection. Compared
to the AGS+GM-CSF group, siAPE1 transfection
significantly inhibited tumor growth (Figure 2(e)).

3.3. APE1 knockdown modulates the immune
system in gastric tumor mice

Compared to the AGS group, the AGS+GM-CSF
group showed a significant increase in MDSC
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Figure 1. Differential expression of APE1 in gastric cancer. APE1 expression was analyzed in various tumor types and normal tissues
using GEPIA and TCGA databases (A-B). Based on GEPIA analysis, decreased APE1 expression was negatively correlated with tumor
stage and positively correlated with higher survival rate (C-D). APET expression in cancer cells and tissues was measured by Western
blotting and IHC staining (E-F). The statistical significance was indicated as **p < 0.01 and ***p < 0.001.

levels (Figure 3(a)). However, MDSCs were signif-
icantly suppressed in the AGS+GM-CSF-siAPE1
group. Furthermore, lower levels of Treg cells
and IgG were observed in the AGS+GM-CSF
group, but these indicators were significantly
increased in the AGS+GM-CSF-siAPE1 group
(Figure 3(b,c)). In addition, GM-CSF levels
increased in the AGS+GM-CSF group but
decreased after siAPE1 treatment (Figure 3(d)).
CD3 and CDS8 levels in peripheral blood and
spleen tissues were reduced in the AGS+GM-CSF
group, but siAPEl1 transfection significantly
increased CD3 and CDS8 levels (Figure 4(a,b)).
These results suggest that AGS+GM-CSF trans-
plantation promotes tumor growth and suppres-
sion of the immune system, whereas siAPEI
transfection inhibits tumor development and
enhances the immune system.

3.4. APE1 knockdown enhances anti-tumor
immunity in subcutaneous AGS mouse model

Gene expression profiling comparisons revealed an
enrichment of immune and inflammatory
response pathways in the AGS+GM-CSF-siAPE1

group compared to the AGS+GM-CSF group
(Figure 5(a,b)). SiIAPE1 treatment resulted in the
downregulation of key genes associated with
MDSC accumulation, such as CCL2 and CCL17
(Figure 5(c)). RT-qPCR analysis of isolated gastric
tumor tissues confirmed lower levels of pro-MDSC
cytokines (HGF, CCLS5, IL-17, CCL17 and IL7R) in
the AGS+GM-CSF-siAPE1 group (Figure 5(d)).
KEGG pathway analysis revealed significant
enrichment in the inflammatory response, cyto-
kine activity and hypoxia pathways in the AGS
+GM-CSF-siAPE1 treatment group compared to
the AGS+GM-CSF group (Figure 5(e,f)).

3.5. APE1 knockdown suppresses AGS and
MKN45 cell viability

SiAPE1 significantly inhibited invasion, prolifera-
tion and migration of AGS and MKN45 cells
compared to the si-NC treatment group (Figure 6
(a-c)). Furthermore, APEl depletion resulted in
a significant increase in apoptosis compared to
the si-NC treatment group (Figure 6(d)). These
results further confirm the tumor suppressive
effects of siAPEI.
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Figure 2. GM-CSF overexpression in AGS and tumor growth suppression by siAPE1. (A) Establishment of high GM-CSF expression in
HBE cells (n = 4); (B) significant GM-CSF expression in cells after incubation with supernatant containing high levels of GM-CSF (n =
4); (C) high GM-CSF expression in supernatant after incubation with supernatant containing high levels of GM-CSF (n =4); (D) the
transfection efficiency of si-APE1 was confirmed with RT-PCR. (E) Inhibition of tumor growth by siAPET transfection compared with

AGS+GM-CSF group. **p < 0.01, ***p < 0.001.

4, Discussion

Gastric cancer stands out as one of the most preva-
lent and globally significant tumors. According to
the International Agency for Research on Cancer in
2020, it held the fifth position in terms of incidence
and the fourth position in mortality rates worldwide
[13]. Due to its elusive onset, a considerable number
of gastric cancer patients receive their diagnosis at an
advanced stage, highlighting the urgency for effective
detection methods [14]. Presently, chemoradiother-
apy remains the primary treatment modality for
advanced gastric cancer, with molecular targeting
and immunotherapy providing extensions to patient
survival [15]. However, even with radical surgery,
chemoradiotherapy faces challenges such as a high
recurrence and metastasis rate, diminished quality of
life, a low 5-year survival rate, and significant toxic
side effects [16]. Consequently, addressing these

issues has become a focal point in advancing the
treatment of advanced gastric cancer.

MDSCs are overexpressed in both primary and
metastatic solid tumors, intricately linked to
tumor development and progression [17].
Functioning as a heterogeneous group of undif-
ferentiated and mature myeloid progenitor cells,
MDSCs impede the normal differentiation pro-
cess under sustained low-intensity stimulation
from tumors, inflammation, and other pathologi-
cal conditions [18]. This arrested differentiation
manifests in different stages, conferring immune-
suppressive functions. Not only do MDSCs
enable tumors to evade immune surveillance,
but they also significantly contribute to tumor
metastasis [19]. Their involvement extends
beyond the regulation of anti-tumor immune
function, impacting the survival and growth of
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cancer cells, promoting epithelial-mesenchymal
transition, and facilitating metastasis [20].
Cytokines secreted by MDSCs, such as CCL2,
CXCL12, and CXCL5, synergize with tumor
cells, inducing malignant transformation, recruit-
ing MDSCs, and fostering metastasis to tumor
sites [21]. In tumor tissue, MDSCs rapidly differ-
entiate into tumor associated macrophages, and
this phenomenon was related to the downregula-
tion of STAT3 activity, which is controlled by the
activation of CD45 phosphatase induced by
hypoxia [22]. The endoplasmic reticulum stress
response pathway is associated with the inhibi-
tory activity of MDSCs [23]. Transcription factor

CHOP is associated with MDSC suppressive
activity at the tumor site. CHOP-deficient
MDSC lose the ability to suppress T cells stimu-
lated in an antigen-nonspecific manner [24]. &

In this study, the induction of GM-CSF over-
expression was observed to stimulate a significant
increase in MDSCs. Notably, the heightened
MDSCs in the AGS+GM-CSF group were mark-
edly suppressed upon siAPEl intervention
(Figure 3(a)). Furthermore, APEl knockdown
orchestrated a modulation of the immune system
in gastric tumor mice, characterized by a reduction
in MDSCs and an augmentation of Treg cells, IgG,
CD3, and CDS8 (Figures 3 and 4).
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The DNA damage repair function of APEIL,
coupled with the regulation of crucial transcrip-
tion factors, plays a pivotal role in various
aspects of chemotherapy resistance [25]. APEl
exhibits high expression in diverse malignant
tumor tissues, and this heightened expression is
correlated with chemoresistance [26]. In this
research, a cell line with APE1 knockdown was
established to elucidate the role of APE1l in
regulating MDSCs derived from gastric cancer.
The differential genes between the AGS+GM-
CSF and AGS+GM-CSF-siAPE1 groups were
systematically screened and validated (Figure 5
(a-d)). The observed suppression of MDSCs-
produced chemokines (HGF, CCL5, IL-17,
CCL17, and IL-17R) by siAPE1 underscores
the potential of APE1 as a highly promising
therapeutic target for cancer treatment.

However, there are some limitations in this study.
(1) More clinical data need to be integrated to validate
our conclusions. (2) We did not identify an in-depth
mechanism for the role of APE1 in regulating MDSCs
during gastric cancer development.

5. Conclusion

Transplantation of AGS-GM-CSF led to an increase
in MDSC levels, which contributed to accelerated
tumor growth. Conversely, reduction of MDSCs by
APE1 knockdown effectively inhibited tumor pro-
gression and attenuated inflammatory infiltration in
gastric cancer tissues. Strategies targeting the APE1/
MDSC axis represent a novel avenue for the pre-
vention and treatment of gastric cancer.
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Myeloid-derived suppressor cells (MDSCs), Granulocyte-
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Figure 5. APE1 knockdown enhances anti-tumor immunity in subcutaneous AGS mouse model. (A) PCA analysis; (B-C) differential
expression gene analysis; (D) KEGG pathway analysis; (E) validation of MDSC-related cytokine expression by RT-PCR; (F) summary of
transcriptome analysis. **p < 0.01, ***p < 0.001.
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Figure 6. APE1 knockdown inhibits cell viability in AGS and MKN45 cells. (A-D) (A-D) detection of cell invasion, proliferation,
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