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Gastric cancer (GC) poses a significant threat to human health and remains a
prevalent form of cancer. Despite clinical treatments, the prognosis for Gastric
cancer patients is still unsatisfactory, largely due to the development of multidrug
resistance. Oxaliplatin (OXA), a second-generation platinum drug, is commonly
recommended for adjuvant and palliative chemotherapy in Gastric cancer;
however, the underlying mechanisms of acquired resistance to Oxaliplatin in
Gastric cancer patients are not yet fully understood. In this study, we aimed to
explore the potential mechanisms of Oxaliplatin resistance in Gastric cancer by
employing bioinformatics analysis and conducting in vitro experiments.
Specifically, we focused on investigating the role of methyltransferase-like 3
(METTL3). Our findings revealed that the knockdown of METTL3 significantly
impeded the proliferation and migration of Gastric cancer cells.
METTL3 knockdown induced apoptosis in OXA-resistant Gastric cancer cells
and enhanced their sensitivity to Oxaliplatin. Furthermore, we found that DNA
repair pathways were significantly activated in OXA-resistant Gastric cancer cells,
and METTL3 knockdown significantly inhibited DNA repair pathways. Another
important finding is that METTL3 knockdown and OXA-induced Gastric cancer
cell death are additive, and the targeted METTL3 can assist Oxaliplatin treatment.
Collectively, our findings suggest that METTL3 knockdown can augment the
sensitivity of Gastric cancer cells to Oxaliplatin by impeding DNA repair
processes. Consequently, targeting METTL3 holds great promise as a viable
adjuvant strategy in the treatment of Gastric cancer patients.
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Introduction

Stomach cancer, also referred to as gastric cancer (GC), is a prevalent malignancy
originating from the cells that line the stomach (Venerito et al., 2016; Smyth et al., 2020). It
represents a common form of cancer and remains a substantial cause of cancer-related
fatalities worldwide. The role of m6A modification in stomach cancer has emerged as a
promising research area, with studies shedding light on its potential implications in the
development and progression of this disease (Wang et al., 2020). Multiple studies have
reported discernible alterations in m6A modification patterns within stomach cancer tissues
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in comparison to normal gastric tissues (Zhang et al., 2020; Meijing
et al., 2022). These observed changes in m6A levels and distribution
suggest a plausible involvement in the process of gastric
carcinogenesis. Dysregulation of m6A regulatory proteins has
been noted in stomach cancer, exemplified by the upregulation of
Methyltransferase-like 3 (METTL3), a critical m6A “writer,” in
gastric cancer tissues, which has been associated with an
unfavorable prognosis (Wei et al., 2022). METTL3-mediated
modification of N6-methyladenosine was found to be required
for the process of epithelial mesenchymal transformation and
metastasis in GC (Yue et al., 2019). METTL3 serves as the
primary catalytic enzyme within the RNA methylation system,
typically forming a stable core heterodimeric complex alongside
METTL14 (Fu et al., 2014; Liu et al., 2014). Moreover, an ensemble
of co-factors, including Wilms tumor 1-associating protein
(WTAP), Vir-like m6A methyltransferase-associated (VIRMA)
protein, RNA-binding motif protein 15/15B (RBM15/15B), and
zinc finger CCCH-type containing 13 (ZC3H13) protein,
collectively contribute to the activity and specificity of METTL3-
associated m6A regulation (Fu et al., 2014; Ping et al., 2014;
Knuckles et al., 2018). Dysregulated METTL3 has shown promise
as a potential prognostic marker for GC. In the treatment of GC,
drug resistance poses a significant challenge, representing the ability
of cancer cells to withstand the impact of anticancer drugs,
ultimately leading to reduced treatment effectiveness and disease
progression.

METTL3, an RNA methyltransferase and a crucial component
of the m6A mRNA modification machinery, plays a pivotal role in
regulating gene expression through m6A modification (Song and
Zhou, 2021). However, emerging evidence suggests that METTL3’s
involvement extends beyond gene regulation and encompasses drug
resistance in various cancer types, including GC. Numerous studies
have reported elevated levels of METTL3 expression in GC tissues,
and this upregulation has been consistently linked to
chemoresistance. Increased METTL3 expression has been directly
associated with a poor response to chemotherapy and diminished
survival rates among patients. For instance, METTL3 has been
found to bolster chemoresistance by upregulating the expression
of anti-apoptotic genes, such as Bcl-2 and Bcl-xL, as well as drug
efflux transporters like ABCB1 (P-glycoprotein) (Pan et al., 2021; Li
H. et al., 2022; Ouyang et al., 2023). Given these findings,
METTL3 emerges as a potential target for combating drug
resistance in GC, warranting further research and investigation.

Oxaliplatin (OXA), an antineoplastic medication, is utilized in
the treatment of various cancer types (Bang et al., 2012). Its
mechanism of action involves interfering with the replication
process of cancer cells, leading to their subsequent demise. OXA,
when combined with other chemotherapy agents such as
fluorouracil (5-FU) and leucovorin, has been extensively
researched and employed in the management of advanced gastric
cancer (Cavanna et al., 2006; Dos Santos et al., 2022). Typically
administered intravenously, these combination regimens are
designed to target cancer cells throughout the body, thereby
impeding disease progression and enhancing survival rates.
Nevertheless, the emergence of OXA resistance remains an
inevitable challenge during gastric cancer treatment, significantly
impacting patient management. In this study, we investigate the
potential mechanism underlying OXA resistance centered around

METTL3.We focused on the DNA repair pathway in OXA-resistant
GC cells and performed functional experiments on OXA-resistant
GC cells to explore the potential role of METTL3. The research idea
of this study is shown in Figure 1.

Methods

Cell culture

All mammalian cell lines used in this study were grown in a
humidified 37 °C incubator with 5% CO2. Human gastric epithelial
cell line GES1 and gastric cancer cell lines AGS and HGC27 were
purchases from Shanghai Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China). OXA-resistant
gastric cancer cell lines, AGS-R and HGC27-R, were generated by
subjecting cells to increasing concentrations of OXA (Ren et al.,
2023). The process involved gradually exposing the cells to OXA at
ascending concentrations ranging from 0.25 μg/mL to 6 μg/mL and
2 μg/mL, respectively. DNA repair inhibitors, namely, VE-821
(10 μM) and KU-55955 (10 μM), were procured from
Selleckchem. Unless explicitly mentioned, the duration of drug
treatment was set at 24 h.

Extraction of RNA and quantitative real-time
PCR (qRT-PCR)

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen) following the manufacturer’s instructions. The
concentration of total RNA was determined by measuring the
absorbance at 260 nm using an Agilent 2100 Bioanalyzer. For
quantitative real-time polymerase chain reaction (qRT-PCR), an
ABI Illumina instrument (Foster, United States of America) was
utilized, and SYBR Green (Tiangen) was used as the fluorescent
dye. Use NTC (No Template Control) wells to detect
contamination or non-specific amplification. PCR conditions
were set: 95 °C for 30 s, followed by 40 cycles alternating between
95 °C for 5 s and 60 °C for 30 s. Each experiment was repeated at
least three times, and the relative mRNA expression levels were
calculated using the 2−ΔΔCT method. The primer sequences used
were shown in Table 1.

Establishment of overexpression or knock-
down GCcell lines

Gene silencing was accomplished through the application of
gene-specific small interfering RNAs (siRNAs), which were
procured from Hanbio Biotechnology Co., Ltd. (Shanghai,
China). The siRNAs used in the study are listed in
Supplementary Table S1. The transfection of siRNAs was
performed via a technique known as “reverse transfection.” To
prepare the transfection mix, 10 nM (final concentration) of
siRNA, along with Lipofectamine RNAiMAX and OPTI-MEM
(both from Invitrogen, United States of America), were combined
following the instructions provided in the RNAiMAX manual. For
the purpose of METTL3 overexpression, an expression plasmid
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(GV144, synthesized by GeneChem, Shanghai) was employed, while
an empty vector was utilized as the negative control (NC).

RNA m6A quantification analysis

M6A levels were evaluated using a colorimetric assay employing
the RNAm6A quantification kit (ab185912, Abcam, United States of
America). A sample size of 200 ng RNA was utilized, and the
measurements were recorded at 450 nm. The obtained results
were normalized in relation to the control samples (GSE1).

Cell viability and wound healing

Cell viability was detected by Cell Counting Kit-8 (Beyotime
Institute of Biotechnology, Jiangsu, China). Cells (3 × 10̂3 cells/well)
were incubated with 10 μL Counting Kit-8 reagent in a 96-well plate,
and then the absorbance was measured at a wavelength of 450 nm.
5 × 10̂5 cells (per well) are seeded into 6-well culture plates and
incubated until 80% confluence is reached. Then, a sterile 200ul
pipette tip is used to score the center of the cell layer. 48 h later,

photographs are taken to estimate wound healing. The details of the
method can be found in the previously published article (Guo et al.,
2017; Ma et al., 2020; Wang C. et al., 2021).

Western blotting

The Western blotting (WB) technique was executed following
standardized protocols. Total cellular or tissue protein was lysed
using RIPA buffer supplemented with protease inhibitor and
phosphatase inhibitor cocktail. The protein content was
quantified using the BCA Protein Assay Kit (Thermo Fisher
Scientific, Catalog number: J63283.QA). The antibodies employed
in this study included Anti-METTL3 (1:1,000 dilution; cat. no.
15073-1-AP; ProteinTech Group, Inc.), β-Actin (23,660–1-AP,
Proteintech, Wuhan, China), GAPDH (1:1,000 dilution; product
no. D16H11; Cell Signaling Technology, Inc.), and anti-p-γH2AX
(1:1,000 dilution; product no. 9718S; Cell Signaling Technology,
Inc.). The secondary antibody was procured from ABclonal Biotech
Co., Ltd. The specific methodology followed in this study is
described in previous articles (Kurien and Scofield, 2006; Mishra
et al., 2017; Walentowicz-Sadlecka et al., 2019; Li et al., 2021).

FIGURE 1
Flowchart.

TABLE 1 The primer sequences.

Gene 5′→3′Forward primer 5′→3′Reverse primer

XCCR1 GGAGGACCTCACTGAGATCAGG GGGCTGGCACAGTGACTTCAC

RAD51 ATCCCTGCATGCTTGTTCTC CTGCAGCTGACCATAACGAA

PARPL AAGTGCCAGTGTCAAGGAGA ACAGGGAGCAAAAGGGAAGA

METTL CAAGCTGCACTTCAGACGAA GCTTGGCGTGTGGTCTTT

GAPDH GGACCTGACCTGCCGTCTAG GTAGCCCAGGATGCCCTTGA

B-ACTIN CCAGATCATGTTTGAGACCTTCAA GTGGTACGACCAGAGGCATACA
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Bioinformatics analysis

Publicly available data for gastric cancer were retrieved from the
TCGA database (Qing et al., 2022; Yuan et al., 2022). Specifically,
mRNA expression profile data and corresponding clinical
information for 348 gastric cancer patients and 31 controls were
obtained from the TCGA-STAD cohort database. To predict the
prognosis of gastric cancer patients in relation to the mRNA
expression level of METTL3, we utilized the Kaplan-Meier
Plotter online analysis website (Nagy et al., 2021). Additionally,
the expression levels and clinical relevance of METTL3 were
examined using the UALCAN database (Chandrashekar et al.,
2022). Furthermore, the correlation between genes was visualized
using the TIMER web server (Li et al., 2017).

Statistical analysis

Statistical analysis was performed using R version 4.1.2, and
GraphPad Prism 8.0 (Wang Q. et al., 2021; Wu et al., 2021; Fang
et al., 2022; Liu et al., 2022). Each experiment was repeated
independently a minimum of three times. The Student’s t-test

was utilized to determine significant differences between groups
for continuous variables. Post hoc comparisons for variables that
exhibited differences among multiple groups were conducted using
Tukey’s test. A significance level of p < 0.05 was considered to
indicate statistically significant differences.

Results

METTL3 exhibits overexpression in gastric
cancer and is correlated with a poor
prognosis

Analysis of gastric cancer patients (TCGA-STAD) in the TCGA
database revealed higher expression levels of METTL3 in tumor
samples (Figure 2A). Furthermore, our investigation of mRNA
expression levels in GC cells (AGS and HGC27) demonstrated
significant overexpression of METTL3 compared to normal cells
(Figure 2B). This overexpression of METTL3 was associated with an
unfavorable prognosis in GC patients (Figure 2C). To delve deeper
into the potential biological role of METTL3 in GC, we employed
METTL3 knockdown in GC cells. Among the siRNAs tested, si-2

FIGURE 2
METTL3 is overexpressed and associated with the prognosis of GC patients. (A) METTL3 was significantly overexpressed in GC patients. (B)
METTL3 was significantly highly expressed in GC cells. (C)High expression of METTL3 is associated with poor prognosis in GC patients. (D) Knockdown of
METTL3 in GC cell lines. (E) m6A methylation levels in GC cell lines. (F) m6A methylation levels in GC cell lines were significantly reduced after
METTL3 knockdown. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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demonstrated a more effective knockdown of METTL3 (Figure 2D).
si-2 was used in subsequent knockdown experiments. Aberrant m6A
methylation levels were observed in gastric cancer cells, and upon
knocking down METTL3, the m6A methylation levels in gastric
cancer cells were significantly reduced (Figure 2E; 2F). These
findings highlight the relevance of m6A methylation in gastric
cancer and suggest a key role for METTL3 in regulating this process.

Relationship between METTL3 and clinical
characteristics of GC patients

The clinical characteristics data of GC patients were retrieved
from the TCGA database. Patients were stratified based on the
median value of mRNA expression levels of METTL3. The specific
clinical information is illustrated in Figure 3A. Our analysis revealed
that the high METTL3 group exhibited a greater proportion of
patients with T4 and M1 stages (Figure 3A). Furthermore, we
conducted additional investigations and observed that the cancer
group displayed higher levels of METTL3 expression compared to
the normal group (Figures 3B–D). However, no statistically
significant differences were observed among the various cancer
stages (Figure 3B) and grades (Figure 3C) in terms of

METTL3 expression. It is noteworthy that cancer patients with a
TP53 mutant phenotype exhibited elevated levels of
METTL3 expression (Figure 3D).

METTL3 exhibits an association with the
invasion and migration of GC cells

The effectiveness of METTL3 knockdown and overexpression
was corroborated through protein blotting analysis (Figure 4A).
Subsequently, leveraging the successful modulation of
METTL3 expression, we conducted an in-depth exploration of its
involvement in the processes of GC cell invasion and migration.
Notably, our investigations revealed a substantial promotion of
GC cell invasion upon METTL3 overexpression, leading to a
notable 2–3 fold increase in invasion capacity. Conversely, the
knockdown of METTL3 significantly impeded GC cell invasion,
resulting in a 50% reduction in invasive capacity (Figure 4B).
Similarly, our migration assay on GC cells yielded analogous
outcomes (Figure 4C). These findings strongly indicate the
regulatory role of METTL3 in the invasion and migration
processes of GC cells. High expression of METTL3 may be a
phenotypic marker of GC malignancy.

FIGURE 3
Relationship betweenMETTL3 and clinical characteristics of GC patients. (A)Clinical information for the high and lowMETTL3 groups. Analysis of the
relationship between METTL3 and clinical characteristics. (B) Stage. (C) Grade. (D) TP53 mutation status. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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METTL3 associated with drug resistance in
OXA-resistant GC cells

In order to study the molecular mechanism of GC cell resistance to
OXA, we first established OXA-resistant GC cells (AGS-R and HGC27-
R). TheGC cells that acquired resistance showedmore pronouncedOXA
resistance with significantly higher IC50 (Figure 5A). Subsequent
investigations demonstrated that OXA-resistant cells exhibited a
relatively diminished rate of apoptosis upon treatment with OXA
(Figure 5B). Furthermore, a noteworthy upregulation in the
expression level of METTL3 (Figure 5C) was observed in these
resistant cells, accompanied by a concomitant increase in m6A levels
(Figure 5D). To further explore the potential role of METTL3 in OXA
resistance, we conducted METTL3 knockdown experiments in OXA-
resistant cells (Figure 5E). Consequently, we observed a decline in cell
viability of OXA-resistant GC cells subsequent to knockdown
(Figure 5F). Significantly, upon treating the OXA-resistant cells with
OXA after the knockdown of METTL3, a remarkable enhancement in
the rate of apoptosis was observed compared to the non-knockdown
OXA-resistant GC cells (Figure 5G). The results showed that a decrease
in drug resistance occurred in GC cells.

Combination of METTL3 knockdown and
OXA for GCcells provides better results

Based on our previous study, it was demonstrated that the
targeting of METTL3 could effectively overcome potential

resistance to OXA and induce apoptosis. To further explore the
potential therapeutic application of targeting METTL3, we
compared the cell viability outcomes among the different
treatment groups (Figure 6). Our findings revealed that the
inhibition of GC cells achieved through the targeting of
METTL3 and the use of OXA exhibited an additive effect.
Notably, the most substantial inhibition of GC cells was observed
when the two treatments were combined.

DNA repair signaling pathway activates in
OXA-resistant GCcells

A previous study proposed a potential association between OXA
resistance and DNA damage repair mechanisms (Modi et al., 2016).
One well-established indicator of DNA damage is the
phosphorylated form of H2AX, known as γH2AX. γH2AX plays
a crucial role in the DNA damage response by facilitating the
recruitment of DNA repair proteins and signaling molecules to
the site of DNA damage. Our investigation revealed a noteworthy
reduction in the protein levels of γH2AX in OXA-resistant GC cells
as compared to the non-resistant parental GC cells (Figure 7A).

Furthermore, we conducted a comprehensive examination of
the mRNA expression levels of XRCC1, PARP1, and RAD51, which
are key factors in the DNA repair signaling pathway. Our findings
demonstrated a significant upregulation of these DNA repair
signaling pathway-related factors in GC-resistant cells.
Consequently, we concluded that the DNA repair signaling

FIGURE 4
METTL3 exhibits an association with the invasion and migration of GC cells. (A) Examination of METTL3 knockdown and overexpression at the
protein level. (B) The relationship betweenMETTL3 and GC cell invasion. The image shows the results taken under a 10xmicroscope. (C) The relationship
between METTL3 and GC cell migration. The image shows the results taken under a 4x microscope. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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pathway was substantially activated, thus aiding GC-resistant cells in
evading apoptosis (Figures 7B, C). To validate our conclusions, we
employed DNA repair inhibitors (VE-821and KU-55955).

Remarkably, the results indicated a significant reduction in the
cell viability of GC-resistant cells subsequent to treatment with
DNA repair inhibitors (Figures 7D, E).

FIGURE 5
METTL3 associated with drug resistance in OXA-resistant GC cells. (A) The cell viability was compared between parental andOXA-resistant GC cells.
(B) Apoptosis assay of parental and OXA-resistant GC cells after OXA treatment. (C) Expression levels of METTL3 in parental and OXA-resistant GC cells.
(D) m6A levels of METTL3 in parental and OXA-resistant GC cells. (E) Relative mRNA expression levels in OXA-resistant GC cells after
METTL3 knockdown. (F) OXA-resistant GC cells exhibit decreased cell viability after METTL3 knockdown. (G) METTL3 knockdown reduces drug
resistance in OXA-resistant cells. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.

FIGURE 6
Combination of METTL3 knockdown and OXA for GC cells provides better results. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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METTL3 regulates OXA-resistance through
DNA repair pathway

Our results suggest that OXA resistance in GC cells is associated
with DNA repair (Figure 7). Knockdown of METTL3 induces
apoptosis in OXA-resistant GC cells. Therefore, we wanted to
further investigate whether METTL3 maintains drug resistance in
GC cells through DNA repair.

To investigate this further, we performed METTL3 knockdown
in OXA-resistant GC cells and observed a significant increase in
DNA damage after knockdown (Figure 8A). To explore the
correlation between METTL3 and DNA repair pathways, we
analyzed publicly available data from TCGA-STAD (The Cancer
Genome Atlas-Stomach Adenocarcinoma) and found a significant
positive correlation between METTL3 expression and the DNA
repair pathway (Figure 8B). Specifically, METTL3 showed
significant positive correlations with XRCC1, PARP1, and
RAD51, which are key players in DNA repair (Figure 8C). RT-
qPCR results further validated this analysis by demonstrating
significantly reduced mRNA expression levels of XRCC1, PARP1,
and RAD51 in OXA-resistant GC cells upon METTL3 knockdown,
indicating inhibition of the DNA repair pathway (Figure 8D). These
findings suggest that METTL3 may contribute to drug resistance in
GC cells by promoting DNA repair. Inhibition of METTL3 could
potentially sensitize OXA-resistant GC cells to chemotherapy by
impairing their ability to repair DNA damage.

Discussion

The incidence of gastric cancer has been steadily increasing in
recent years, posing a significant challenge in its treatment due to the
emergence of drug resistance (Pernot et al., 2015; Riquelme et al.,
2016; Deng et al., 2021). Although various chemotherapeutic agents
are employed to combat gastric cancer, cancer cells can develop
resistance mechanisms that gradually diminish the efficacy of these
agents, ultimately leading to treatment failure and disease
progression. Among these agents, OXA is commonly used as an
adjuvant chemotherapeutic agent for gastric cancer (Qiu et al., 2011;
Zhong et al., 2021). Several studies have explored the potential
mechanisms of resistance to OXA in gastric cancer, yet the strategies
to overcome this resistance are still lacking.

In this study, our focus was on METTL3, a dysregulated gene
observed in various cancers and known to be associated with gastric
cancer development. Our findings revealed that METTL3 is
significantly overexpressed in gastric cancer and is closely linked to
poor prognosis. Moreover, the overexpression of METTL3 promotes
the proliferation andmigration of gastric cancer cells. METTL3 has also
been implicated in drug resistance in gastric cancer. For instance, Li
et al. demonstrated that METTL3 facilitates PARP1 mRNA
stabilization, thereby promoting OXA resistance in CD133+ gastric
cancer stem cells by increasing the activity of the base excision repair
pathway (Li H. et al., 2022). Additionally, Li et al. discovered that the
knockdown of METTL3 enhances 5-FU-induced DNA damage and
overcomes 5-FU resistance in HCT-8R cells (Li M. et al., 2022).
Consequently, we propose that METTL3 is potentially relevant to
OXA resistance in gastric cancer patients, and its knockdown
effectively mitigates this resistance. Our results suggested that
knockdown of METTL3 induces apoptosis in OXA-resistant
GC cells and enhances their sensitivity to OXA. Another important
finding is that METTL3 knockdown and OXA treatment exhibited an
additive effect of growth inhibition onGC cells. To delve deeper into the
mechanisms of gastric cancer drug resistance, we conducted a
comprehensive analysis combining bioinformatics and cellular
experiments. Our investigation revealed a significant activation of
the DNA repair signaling pathway in OXA-resistant gastric cancer
cells. Moreover, the inhibition of DNA repair pathways effectively
attenuated the resistance of gastric cancer cells to OXA. RT-qPCR
analysis further supported the role of METTL3 in regulating OXA
resistance through the DNA repair signaling pathway.

DNA repair pathways play a crucial role in maintaining genome
integrity by rectifying DNA damage caused by various factors, including
chemotherapy drugs (Jeggo et al., 2016; O’Connor, 2015; Baxter et al.,
2022). However, the dysregulation of DNA repair mechanisms in cancer
cells can contribute to drug resistance. When cancer cells encounter
chemotherapy drugs that induce DNA damage, such as platinum-based
drugs or radiation therapy, DNA repair pathways can be activated in an
attempt to repair the damage (Karran et al., 2003; Asano, 2020; Gao et al.,
2021). Unfortunately, this activation can diminish the treatment’s
efficacy, enabling cancer cells to survive and proliferate. Efforts to
overcome drug resistance mediated by DNA repair pathways are
ongoing, necessitating further research to uncover new targets and
develop effective therapeutic approaches. Although the involvement
of METTL3 in DNA repair is still underexplored, our findings shed
light on its significance and its potential in informing the development of
novel therapies for gastric cancer.

FIGURE 7
DNA repair signaling pathway activates in OXA-resistant GC cells.
(A) Protein level examination of γH2AX expression levels in parental
GC cells and GC-resistant cells. (B) The mRNA expression levels of
XRCC1, PARP1, and RAD51 in AGS and AGS-R cells were
detected. (C) The mRNA expression levels of XRCC1, PARP1, and
RAD51 in HGC27 andHGC27-R cells were detected. (D)Cell viability of
OXA-resistant GC cells was significantly decreased after DNA repair
inhibitor treatment. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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However, it is important to acknowledge that a major limitation
of this study is the lack of validation in animal models and clinical
settings. Addressing this limitation and conducting subsequent
research in animal models and clinical trials are necessary steps
for future investigations.

Conclusion

Our results showed that METTL3 was highly expressed in
OXA-resistant GC cells, and knockdown of METTL3 induced
apoptosis in OXA-resistant GC cells. Furthermore, we found
that DNA repair inhibitors could reduce OXA resistance.
Further studies suggested that METTL3 is involved in
regulating drug resistance in GC cells through the DNA
repair pathway, and targeting METTL3 combined with OXA
therapy could achieve better therapeutic effects.
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FIGURE 8
METTL3 regulates OXA-resistance through DNA repair pathway. (A) METTL3 knockdown in OXA-resistant GC cells enhances DNA damage. (B) A
significant positive correlation betweenMETTL3 expression and DNA repair pathways. (C)METTL3 was significantly and positively correlated with XRCC1,
PARP1 and RAD51. (D) DNA repair pathways were significantly inhibited in OXA-resistant GC cells after METTL3 knockdown. *, p < 0.05; **, p < 0.01; and
***, p < 0.001.

Frontiers in Pharmacology frontiersin.org09

Wang et al. 10.3389/fphar.2023.1257410

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1257410


Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1257410/
full#supplementary-material

References

Asano, T. (2020). Drug resistance in cancer therapy and the role of epigenetics.
J. Nippon. Med. Sch. 87 (5), 244–251. Epub 2020 May 30. PMID: 32475898. doi:10.1272/
jnms.JNMS.2020_87-508

Bang, Y. J., Kim, Y. W., Yang, H. K., Chung, H. C., Park, Y. K., Lee, K. H., et al.
(2012). Adjuvant capecitabine and oxaliplatin for gastric cancer after
D2 gastrectomy (CLASSIC): A phase 3 open-label, randomised controlled
trial. Lancet 379 (9813), 315–321. Epub 2012 Jan 7. PMID: 22226517. doi:10.
1016/S0140-6736(11)61873-4

Baxter, J. S., Zatreanu, D., Pettitt, S. J., and Lord, C. J. (2022). Resistance to DNA repair
inhibitors in cancer. Mol. Oncol. 16 (21), 3811–3827. Epub 2022 Jun 5. PMID:
35567571; PMCID: PMC9627783. doi:10.1002/1878-0261.13224

Cavanna, L., Artioli, F., Codignola, C., Lazzaro, A., Rizzi, A., Gamboni, A., et al.
(2006). Oxaliplatin in combination with 5-fluorouracil (5-FU) and leucovorin (LV) in
patients with metastatic gastric cancer (MGC). Am. J. Clin. Oncol. 29 (4), 371–375.
doi:10.1097/01.coc.0000221358.57089.f2

Chandrashekar, D. S., Karthikeyan, S. K., Korla, P. K., Patel, H., Shovon, A. R., Athar,
M., et al. (2022). Ualcan: An update to the integrated cancer data analysis platform.
Neoplasia 25, 18–27. Epub 2022 Jan 22. PMID: 35078134; PMCID: PMC8788199.
doi:10.1016/j.neo.2022.01.001

Deng, P., Sun, M., Zhao, W. Y., Hou, B., Li, K., Zhang, T., et al. (2021). Circular RNA
circVAPA promotes chemotherapy drug resistance in gastric cancer progression by
regulating miR-125b-5p/STAT3 axis. World J. Gastroenterol. 27 (6), 487–500. PMID:
33642823; PMCID: PMC7896438. doi:10.3748/wjg.v27.i6.487

Dos Santos, M., Lequesne, J., Leconte, A., Corbinais, S., Parzy, A., Guilloit, J. M., et al.
(2022). Perioperative treatment in resectable gastric cancer with spartalizumab in
combination with fluorouracil, leucovorin, oxaliplatin and docetaxel (FLOT): A
phase II study (GASPAR). BMC Cancer 22 (1), 537. PMCID: PMC9097175. doi:10.
1186/s12885-022-09623-z

Fang, Z., Gong, C., Ye, Z., Wang, W., Zhu, M., Hu, Y., et al. (2022). TOPBP1 regulates
resistance of gastric cancer to oxaliplatin by promoting transcription of PARP1. DNA
Repair (Amst) 111, 103278. Epub 2022 Feb 1. PMID: 35124372. doi:10.1016/j.dnarep.
2022.103278

Fu, Y., Dominissini, D., Rechavi, G., and He, C. (2014). Gene expression regulation
mediated through reversible m⁶A RNA methylation. Nat. Rev. Genet. 15 (5), 293–306.
PMID: 24662220. doi:10.1038/nrg3724

Gao, L., Wu, Z. X., Assaraf, Y. G., Chen, Z. S., and Wang, L. (2021). Overcoming
anti-cancer drug resistance via restoration of tumor suppressor gene function.
Drug Resist Updat 57, 100770. Epub 2021 Jun 18. PMID: 34175687. doi:10.1016/j.
drup.2021.100770

Guo, C., Hou, J., Ao, S., Deng, X., and Lyu, G. (2017). HOXC10 up-regulation
promotes gastric cancer cell proliferation andmetastasis throughMAPK pathway. Chin.
J. Cancer Res. 29 (6), 572–580. PMID: 29353980; PMCID: PMC5775019. doi:10.21147/j.
issn.1000-9604.2017.06.12

Jeggo, P. A., Pearl, L. H., and Carr, A. M. (2016). DNA repair, genome stability and
cancer: A historical perspective. Nat. Rev. Cancer 16 (1), 35–42. PMID: 26667849.
doi:10.1038/nrc.2015.4

Karran, P., Offman, J., and Bignami, M. (2003). Human mismatch repair, drug-
induced DNA damage, and secondary cancer. Biochimie 85 (11), 1149–1160. PMID:
14726020. doi:10.1016/j.biochi.2003.10.007

Knuckles, P., Lence, T., Haussmann, I. U., Jacob, D., Kreim, N., Carl, S. H., et al.
(2018). Zc3h13/Flacc is required for adenosine methylation by bridging the mRNA-
binding factor Rbm15/Spenito to the m6A machinery component Wtap/Fl(2)d. Genes
Dev. 32 (5-6), 415–429. Epub 2018 Mar 13. PMID: 29535189; PMCID: PMC5900714.
doi:10.1101/gad.309146.117

Kurien, B. T., and Scofield, R. H. (2006). Western blotting. Methods 38 (4), 283–293.
PMID: 16483794. doi:10.1016/j.ymeth.2005.11.007

Li, H., Wang, C., Lan, L., Yan, L., Li, W., Evans, I., et al. (2022a). METTL3 promotes
oxaliplatin resistance of gastric cancer CD133+ stem cells by promoting PARP1 mRNA
stability. Cell Mol. Life Sci. 79 (3), 135. doi:10.1007/s00018-022-04129-0

Li, M., Shang, H., Wang, T., Yang, S. Q., and Li, L. (2021). Huanglian decoction
suppresses the growth of hepatocellular carcinoma cells by reducing CCNB1 expression.
World J. Gastroenterol. 27 (10), 939–958. PMCID: PMC7968131. doi:10.3748/wjg.v27.
i10.939

Li, M., Xia, M., Zhang, Z., Tan, Y., Li, E., Guo, Z., et al. (2022b). METTL3 antagonizes
5-FU chemotherapy and confers drug resistance in colorectal carcinoma. Int. J. Oncol.
61 (3), 106. PMID: 35856434; PMCID: PMC9374465. doi:10.3892/ijo.2022.5396

Li, T., Fan, J., Wang, B., Traugh, N., Chen, Q., Liu, J. S., et al. (2017). Timer: A web
server for comprehensive analysis of tumor-infiltrating immune cells. Cancer Res. 77
(21), e108–e110. PMID: 29092952; PMCID: PMC6042652. doi:10.1158/0008-5472.
CAN-17-0307

Liu, J., Yue, Y., Han, D., Wang, X., Fu, Y., Zhang, L., et al. (2014). A METTL3-
METTL14 complex mediates mammalian nuclear RNA N6-adenosine methylation.
Nat. Chem. Biol. 10 (2), 93–95. Epub 2013 Dec 6. PMID: 24316715; PMCID:
PMC3911877. doi:10.1038/nchembio.1432

Liu, P., Chen, J., Zhao, L., Hollebecque, A., Kepp, O., Zitvogel, L., et al. (2022). PD-1
blockade synergizes with oxaliplatin-based, but not cisplatin-based, chemotherapy of
gastric cancer. Oncoimmunology 11 (1), 2093518. PMCID: PMC9235886. doi:10.1080/
2162402X.2022.2093518

Ma, C., Wang, X., Yang, F., Zang, Y., Liu, J., Wang, X., et al. (2020). Circular RNA hsa_
circ_0004872 inhibits gastric cancer progression via the miR-224/Smad4/
ADAR1 successive regulatory circuit. Mol. Cancer 19 (1), 157. PMID: 33172486;
PMCID: PMC7654041. doi:10.1186/s12943-020-01268-5

Meijing, Z., Tianhang, L., and Biao, Y. (2022). N6-Methyladenosine modification
patterns and tumor microenvironment immune characteristics associated with clinical
prognosis analysis in stomach adenocarcinoma. Front. Cell Dev. Biol. 10, 913307. PMID:
35813200; PMCID: PMC9261346. doi:10.3389/fcell.2022.913307

Mishra, M., Tiwari, S., and Gomes, A. V. (2017). Protein purification and analysis:
Next generation western blotting techniques. Expert Rev. Proteomics 14 (11),
1037–1053. Epub 2017 Oct 13. PMID: 28974114; PMCID: PMC6810642. doi:10.
1080/14789450.2017.1388167

Modi, S., Kir, D., Giri, B., Majumder, K., Arora, N., Dudeja, V., et al. (2016). Minnelide
overcomes oxaliplatin resistance by downregulating the DNA repair pathway in pancreatic
cancer. J. Gastrointest. Surg. 20 (1), 13–23. discussion 23-4 Epub 2015Oct 26. PMID: 26503259;
PMCID: PMC4698020. doi:10.1007/s11605-015-3000-3

Nagy, Á., Munkácsy, G., and Győrffy, B. (2021). Pancancer survival analysis of cancer
hallmark genes. Sci. Rep. 11 (1), 6047. PMID: 33723286; PMCID: PMC7961001. doi:10.
1038/s41598-021-84787-5

O’Connor, M. J. (2015). Targeting the DNA damage response in cancer. Mol. Cell 60
(4), 547–560. PMID: 26590714. doi:10.1016/j.molcel.2015.10.040

Ouyang, D., Hong, T., Fu, M., Li, Y., Zeng, L., Chen, Q., et al. (2023).
METTL3 depletion contributes to tumour progression and drug resistance via
N6 methyladenosine-dependent mechanism in HR+HER2-breast cancer. Breast
Cancer Res. 25 (1), 19. PMCID: PMC9921123. doi:10.1186/s13058-022-01598-w

Pan, X., Hong, X., Li, S., Meng, P., and Xiao, F. (2021). METTL3 promotes adriamycin
resistance in MCF-7 breast cancer cells by accelerating pri-microRNA-221-3p
maturation in a m6A-dependent manner. Exp. Mol. Med. 53 (1), 91–102. Epub
2021 Jan 8. PMID: 33420414; PMCID: PMC8080609. doi:10.1038/s12276-020-
00510-w

Pernot, S., Voron, T., Perkins, G., Lagorce-Pages, C., Berger, A., and Taieb, J. (2015).
Signet-ring cell carcinoma of the stomach: Impact on prognosis and specific therapeutic
challenge. World J. Gastroenterol. 21 (40), 11428–11438. PMID: 26523107; PMCID:
PMC4616218. doi:10.3748/wjg.v21.i40.11428

Frontiers in Pharmacology frontiersin.org10

Wang et al. 10.3389/fphar.2023.1257410

https://www.frontiersin.org/articles/10.3389/fphar.2023.1257410/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1257410/full#supplementary-material
https://doi.org/10.1272/jnms.JNMS.2020_87-508
https://doi.org/10.1272/jnms.JNMS.2020_87-508
https://doi.org/10.1016/S0140-6736(11)61873-4
https://doi.org/10.1016/S0140-6736(11)61873-4
https://doi.org/10.1002/1878-0261.13224
https://doi.org/10.1097/01.coc.0000221358.57089.f2
https://doi.org/10.1016/j.neo.2022.01.001
https://doi.org/10.3748/wjg.v27.i6.487
https://doi.org/10.1186/s12885-022-09623-z
https://doi.org/10.1186/s12885-022-09623-z
https://doi.org/10.1016/j.dnarep.2022.103278
https://doi.org/10.1016/j.dnarep.2022.103278
https://doi.org/10.1038/nrg3724
https://doi.org/10.1016/j.drup.2021.100770
https://doi.org/10.1016/j.drup.2021.100770
https://doi.org/10.21147/j.issn.1000-9604.2017.06.12
https://doi.org/10.21147/j.issn.1000-9604.2017.06.12
https://doi.org/10.1038/nrc.2015.4
https://doi.org/10.1016/j.biochi.2003.10.007
https://doi.org/10.1101/gad.309146.117
https://doi.org/10.1016/j.ymeth.2005.11.007
https://doi.org/10.1007/s00018-022-04129-0
https://doi.org/10.3748/wjg.v27.i10.939
https://doi.org/10.3748/wjg.v27.i10.939
https://doi.org/10.3892/ijo.2022.5396
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.1038/nchembio.1432
https://doi.org/10.1080/2162402X.2022.2093518
https://doi.org/10.1080/2162402X.2022.2093518
https://doi.org/10.1186/s12943-020-01268-5
https://doi.org/10.3389/fcell.2022.913307
https://doi.org/10.1080/14789450.2017.1388167
https://doi.org/10.1080/14789450.2017.1388167
https://doi.org/10.1007/s11605-015-3000-3
https://doi.org/10.1038/s41598-021-84787-5
https://doi.org/10.1038/s41598-021-84787-5
https://doi.org/10.1016/j.molcel.2015.10.040
https://doi.org/10.1186/s13058-022-01598-w
https://doi.org/10.1038/s12276-020-00510-w
https://doi.org/10.1038/s12276-020-00510-w
https://doi.org/10.3748/wjg.v21.i40.11428
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1257410


Ping, X. L., Sun, B. F., Wang, L., Xiao, W., Yang, X., Wang, W. J., et al. (2014).
Mammalian WTAP is a regulatory subunit of the RNA N6-methyladenosine
methyltransferase. Cell Res. 24 (2), 177–189. Epub 2014 Jan 10. PMID: 24407421;
PMCID: PMC3915904. doi:10.1038/cr.2014.3

Qing, X., Xu, W., Liu, S., Chen, Z., Ye, C., and Zhang, Y. (2022). Molecular
characteristics, clinical significance, and cancer immune interactions of
angiogenesis-associated genes in gastric cancer. Front. Immunol. 13, 843077.
PMCID: PMC8901990. doi:10.3389/fimmu.2022.843077

Qiu, H., Yashiro, M., Zhang, X., Miwa, A., and Hirakawa, K. (2011). A
FGFR2 inhibitor, Ki23057, enhances the chemosensitivity of drug-resistant gastric
cancer cells. Cancer Lett. 307 (1), 47–52. Epub 2011 Apr 8. PMID: 21482024. doi:10.
1016/j.canlet.2011.03.015

Ren, J., Hu, Z., Niu, G., Xia, J., Wang, X., Hong, R., et al. (2023). Annexin A1 induces
oxaliplatin resistance of gastric cancer through autophagy by targeting PI3K/AKT/
mTOR. FASEB J. 37 (3), e22790. doi:10.1096/fj.202200400RR

Riquelme, I., Letelier, P., Riffo-Campos, A. L., Brebi, P., and Roa, J. C. (2016).
Emerging role of miRNAs in the drug resistance of gastric cancer. Int. J. Mol. Sci. 17 (3),
424. PMCID: PMC4813275. doi:10.3390/ijms17030424

Smyth, E. C., Nilsson, M., Grabsch, H. I., van Grieken, N. C., and Lordick, F. (2020).
Gastric cancer. Lancet 396 (10251), 635–648. PMID: 32861308. doi:10.1016/S0140-
6736(20)31288-5

Song, C., and Zhou, C. (2021). HOXA10 mediates epithelial-mesenchymal transition
to promote gastric cancer metastasis partly via modulation of TGFB2/Smad/
METTL3 signaling axis. J. Exp. Clin. Cancer Res. 40 (1), 62. PMID: 33563300;
PMCID: PMC7874610. doi:10.1186/s13046-021-01859-0

Venerito, M., Link, A., Rokkas, T., and Malfertheiner, P. (2016). Gastric cancer -
clinical and epidemiological aspects. Helicobacter 21, 39–44. PMID: 27531538. doi:10.
1111/hel.12339

Walentowicz-Sadlecka, M., Dziobek, K., Grabiec, M., Sadlecki, P., Walentowicz, P.,
Mak, P., et al. (2019). The analysis of human leukocyte antigen-G level in patients with
endometrial cancer byWestern blot technique. Am. J. Reprod. Immunol. 81 (1), e13070.
Epub 2018 Nov 29. PMID: 30414280. doi:10.1111/aji.13070

Wang, C., Yang, Z., Xu, E., Shen, X., Wang, X., Li, Z., et al. (2021a). Apolipoprotein
C-II induces EMT to promote gastric cancer peritoneal metastasis via PI3K/AKT/

mTOR pathway. Clin. Transl. Med. 11 (8), e522. PMID: 34459127; PMCID:
PMC8351524. doi:10.1002/ctm2.522

Wang, Q., Chen, C., Ding, Q., Zhao, Y., Wang, Z., Chen, J., et al. (2020). METTL3-
mediated m6A modification of HDGF mRNA promotes gastric cancer progression and
has prognostic significance. Gut 69 (7), 1193–1205. Epub 2019 Oct 3. PMID: 31582403.
doi:10.1136/gutjnl-2019-319639

Wang, Q., Liu, X., Chen, C., Chen, J., Xu, B., Chen, L., et al. (2021b). A predictive
signature for oxaliplatin and 5-fluorouracil based chemotherapy in locally advanced
gastric cancer. Transl. Oncol. 14 (1), 100901. Epub 2020 Oct 20. PMID: 33091827;
PMCID: PMC7576514. doi:10.1016/j.tranon.2020.100901

Wei, X., Huo, Y., Pi, J., Gao, Y., Rao, S., He, M., et al. (2022). METTL3 preferentially
enhances non-m6A translation of epigenetic factors and promotes tumourigenesis.Nat.
Cell Biol. 24 (8), 1278–1290. Epub 2022 Aug 4. PMID: 35927451. doi:10.1038/s41556-
022-00968-y

Wu, J., Luo, M., Chen, Z., Li, L., and Huang, X. (2021). Integrated analysis of the
expression characteristics, prognostic value, and immune characteristics of PPARG in
breast cancer. Front. Genet. 12, 737656. PMID: 34567087; PMCID: PMC8458894.
doi:10.3389/fgene.2021.737656

Yuan, Q., Deng, D., Pan, C., Ren, J., Wei, T., Wu, Z., et al. (2022). Integration of
transcriptomics, proteomics, and metabolomics data to reveal HER2-associated
metabolic heterogeneity in gastric cancer with response to immunotherapy and
neoadjuvant chemotherapy. Front. Immunol. 13, 951137. PMCID: PMC9389544.
doi:10.3389/fimmu.2022.951137

Yue, B., Song, C., Yang, L., Cui, R., Cheng, X., Zhang, Z., et al. (2019). METTL3-
mediated N6-methyladenosine modification is critical for epithelial-mesenchymal
transition and metastasis of gastric cancer. Mol. Cancer 18 (1), 142. PMCID:
PMC6790244. doi:10.1186/s12943-019-1065-4

Zhang, B., Wu, Q., Li, B., Wang, D., Wang, L., and Zhou, Y. L. (2020). m6A regulator-
mediated methylation modification patterns and tumor microenvironment infiltration
characterization in gastric cancer.Mol. Cancer 19 (1), 53. PMCID: PMC7066851. doi:10.
1186/s12943-020-01170-0

Zhong, Y., Wang, D., Ding, Y., Tian, G., and Jiang, B. (2021). Circular RNA circ_
0032821 contributes to oxaliplatin (OXA) resistance of gastric cancer cells by regulating
SOX9 via miR-515-5p. Biotechnol. Lett. 43 (2), 339–351. Epub 2020 Oct 29. PMID:
33123829. doi:10.1007/s10529-020-03036-3

Frontiers in Pharmacology frontiersin.org11

Wang et al. 10.3389/fphar.2023.1257410

https://doi.org/10.1038/cr.2014.3
https://doi.org/10.3389/fimmu.2022.843077
https://doi.org/10.1016/j.canlet.2011.03.015
https://doi.org/10.1016/j.canlet.2011.03.015
https://doi.org/10.1096/fj.202200400RR
https://doi.org/10.3390/ijms17030424
https://doi.org/10.1016/S0140-6736(20)31288-5
https://doi.org/10.1016/S0140-6736(20)31288-5
https://doi.org/10.1186/s13046-021-01859-0
https://doi.org/10.1111/hel.12339
https://doi.org/10.1111/hel.12339
https://doi.org/10.1111/aji.13070
https://doi.org/10.1002/ctm2.522
https://doi.org/10.1136/gutjnl-2019-319639
https://doi.org/10.1016/j.tranon.2020.100901
https://doi.org/10.1038/s41556-022-00968-y
https://doi.org/10.1038/s41556-022-00968-y
https://doi.org/10.3389/fgene.2021.737656
https://doi.org/10.3389/fimmu.2022.951137
https://doi.org/10.1186/s12943-019-1065-4
https://doi.org/10.1186/s12943-020-01170-0
https://doi.org/10.1186/s12943-020-01170-0
https://doi.org/10.1007/s10529-020-03036-3
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1257410

	METTL3 promotes drug resistance to oxaliplatin in gastric cancer cells through DNA repair pathway
	Introduction
	Methods
	Cell culture
	Extraction of RNA and quantitative real-time PCR (qRT-PCR)
	Establishment of overexpression or knock-down GC cell lines
	RNA m6A quantification analysis
	Cell viability and wound healing
	Western blotting
	Bioinformatics analysis
	Statistical analysis

	Results
	METTL3 exhibits overexpression in gastric cancer and is correlated with a poor prognosis
	Relationship between METTL3 and clinical characteristics of GC patients
	METTL3 exhibits an association with the invasion and migration of GC cells
	METTL3 associated with drug resistance in OXA-resistant GC cells
	Combination of METTL3 knockdown and OXA for GC cells provides better results
	DNA repair signaling pathway activates in OXA-resistant GC cells
	METTL3 regulates OXA-resistance through DNA repair pathway

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


