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ARTICLE INFO ABSTRACT

Keywords: The cGAS/STING signaling pathway plays a pivotal role in regulating innate immunity. Emerging
Gastric cancer novel drugs aim to regulate the anti-tumor immune response by activating innate immunity. The
Metformin anti-diabetic drug metformin has been reported to exhibit anti-cancer effect against various types
Z?(I}FS/ STING of cancer. However, the role of metformin in regulating the cGAS/STING signaling pathway in
SOX2 gastric cancer remains unknown. In our study, we first used bioinformatic analysis to detect that

metformin is closely related to tumor immunity in multiple tumors. Next, we validated the
function of metformin in activating the cGAS/STING signaling pathway in gastric cancer cell
lines. In addition, KEGG pathway enrichment analysis showed that metformin is negatively
correlated with the PI3K/AKT signaling pathway in gastric cancer. We further verified that
metformin activates the cGAS/STING signaling pathway by blocking AKT phosphorylation.
Moreover, we found that metformin regulates the AKT signaling pathway by mediating the
transcription factor SOX2. Thus, our study indicates that metformin activates the cGAS/STING
signaling pathway by suppressing SOX2/AKT and has promising potential in gastric cancer
immunotherapy.

1. Introduction

Gastric cancer (GQC) is the fifth most common malignant cancer and the fourth most common cause of tumor-related mortality
worldwide [1]. Owing to the occult onset and rapid progression of gastric carcinoma, most patients are at an advanced stage at their
first diagnosis. Radical surgery combined with chemoradiotherapy is the standard cure for patients with advanced gastric cancer [2].
Although chemoradiotherapy has made great progress, the overall outcome of patients with gastric cancer remains unsatisfactory [3].
With the advancement of immunotherapy, a series of immunotherapeutic drugs are available for patients with advanced gastric
cancer, and more options are under clinical investigation. Based on the NCCN Guidelines for gastric cancer, nivolumab plus
chemotherapy is regarded as the first-line therapy strategy for patients with HER2-negative advanced gastric cancer [4]. However,
immune checkpoint inhibitor (ICI) therapy seems to provide limited benefits for patients with advanced gastric cancer [5]. Therefore,
seeking novel hypotoxic reagents or old drugs with new applications is a potential strategy to enhance the antitumor effect of
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immunotherapy.

Metformin is a first line treatment for type-2 diabetes mellitus (T2DM). It decreases glucose production by blocking gluconeo-
genesis in the liver and exerts an anti-diabetic effect [6]. Metformin can activate AMPK by inhibiting mitochondrial respiratory chain
complex I, which increases the AMP/ATP ratio and suppresses the expression of genes encoding specific gluconeogenic enzymes [7]. In
addition to its hypoglycemic function, metformin can reduce the risk of cancer among diabetic patients [8]. Furthermore, recent
clinical research has suggested that combining metformin with chemoradiotherapy can improve the 2-year overall survival (OS) and
progression-free survival (PFS) rates compared with historical controls in patients with locally advanced head and neck squamous cell
cancer [9]. The conversion of metformin from an old antidiabetic drug to an encouraging anti-tumor reagent probably contributes to
raising the therapeutic effect of immunotherapeutic reagents in gastric cancer. However, whether metformin can activate immunity
and the specific molecular mechanism underlying the anti-tumor effect of metformin in gastric cancer remain unclear.

In our research, we found that metformin could activate the cGAS/STING signaling pathway and promote the release of down-
stream inflammatory factors via SOX2/AKT in gastric cancer cells, which provides the basis for the clinical application of metformin in
combination with immunotherapies in gastric cancer.

2. Material and methods
2.1. Transcriptomic data and cohorts

Transcriptome profiling and clinical information of tumor samples treated with metformin were downloaded from the Genomic
Data Commons Data Portal of TCGA (https://cancergenome.nih.gov/) and Gene Expression Omnibus (GEO, https://www.ncbi.nlm.
nih.gov/geo/) datasets. In addition, we collected publicly available raw microarray expression data from GEO for the eligible data-
sets. GSE190076, mRNA profiles of Huh-7 cells treated with and without metformin for 48 h; GSE207122, expression profiling of
CAL27 cells co-treated for 48 h with either PBS vehicle or 30 mM metformin; GSE208773, gene expression profiling analysis of
glioblastoma cell lines obtained from RNA sequencing (RNA-seq) data of six metformin-treated groups versus six control groups.
GSE180962 [10], fresh-frozen pretreatment breast tumors (n = 233:106 ganitumab/metformin arm, 127 control arm) from the
neoadjuvant ISPY2 trial for high-risk and early-stage breast cancer were analyzed using GPL16233 (n = 70) or GPL20078 (n = 163)
expression arrays, and patients treated with ganitumab/metformin were explored in this study. The data from GEO and TCGA were
public and open access, so approval from the ethics committees was not required.

2.2. Differentially expressed gene analysis

Differential tests were performed on samples with metformin treatment and placebo control. Differentially expressed genes (DEGs)
in GSE196343 and GSE180962 were selected with the Q-value (adjusted P-value) <0.05 and |Log2 fold change (FC)| > 1.50 using the
“limma” package in R [11]. The DEGs with |Log2 FC| > 1.50 were identified as specific genes with metformin treatment.

2.3. Genes enrichment and pathway analysis

KEGG API (https://www.kegg.jp/kegg/rest/keggapi.html) was used to obtain the latest gene annotations of the KEGG pathway and
GO enrichment in the R package org.Hs.eg.db (version 4.0.1) [12]. The R software package “cluster-Profiler” (version 4.0.1) was used
to conduct enrichment analysis and obtain the results. As the background of enrichment, the minimum gene was set to 5 and the
maximum gene was set to 5000 with a statistically significant P-value <0.05 (modified) and FDR <0.25 (modified).

2.4. Analysis of tumor infiltrated immune cells

We used the CIBERSORT algorithm to calculate tumor-infiltrating immune cells. CIBERSORT is an analytical tool used to quantify
infiltrated immune cell components, which includes a gene expression signature matrix containing 547 marker genes [13]. LM22 is a
gene expression signature matrix defining 22 immune cell subtypes, which can be downloaded from the CIBERSORT web portal
(http://cibersort. stanford. edu/) (Table S1). LM22 distinguishes the 22 human immune cell phenotypes, including T cells, naive and
memory B cells, plasma cells, NK cells, monocytes, MO-M2 macrophages, dendritic cells, mast cells, eosinophils, and neutrophils.
CIBERSORT P and RMSE (root mean squared error) were calculated in each sample file to improve the accuracy of the deconvolution
algorithm. A default signature matrix of 100 permutations was used in the algorithm. We only selected data with CIBERSORT P < 0.05
for further analysis. We used the CIBERSORT algorithm to analyze the immune cell components of all samples from TCGA and GEO
cohorts.

2.5. RNA-seq

We used RNAiso Plus (9109, Takara) to extract total RNA according to the manufacturer’s instructions. After quality inspection, the
RNA samples were subjected to RNA-sequencing (BGI, Shenzhen, China). Each group consisted of three replicates. Genes with a fold
change >1.5 and a P < 0.05 were considered to be differentially expressed.
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2.6. Cell lines, antibodies, and reagents

Human gastric cancer cell lines BGC823, AGS, and SGC7901 were purchased from the National Collection of Authenticated Cell
Cultures of China and were authenticated using Short Tandem Repeat (STR) analysis by the users’ lab. Cells were cultured in RPMI-
1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin-streptomycin in a humid
incubator with 5% COs at 37 °C. The primary antibodies used were anti-p-TBK1 (1:1000; #5483, Cell Signaling Technology), anti-
TBK1 (1:1000; #67211-1-1g, Proteintech), anti-p-IRF3 (1:1000; #29047, Cell Signaling Technology), anti-IRF3 (1:1000; #11312-1-
AP, Proteintech), anti-p-AKT (1:1000; #4060, Cell Signaling Technology), anti-AKT (1:1000; #9272, Cell Signaling Technology), anti-
SOX2 (1:1000; #11064-1-AP, Proteintech), anti-STING (1:1000; #13647, Cell Signaling Technology), anti-cGAS (1:1000; #26416-1-
AP, Proteintech), anti-FLAG (1:5000; #66008-4-1g, Proteintech), and anti-GAPDH (1:3000; #60004-1-Ig, Proteintech). The secondary
antibodies used were HRP-conjugated goat anti-rabbit (1:3000; #SA00001-15, Proteintech) and anti-mouse (1:3000; #SA00001-1,
Proteintech). Metformin HCl (#S1950) and SC79 (#S7863) were purchased from SELLECK (TX, USA).

2.7. Plasmid construction and transfection

Wild-type SOX2 was cloned into pLVX-3FLAG-IRES-puro for expression in a human gastric cancer cell line. Plasmid transfection
was performed using the Neofect transfection reagent (Neofect Biotechnology) according to the manufacturer’s instructions.

2.8. Western blot analysis

RIPA buffer (V900854, Sigma, MO, USA) was used to extract the total protein with 1% protease inhibitor (B14001, Bimake, TX,
USA) and phosphatase inhibitor (G2007, Servicebio, Wuhan, China). The proteins were separated using 7.5%-12.5% SDS-PAGE and
transferred to PVDF membranes. Next, membranes were blocked in 5% skim milk for 1 h and incubated with primary antibodies
overnight at 4 °C. After washing with TBST three times, we incubated the membranes with secondary antibodies for 1 h. Finally, we
used the Invitrogen iBright CL1000 imaging system (Thermo Fisher Scientific, USA) to screen the membranes after incubation with
ECL reagents (Thermo Fisher Scientific, USA). The results were analyzed using ImageJ.

2.9. RNA extraction and quantitative reverse transcription PCR (qRT-PCR)

We used RNAiso Plus (9109, Takara) to extract total RNA, which was then reverse-transcribed into ¢cDNA using PrimeScript RT
Master Mix (RRO36A, Takara). Subsequently, mRNA expression levels were examined using SYBR® Premix Ex TaqTM (RR820A,
Takara) on a StepOnePlus™ Real-Time PCR System. The results were standardized by GAPDH and then calculated using the
comparative Ct method (2724CY The primers were as follows: GAPDH, former primer: 5-ACAACTTTGGTATCGTGGAAGG-3/, reverse
primer: 5-GCCATCACGCCACAGTTTC-3’; CCL5, former primer: 5-CCAGCAGTCGTCTTTGTCAC-3, reverse primer: 5-
CTCTGGGTTGGCACACACTT-3’; CXCL10, former primer: 5-GTGGCATTCAAGGAGTACCTC-3,, reverse primer: 5-TGATGGCCTTC-
GATTCTGGATT-3’; CCL20, former primer: 5-TGCTGTACCAAGAGTTTGCTC-3/, reverse primer: 5-CGCACACAGACAACTTTTTCTTT-
3.

2.10. Immunofluorescence staining

The cells were incubated with metformin (5 mmol/L) for 2 d after seeding on the coverslips of 6-well plates. Next, the cells were
fixed with 4% formaldehyde for 20 min, permeabilized with 0.2% Triton X-100 for 20 min, blocked with 5% BSA for 1 h, and incubated
with anti-p-TBK1 (1:100) overnight at 4 °C. The coverslips were incubated with FITC-conjugated secondary antibodies (1:200) for 1 h
and DAPI for 5 min. Finally, the coverslips were imaged using a fluorescence microscope.

2.11. RNA interference

Specific SOX2 siRNA was synthesized by Tsingke Biotechnology. AGS cells were seeded in 6-well plates at a confluence of 30-40%
overnight and transfected with SOX2 or non-target siRNA using Lipofectamine 6000 (Thermo Fisher Scientific, USA). The following are
the siRNA sequences of SOX2 and non-target control: SOX2: 5-CGCTCATGAAGAAGGATAAGT-3’; non-target control: 5-TAAGGC-
TATGAAGAGATAC-3’.

2.12. Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.0 software. All results are expressed as the mean =+ standard deviation
(SD), and a two-tailed t-test was performed to analyze statistical differences between the two groups. Bioinformatics was performed
using R v4.0.1. Significance levels were as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant.
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3. Results
3.1. Metformin affects tumor immunity in multiple tumors

It has been recently reported that metformin has anti-tumor activity and can maintain high cytotoxic T lymphocyte (CTL) immune
surveillance [14]. To analyze the relationship between metformin and immune function, we found that the expression of immune
regulator genes was enhanced by metformin in liver cancer, glioblastoma, and head and neck squamous cell carcinoma (Fig. 1A,
Table §2). Furthermore, some immune regulatory pathways, including the TNF, IL-17, and chemokine signaling pathways, appeared in
the upregulated KEGG pathways (Fig. 1B). Moreover, we performed immune infiltration analysis to explore the influence of metformin
on tumor-infiltrating immune cells. After filtering with CIBERSORT P < 0.05, we analyzed 22 immune cell types in 106 tumor tissues
treated with ganitumab/metformin. The most common immune cells in tumor tissues with pCR were MO macrophages, M1 macro-
phages, M2 macrophages, CD4 T cell memory activated, CD8 T cells, NK cell activated, follicular helper T cells, and gamma delta T
cells. The immune cells with significantly higher fractions in tumor tissues with pCR compared with tissues without pCR were CD8+T
cells, memory-activated CD4+T cells, and follicular helper T cells (all P < 0.05). Plasma cells, M2 macrophages, and neutrophils were
higher in tumor tissues with non-pCR compared with tumor tissues with pCR (all P < 0.05) (Fig. 1C and D). These results indicate that
metformin is closely related to immunity.

3.2. Metformin promotes cGAS/STING signaling pathway activation in gastric cancer

Based on the above-mentioned bioinformatic analysis results, metformin is closely related to tumor immunity. We further explored
whether metformin activated the cGAS/STING signaling pathway in gastric cancer. We found that cGAS, STING, phosphorylated-TBK1
(p-TBK1), and phosphorylated-IRF3 (p-IRF3) obviously increased in a time-dependent manner in BGC823, AGS, and SGC7901 cells in
the Western blot assay (Fig. 2A). In addition, the immunofluorescence staining assay showed that the p-TBK1 positive cell ratio was
significantly increased after metformin treatment in the three gastric cancer lines (Fig. 2B). Next, we found that the expression levels of
CCL5, CXCL10, and CCL20, which are the downstream inflammatory cytokines of the cGAS/STING signaling pathway, were upre-
gulated in the metformin-treated group than those in the control group (Fig. 2C). These data indicate that metformin enhances cGAS/
STING signaling pathway activation in gastric cancer cells.

3.3. Metformin down-regulates PI3K/AKT signaling pathway in gastric cancer

Having explored the obvious activation of the cGAS/STING signaling pathway in metformin-treated cells, cGAS/STING regulation
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Fig. 2. Metformin promoted cGAS/STING signaling pathway activation in gastric cancer cells. (A) Western blot analysis of phosphorylated IRF3 (p-
IRF3), total IRF3, phosphorylated TBK1 (p-TBK1), total TBK1, STING and cGAS in BGC823, AGS and SGC7901 cell lines with treatment of met-
formin (5 mM) for O h, 24 h or 48 h respectively. Data are presented as mean =+ SD of three independent experiments. *P < 0.05. **P < (0.01. ***P <
0.001. ****P < 0.0001. (B) Immunofluorescence to detect the expression of p-TBK1 (Ser172) in BGC823, AGS and SGC7901 cell lines with treatment
of metformin (5 mM) for 48 h. The data are reported as mean + SD (n = 3).*P<0.05. **P<0.01. (C) gqRT-PCR analysis to show the mRNA
expression level of CCL5, CXCL10 and CCL20 in BGC823, AGS and SGC7901 cell lines with treatment of metformin (5 mM) for 48 h. The data are
reported as mean + SD of three independent experiments. *P < 0.05. **P < 0.01. ***P < 0.001. *P <0.0001.

by metformin is still unclear. We conducted RNA-seq with gastric cancer cell line AGS and the volcano plot and heatmap are shown in
Fig. 3A and B. A total of 324 DEGs were obtained from analysis with Q value < 0.05 and |Log2 FC| > 2.00 (Table S3). Next, DEGs
enrichment analysis was performed on the upregulated and downregulated gene sets. As shown in Fig. 3C, D, and E, complement and
coagulation cascades and chemical carcinogenesis were included in up-regulated KEGG pathways, and the significantly enriched GO
terms for biological process were mainly transcription of DNA templates. Meanwhile, the PI3K/AKT signaling pathway showed a
significant change in the downregulated KEGG pathways (Fig. 3F and G) and GO enrichment analysis (Fig. 3H), which showed that
metformin was negatively correlated with the PI3K/AKT signaling pathway in gastric cancer.

3.4. Metformin activates cGAS/STING signaling pathway via blocking AKT phosphorylation in gastric cancer cell lines

Further, we explored whether metformin regulated the cGAS/STING signaling pathway by inhibiting the PI3K/AKT pathway in
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Fig. 3. Differentially expressed gene analysis and genes enrichment and pathway analysis of RNA-seq. (A) The volcano plot with Q value < 0.05 and
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gastric cancer. We observed that the phosphorylation of AKT was suppressed after metformin treatment in BGC823, AGS, and
SGC7901 cells (Fig. 4A). Next, we conducted a rescue assay with metformin and the AKT agonist SC79 to explore the role of AKT in the
process by which metformin activates the cGAS/STING signaling pathway. However, the up-regulation effect of cGAS, STING, p-TBK1,
and p-IRF3 in the metformin-treated cells was reversed after co-treatment with SC79 in both BGC823 and AGS cells (Fig. 4B). Likewise,
CCL5, CXCL10, and CCL20 increased in the metformin-treated group but decreased in the SC79-treated group and combination group
(Fig. 4C). These results demonstrate that metformin regulates the cGAS/STING signaling pathway by inhibiting AKT phosphorylation.

3.5. Metformin mediates AKT signaling pathway through regulating SOX2 in gastric cancer cell lines

Among the total DEGs, we screened out the fifty most increased and most decreased genes and performed in vitro experiments to
verify the role of these genes. A significant decrease in SOX2 expression was detected in the metformin-treated gastric cancer cell lines
AGS and SGC7901 (Fig. 5A), which is consistent with the results in GSE190076, GSE207122, and GSE208773 (Fig. S1). Meanwhile, we
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Fig. 4. Metformin activated cGAS/STING signaling pathway via blocking AKT phosphorylation in gastric cancer cells. (A) Western blot analysis of
phosphorylated AKT (p-AKT) and total AKT in BGC823, AGS and SGC7901 cell lines with treatment of metformin (5 mM) for 48 h. Data are
presented as mean + SD (n = 3). *P<0.05. ***P<0.001. (B) Western blot analysis of phosphorylated IRF3 (p-IRF3), total IRF3, phosphorylated
TBK1 (p-TBK1), total TBK1, phosphorylated AKT (p-AKT), total AKT, STING and cGAS in BGC823 and AGS cell lines with treatment of metformin (5
mM), SC79 (20 pM), or combination therapy for 48 h. Data are presented as mean + SD of three independent experiments. *P <0.05. **P < 0.01.
**%P < 0.001. ****P < 0.0001. (C) gRT-PCR analysis to show the mRNA expression level of CCL5, CXCL10 and CCL20 in BGC823 and AGS cell lines
with treatment of metformin (5 mM), SC79 (20 uM), or their combination for 48 h. The data are reported as mean + SD (n = 3). *P <0.05. **P <
0.01. ***P<0.001. ****P <0.0001.

found that the increased p-TBK1 and p-IRF3 levels in metformin-treated cells were reversed after overexpressing SOX2 (Fig. 5B).
Likewise, CCL5, CXCL10, and CCL20 levels increased in the metformin-treated group but decreased in the SOX2-overexpressing and
combination groups (Fig. 5C). These data suggest that metformin exerts its regulatory function by activating the cGAS/STING signaling
pathway by regulating SOX2. Furthermore, we explored the relationship between AKT and SOX2. As shown in Fig. 5B and D, the
expression level of phosphorylated-AKT (p-AKT) was increased in the SOX2-overexpressing group and reduced in the siSOX2-treated
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Fig. 5. Metformin mediated AKT signaling pathway through regulating SOX2 in gastric cancer cell lines. (A) Western blot analysis of SOX2 in AGS
and SGC7901 with metformin (5 mM) for 48h. (B) Western blot analysis of phosphorylated IRF3 (p-IRF3), total IRF3, phosphorylated TBK1 (p-
TBK1), total TBK1, phosphorylated AKT (p-AKT), total AKT and SOX2 in AGS and SGC7901 with metformin (5 mM) for 48h, 0eSOX2 or combi-
nation. (C) The mRNA expression level of CCL5, CXCL10 and CCL20 in AGS and SGC7901 with metformin (5 mM) for 48h, 0eSOX2 or combination.
(D) Western blot analysis of p-AKT and total AKT in AGS and SGC7901 with metformin (5 mM) for 48h, siSOX2 or combination. (E) Western blot
analysis of SOX2 in AGS and SGC7901 with metformin (5 mM) for 48h, SC79 for 48h or combination. (F) Schematic of metformin regulating cGAS/
STING signaling pathway through SOX2/AKT in gastric cancer. The data are reported as mean + SD (n = 3). *P<0.05. **P<0.01. ***P <0.001.
*:"**P <0.0001. ns, not significant.

group compared to the control group. However, as shown in Fig. 5E, no difference was detected in the expression level of SOX2
between the control group and AKT agonist SC79 group. Thus, metformin activated cGAS/STING signaling pathway through regu-
lating SOX2/AKT in gastric cancer according to the results above.

4. Discussion

Numerous studies have shown that metformin could exert its anti-tumor effect in several cancer types, including lung cancer,
pancreatic cancer, breast cancer, prostate cancer, and colon cancer [15-19]. Previous studies have shown that metformin exerts
anti-tumor effects mainly via inhibiting the mTOR1 signaling pathway in an AMPK-dependent or -independent manner in breast
cancer [20,21]. Additionally, metformin could inhibit the IL-6/STAT3 signaling pathway by suppressing mesothelin expression in
ovarian cancer, which led to the inhibition of tumor cell growth and migration [22]. In this study, we confirmed that metformin could
activate the cGAS/STING signaling pathway by suppressing the SOX2/AKT axis in gastric cancer, which showed that metformin might
be a promising strategy to amplify the anti-tumor efficacy of immunotherapy in gastric cancer.

The PI3K/AKT signaling pathway plays an essential role in regulating cell proliferation, metabolism, survival, and others [23].
Previous research has shown that metformin inhibits colorectal cancer cell growth by inhibiting the TGF-p/PI3K/AKT pathway [24].
Additionally, metformin can suppress the migration of human cervical cancer cells by inhibiting the PI3K/AKT axis [25]. Porcine
circovirus 2 (PCV2), considered the primary pathogen of porcine circovirus-associated diseases (PCVAD), targets the lymphatic system
and induces immunosuppression in pigs [26]. Recent research found that PCV2 promoted the phosphorylation of cGAS at S278
through activation of the PI3K/AKT signaling pathway [27]. In our study, we validated that metformin activated the cGAS/STING
signaling pathway by inhibiting AKT phosphorylation. Further, we verified that metformin exerted its regulatory function in the AKT
signaling pathway by suppressing the expression level of SOX2 in gastric cancer (Fig. 5F).

The transcriptional factor SOX2 is a member of the sex-determining region Y-box (SOX) gene family, which plays a fatal role in
embryonic development and maintains the self-renewal characteristics of embryonic stem cells [28]. In our study, we found that SOX2
expression was downregulated after treatment with metformin using RNA-seq. Previous research found that metformin suppressed
nicotine-induced esophageal squamous cell carcinoma by inhibiting the CHRNA7/JAK2/STAT3/SOX2 axis [29]. Another study found
that activated STAT3 could move into the cell nucleus to directly bind to the SOX2 promoter, which upregulates SOX2 expression [30].
According to these two studies, metformin might inhibit SOX2 expression by regulating STAT3. A recent study showed that TGF-f
induced the expression of SOX2 by targeting SOX4 in glioma stem cells [31]. Metformin may regulate SOX2 by inhibiting the
TGF-/S0X4/SOX2 axis. Further studies are needed to explore the regulatory mechanisms of metformin and SOX2.

In recent years, immunotherapy for advanced gastric cancer has made great breakthroughs, and ICIs have played a certain anti-
tumor role in first-line, second-line, or post-line treatment, especially in first-line treatment [32-34]. However, most patients with
advanced gastric cancer are insensitive to monotherapies [2]. Exogenous drugs enhancing the effect of ICI monotherapies is a feasible
strategy, such as WEE1 inhibitors and ATM inhibitors [35,36], but in reality, most reagents have not been approved for clinical
application due to drug toxicity. Metformin has been widely applied in clinical care, and our study validated the ability of metformin to
activate immune-associated signaling pathways in gastric cancer, which showed that metformin had a great potential in improving the
overall prognosis of patients with advanced gastric cancer in combination with immunotherapeutic reagents.

Undoubtedly, our study had limitations. In vivo experiments should be performed to confirm the ability of metformin to activate the
c¢GAS/STING signaling pathway. Additionally, the mechanism underlying the regulation of SOX2 by metformin remains to be verified
in further studies. Taken together, metformin combined immunotherapy is likely to sensitize the anti-tumor effect of immunothera-
peutic drugs owing to its low toxicity and ability to activate innate immunity.

5. Conclusion

In this study, we confirmed that metformin activated the cGAS/STING signaling pathway by blocking AKT phosphorylation.
Moreover, metformin regulated the AKT signaling pathway by mediating the transcription factor SOX2. Thus, our study indicates that
metformin activates the cGAS/STING signaling pathway by suppressing SOX2/AKT and has promising potential in gastric cancer
immunotherapy.



Q. Shen et al. Heliyon 9 (2023) e18954

Declarations
Author contribution statement

Yuping Yin; Kaixiong Tao: Conceived and designed the experiments.

Qian Shen; Lei Yang: Performed the experiments; Wrote the paper.

Chengguo Li; Tao Wang: Analyzed and interpreted the data.

Yao Lin; Jianbo Lv; Weizhen Liu: Contributed reagents, materials, analysis tools, or data.

Data availability statement

Data will be made available on request.

Funding statement

This study was supported by the Natural Science Foundation of Hubei Province (No. 2019CFB660, 2019CFB100, and
2021CFB566), the Key Research and Development Program of Hubei Province (No. 2021BCA116), and the National Natural Science
Foundation of China (No. 81874184, 82003205, 82003131, and 82203009).

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e18954.

References

[1] H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal, F. Bray, Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries, CA A Cancer J. Clin. 71 (2021) 209-249, https://doi.org/10.3322/caac.21660.
[2] E.C. Smyth, M. Nilsson, H.I. Grabsch, N.C.T. van Grieken, F. Lordick, Gastric cancer, Lancet 396 (2020) 635-648, https://doi.org/10.1016/50140-6736(20)
31288-5.
[3] A.D. Wagner, N.L. Syn, M. Moehler, W. Grothe, W.P. Yong, B.C. Tai, J. Ho, S. Unverzagt, Chemotherapy for advanced gastric cancer, Cochrane Database Syst.
Rev. 8 (2017), CD004064, https://doi.org/10.1002/14651858.CD004064.pub4.
[4] J.A. Ajani, T.A. D’Amico, D.J. Bentrem, J. Chao, D. Cooke, C. Corvera, P. Das, P.C. Enzinger, T. Enzler, P. Fanta, et al., Gastric cancer, version 2.2022, J. Natl.
Compr. Cancer Netw. 20 (2022) 167-192, https://doi.org/10.6004/jnccn.2022.0008.
[5] J.R. Brahmer, S.S. Tykodi, L.Q. Chow, W.J. Hwu, S.L. Topalian, P. Hwu, C.G. Drake, L.H. Camacho, J. Kauh, K. Odunsi, et al., Safety and activity of anti-PD-L1
antibody in patients with advanced cancer, N. Engl. J. Med. 366 (2012) 2455-2465, https://doi.org/10.1056/NEJMoal200694.
[6] T.E.LaMoia, G.I. Shulman, Cellular and molecular mechanisms of metformin action, Endocr. Rev. 42 (2021) 77-96, https://doi.org/10.1210/endrev/bnaa023.
[7] D.G. Hardie, F.A. Ross, S.A. Hawley, AMPK: a nutrient and energy sensor that maintains energy homeostasis, Nat. Rev. Mol. Cell Biol. 13 (2012) 251-262,
https://doi.org/10.1038/nrm3311.
[8] M.S. McFarland, R. Cripps, Diabetes mellitus and increased risk of cancer: focus on metformin and the insulin analogs, Pharmacotherapy 30 (2010) 1159-1178,
https://doi.org/10.1592/phco.30.11.1159.
S. Gulati, J. Desai, S.M. Palackdharry, J.C. Morris, Z. Zhu, R. Jandarov, M.K. Riaz, V. Takiar, M. Mierzwa, J.S. Gutkind, et al., Phase 1 dose-finding study of
metformin in combination with concurrent cisplatin and radiotherapy in patients with locally advanced head and neck squamous cell cancer, Cancer 126 (2020)
354-362, https://doi.org/10.1002/cncr.32539.
[10] D. Yee, C. Isaacs, D.M. Wolf, C. Yau, P. Haluska, K.V. Giridhar, A. Forero-Torres, A. Jo Chien, A.M. Wallace, L. Pusztai, et al., Ganitumab and metformin plus
standard neoadjuvant therapy in stage 2/3 breast cancer, NPJ Breast Cancer 7 (2021) 131, https://doi.org/10.1038/541523-021-00337-2.
[11] M.E. Ritchie, B. Phipson, D. Wu, Y. Hu, C.W. Law, W. Shi, G.K. Smyth, Limma powers differential expression analyses for RNA-sequencing and microarray
studies, Nucleic Acids Res. 43 (2015) e47, https://doi.org/10.1093/nar/gkv007.
[12] M. Kanehisa, M. Furumichi, M. Tanabe, Y. Sato, K. Morishima, KEGG: new perspectives on genomes, pathways, diseases and drugs, Nucleic Acids Res. 45 (2017)
D353-D361, https://doi.org/10.1093/nar/gkw1092.
[13] A.M. Newman, C.L. Liu, M.R. Green, A.J. Gentles, W. Feng, Y. Xu, C.D. Hoang, M. Diehn, A.A. Alizadeh, Robust enumeration of cell subsets from tissue
expression profiles, Nat. Methods 12 (2015) 453-457, https://doi.org/10.1038/nmeth.3337.
[14] S. Eikawa, M. Nishida, S. Mizukami, C. Yamazaki, E. Nakayama, H. Udono, Immune-mediated antitumor effect by type 2 diabetes drug, metformin, Proc. Natl.
Acad. Sci. U.S.A. 112 (2015) 1809-1814, https://doi.org/10.1073/pnas.1417636112.
[15] A. Fatehi Hassanabad, K.T. MacQueen, Molecular mechanisms underlining the role of metformin as a therapeutic agent in lung cancer, Cell. Oncol. 44 (2021)
1-18, https://doi.org/10.1007/s13402-020-00570-0.
[16] C. Wang, T. Zhang, Q. Liao, M. Dai, J. Guo, X. Yang, W. Tan, D. Lin, C. Wu, Y. Zhao, Metformin inhibits pancreatic cancer metastasis caused by SMAD4
deficiency and consequent HNF4G upregulation, Protein Cell 12 (2021) 128-144, https://doi.org/10.1007/s13238-020-00760-4.
[17] J.O. Lee, M.J. Kang, W.S. Byun, S.A. Kim, I.H. Seo, J.A. Han, J.W. Moon, J.H. Kim, S.J. Kim, E.J. Lee, et al., Metformin overcomes resistance to cisplatin in triple-
negative breast cancer (TNBC) cells by targeting RAD51, Breast Cancer Res. 21 (2019) 115, https://doi.org/10.1186/s13058-019-1204-2.
[18] C. Chen, H. Wang, X. Geng, D. Zhang, Z. Zhu, G. Zhang, J. Hou, Metformin exerts anti-AR-negative prostate cancer activity via AMPK/autophagy signaling
pathway, Cancer Cell Int. 21 (2021) 404, https://doi.org/10.1186/512935-021-02043-2.

[9

—

10


https://doi.org/10.1016/j.heliyon.2023.e18954
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/s0140-6736(20)31288-5
https://doi.org/10.1016/s0140-6736(20)31288-5
https://doi.org/10.1002/14651858.CD004064.pub4
https://doi.org/10.6004/jnccn.2022.0008
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1210/endrev/bnaa023
https://doi.org/10.1038/nrm3311
https://doi.org/10.1592/phco.30.11.1159
https://doi.org/10.1002/cncr.32539
https://doi.org/10.1038/s41523-021-00337-2
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1073/pnas.1417636112
https://doi.org/10.1007/s13402-020-00570-0
https://doi.org/10.1007/s13238-020-00760-4
https://doi.org/10.1186/s13058-019-1204-2
https://doi.org/10.1186/s12935-021-02043-2

Q. Shen et al. Heliyon 9 (2023) e18954

[19] C.Liu, Q. Liu, A. Yan, H. Chang, Y. Ding, J. Tao, C. Qiao, Metformin revert insulin-induced oxaliplatin resistance by activating mitochondrial apoptosis pathway
in human colon cancer HCT116 cells, Cancer Med. 9 (2020) 3875-3884, https://doi.org/10.1002/cam4.3029.

[20] R.J. Dowling, M. Zakikhani, I.G. Fantus, M. Pollak, N. Sonenberg, Metformin inhibits mammalian target of rapamycin-dependent translation initiation in breast
cancer cells, Cancer Res. 67 (2007) 10804-10812, https://doi.org/10.1158/0008-5472.CAN-07-2310.

[21] A. Kalender, A. Selvaraj, S.Y. Kim, P. Gulati, S. Brule, B. Viollet, B.E. Kemp, N. Bardeesy, P. Dennis, J.J. Schlager, et al., Metformin, independent of AMPK,
inhibits mTORC1 in a rag GTPase-dependent manner, Cell Metabol. 11 (2010) 390-401, https://doi.org/10.1016/j.cmet.2010.03.014.

[22] X. Yang, M. Huang, Q. Zhang, J. Chen, J. Li, Q. Han, L. Zhang, J. Li, S. Liu, Y. Ma, et al., Metformin antagonizes ovarian cancer cells malignancy through MSLN
mediated IL-6/STAT3 signaling, Cell Transplant. 30 (2021), 9636897211027819, https://doi.org/10.1177/09636897211027819.

[23] L. Yu, J. Wei, P. Liu, Attacking the PI3K/Akt/mTOR signaling pathway for targeted therapeutic treatment in human cancer, Semin. Cancer Biol. 85 (2022)
69-94, https://doi.org/10.1016/j.semcancer.2021.06.019.

[24] Q. Xiao, J. Xiao, J. Liu, J. Liu, G. Shu, G. Yin, Metformin suppresses the growth of colorectal cancer by targeting INHBA to inhibit TGF-beta/PI3K/AKT signaling
transduction, Cell Death Dis. 13 (2022) 202, https://doi.org/10.1038/541419-022-04649-4.

[25] Y.H. Chen, S.F. Yang, C.K. Yang, H.D. Tsai, T.H. Chen, M.C. Chou, Y.H. Hsiao, Metformin induces apoptosis and inhibits migration by activating the AMPK/p53
axis and suppressing PI3K/AKT signaling in human cervical cancer cells, Mol. Med. Rep. (2021) 23, https://doi.org/10.3892/mmr.2020.11725.

[26] X.J. Meng, Porcine circovirus type 2 (PCV2): pathogenesis and interaction with the immune system, Annu. Rev. Anim. Biosci. 1 (2013) 43-64, https://doi.org/
10.1146/annurev-animal-031412-103720.

[27] Z. Wang, J. Chen, X. Wu, D. Ma, X. Zhang, R. Li, C. Han, H. Liu, X. Yin, Q. Du, et al., PCV2 targets cGAS to inhibit type I interferon induction to promote other
DNA virus infection, PLoS Pathog. 17 (2021), €1009940, https://doi.org/10.1371/journal.ppat.1009940.

[28] D. Novak, L. Huser, J.J. Elton, V. Umansky, P. Altevogt, J. Utikal, SOX2 in development and cancer biology, Semin. Cancer Biol. 67 (2020) 74-82, https://doi.
org/10.1016/j.semcancer.2019.08.007.

[29] L. Wang, L. Du, X. Xiong, Y. Lin, J. Zhu, Z. Yao, S. Wang, Y. Guo, Y. Chen, K. Geary, et al., Repurposing dextromethorphan and metformin for treating nicotine-
induced cancer by directly targeting CHRNA? to inhibit JAK2/STAT3/SOX2 signaling, Oncogene 40 (2021) 1974-1987, https://doi.org/10.1038/541388-021-
01682-z.

[30] Z. Peng, L. Liu, W. Zhang, X. Wei, Pluripotency of dental pulp cells and periodontal ligament cells was enhanced through cell-cell communication via STAT3/
oct-4/sox2 signaling, Stem Cell. Int. 2021 (2021), 8898506, https://doi.org/10.1155/2021/8898506.

[31] H. Ikushima, T. Todo, Y. Ino, M. Takahashi, K. Miyazawa, K. Miyazono, Autocrine TGF-beta signaling maintains tumorigenicity of glioma-initiating cells
through Sry-related HMG-box factors, Cell Stem Cell 5 (2009) 504-514, https://doi.org/10.1016/].stem.2009.08.018.

[32] K. Shitara, E. Van Cutsem, Y.J. Bang, C. Fuchs, L. Wyrwicz, K.W. Lee, I. Kudaba, M. Garrido, H.C. Chung, J. Lee, et al., Efficacy and safety of pembrolizumab or
pembrolizumab plus chemotherapy vs chemotherapy alone for patients with first-line, advanced gastric cancer: the KEYNOTE-062 phase 3 randomized clinical
trial, JAMA Oncol. 6 (2020) 1571-1580, https://doi.org/10.1001/jamaoncol.2020.3370.

[33] L.T. Chen, T. Satoh, M.H. Ryu, Y. Chao, K. Kato, H.C. Chung, J.S. Chen, K. Muro, W.K. Kang, K.H. Yeh, et al., A phase 3 study of nivolumab in previously treated
advanced gastric or gastroesophageal junction cancer (ATTRACTION-2): 2-year update data, Gastric Cancer 23 (2020) 510-519, https://doi.org/10.1007/
$10120-019-01034-7.

[34] Y.Y. Janjigian, K. Shitara, M. Moehler, M. Garrido, P. Salman, L. Shen, L. Wyrwicz, K. Yamaguchi, T. Skoczylas, A. Campos Bragagnoli, et al., First-line
nivolumab plus chemotherapy versus chemotherapy alone for advanced gastric, gastro-oesophageal junction, and oesophageal adenocarcinoma (CheckMate
649): a randomised, open-label, phase 3 trial, Lancet 398 (2021) 27-40, https://doi.org/10.1016/50140-6736(21)00797-2.

[35] C.Li, Q. Shen, P. Zhang, T. Wang, W. Liu, R. Li, X. Ma, X. Zeng, Y. Yin, K. Tao, Targeting MUS81 promotes the anticancer effect of WEE1 inhibitor and immune
checkpoint blocking combination therapy via activating cGAS/STING signaling in gastric cancer cells, J. Exp. Clin. Cancer Res. 40 (2021) 315, https://doi.org/
10.1186/513046-021-02120-4.

[36] M. Hu, M. Zhou, X. Bao, D. Pan, M. Jiao, X. Liu, F. Li, C.Y. Li, ATM inhibition enhances cancer immunotherapy by promoting mtDNA leakage and cGAS/STING
activation, J. Clin. Invest. (2021) 131, https://doi.org/10.1172/JCI139333.

11


https://doi.org/10.1002/cam4.3029
https://doi.org/10.1158/0008-5472.CAN-07-2310
https://doi.org/10.1016/j.cmet.2010.03.014
https://doi.org/10.1177/09636897211027819
https://doi.org/10.1016/j.semcancer.2021.06.019
https://doi.org/10.1038/s41419-022-04649-4
https://doi.org/10.3892/mmr.2020.11725
https://doi.org/10.1146/annurev-animal-031412-103720
https://doi.org/10.1146/annurev-animal-031412-103720
https://doi.org/10.1371/journal.ppat.1009940
https://doi.org/10.1016/j.semcancer.2019.08.007
https://doi.org/10.1016/j.semcancer.2019.08.007
https://doi.org/10.1038/s41388-021-01682-z
https://doi.org/10.1038/s41388-021-01682-z
https://doi.org/10.1155/2021/8898506
https://doi.org/10.1016/j.stem.2009.08.018
https://doi.org/10.1001/jamaoncol.2020.3370
https://doi.org/10.1007/s10120-019-01034-7
https://doi.org/10.1007/s10120-019-01034-7
https://doi.org/10.1016/S0140-6736(21)00797-2
https://doi.org/10.1186/s13046-021-02120-4
https://doi.org/10.1186/s13046-021-02120-4
https://doi.org/10.1172/JCI139333

	Metformin promotes cGAS/STING signaling pathway activation by blocking AKT phosphorylation in gastric cancer
	1 Introduction
	2 Material and methods
	2.1 Transcriptomic data and cohorts
	2.2 Differentially expressed gene analysis
	2.3 Genes enrichment and pathway analysis
	2.4 Analysis of tumor infiltrated immune cells
	2.5 RNA-seq
	2.6 Cell lines, antibodies, and reagents
	2.7 Plasmid construction and transfection
	2.8 Western blot analysis
	2.9 RNA extraction and quantitative reverse transcription PCR (qRT-PCR)
	2.10 Immunofluorescence staining
	2.11 RNA interference
	2.12 Statistical analysis

	3 Results
	3.1 Metformin affects tumor immunity in multiple tumors
	3.2 Metformin promotes cGAS/STING signaling pathway activation in gastric cancer
	3.3 Metformin down-regulates PI3K/AKT signaling pathway in gastric cancer
	3.4 Metformin activates cGAS/STING signaling pathway via blocking AKT phosphorylation in gastric cancer cell lines
	3.5 Metformin mediates AKT signaling pathway through regulating SOX2 in gastric cancer cell lines

	4 Discussion
	5 Conclusion
	Declarations
	Author contribution statement
	Data availability statement
	Funding statement

	Declaration of competing interest
	Appendix A Supplementary data
	References


