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Abstract: Background: Gastric cancer (GC) remains a leading cause of cancer-related mortality worldwide and effective 

therapeutic targets remain limited. Objectives: This study aimed to investigate the expression and functional role of miR-

326 in gastric cancer, identify its direct target gene and elucidate the underlying molecular mechanisms involving the 

PI3K/Akt signaling pathway and the regulation of inflammatory cytokines. Methods: miR-326 expression was detected 
by qRT-PCR in 56 paired GC tissues and adjacent normal tissues, as well as in GC cell lines (SGC-7901, MKN-45, AGS) 

and normal GES-1 cells. CCK-8 assays, flow cytometry, Transwell migration/invasion assays and ELISA were performed 

to assess cell proliferation, apoptosis, migration/invasion and cytokine secretion. Dual-luciferase reporter assay and 

Western blotting were used to validate the target gene and pathway activation. Results: miR-326 was significantly 

upregulated in GC tissues and cell lines. ETS1 was identified as a direct target of miR-326. Overexpression of miR-326 

reduced ETS1 expression, activated the PI3K/Akt pathway (increased p-PI3K and p-AKT), promoted cell proliferation, 
migration and invasion, inhibited apoptosis and induced an imbalance of inflammatory cytokines (increased IL-6 and TNF-

α; decreased IL-10 and IL-17). Co-overexpression of ETS1 or treatment with the PI3K inhibitor LY294002 reversed these 

effects. Conclusions: miR-326 promotes malignant phenotypes in gastric cancer cells by targeting ETS1, activating the 

PI3K/Akt signaling pathway, and inducing dysregulation of inflammatory cytokines. The miR-326/ETS1/PI3K/Akt axis 

may serve as a potential diagnostic biomarker and therapeutic target for gastric cancer. 
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INTRODUCTION 

 
Gastric cancer is one of the common malignant tumors 

worldwide, with its incidence and mortality rates ranking 

fifth among all malignant tumors (Bataga et al., 2026). The 

5-year survival rate for patients with early-stage gastric 

cancer can reach 90% to 100%. However, for advanced-

stage gastric cancer, even with active comprehensive 
treatment, the 5-year survival rate remains below 30%. 

(Yang et al., 2023). Therefore, identifying and clarifying 

new therapeutic targets for GC is of great importance. 

 

MicroRNAs (miRNAs) are a class of endogenous non-
coding RNAs with a length of approximately 18 to 22 

nucleotides. They mainly exert negative regulation of 

target gene expression at the post-transcriptional level by 

binding to the 3' untranslated region (3'UTR) of the target 

gene mRNA, inhibiting mRNA translation or promoting its 

degradation (Li et al., 2024). Previous studies have shown 
(Ji C, Han et al., 2023) that miRNAs play an important role 

in tumor development and can act as oncogenes or tumor 

suppressors in various biological processes, including cell 

proliferation, apoptosis, migration, invasion, and 

inflammatory responses. 

 
miR-326 is one of the tumor-related miRNAs that have 

attracted attention in recent years. Studies have shown that 

miR-326 is expressed at higher levels in the serum or 

plasma of patients with various solid tumors and 

hematological malignancies. In non-small cell lung cancer, 
miR-326 promotes cell proliferation and inhibits cell 

apoptosis by regulating the post-transcriptional 

SNHG12/SLC7A11 axis (Liu et al., 2025); in colorectal 

cancer, miR-326 promotes tumor progression by targeting 

TGFBR2 (Farc et al., 2024). Research on miR-326 in 

gastric cancer is relatively limited. Relevant studies (Ma et 

al., 2022) have reported that compared with normal gastric 

mucosal epithelial cells GES-1, miR-326 is expressed at 

higher levels in gastric cancer cell lines such as AGS, 

MKN7 and HGC-27 and its upregulation is associated with 

gastric cancer metastasis and epithelial-mesenchymal 

transition. However, the specific molecular mechanism of 
miR-326 in gastric cancer, its downstream target genes, and 

its association with inflammatory signaling pathways 

remain to be further elucidated. 

 

ETS1 (E26 transformation-specific sequence 1) is a 

member of the ETS transcription factor family and plays a 
significant role in various physiological and pathological 

processes. Studies have shown that ETS1 is a negative 

regulator of Th17 cell differentiation, inhibiting Th17 cell 

maturation and IL-17 production (Wang et al., 2025a). In 

the tumor microenvironment, ETS1 participates in 
regulating inflammatory responses and immune *Corresponding author: e-mail: 3196018@zju.edu.cn 
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infiltration. However, the expression level of ETS1 in 

gastric cancer and its regulatory relationship with miR-326 
have not been reported. 

 

Bioinformatics prediction (TargetScan, miRDB) revealed 

that the 3'UTR of ETS1 contains potential binding sites for 

miR-326, suggesting that ETS1 may be a direct target gene 

of miR-326. (Nafari et al., 2022). Additionally, the 
PI3K/Akt signaling pathway is one of the core pathways 

regulating cell proliferation, apoptosis and inflammatory 

responses and it is often abnormally activated in gastric 

cancer (Mu et al., 2026). Previous studies have shown that 

the activation of the PI3K/Akt pathway plays an important 

role in Th17 cell-mediated inflammatory responses (Wang 
et al., 2026). Based on this, it was hypothesized that miR-

326 may activate the PI3K/Akt pathway by targeting ETS1, 

thereby inducing inflammatory responses and promoting 

the proliferation, migration and invasion of gastric cancer 

cells. 

 
This study aims to investigate the expression levels of miR-

326 in gastric cancer tissues and plasma, to verify whether 

ETS1 is a direct target gene of miR-326, to clarify the 

regulatory role of the miR-326/ETS1 axis on the PI3K/Akt 

signaling pathway and inflammatory response and to 
evaluate its functional significance in the malignant 

phenotype of gastric cancer cells, with the expectation of 

providing new potential targets for the diagnosis and 

treatment of gastric cancer. Understanding the underlying 

mechanisms and identifying new therapeutic targets is of 

great significance. 
 

MATERIALS AND METHODS 

 

Clinical samples 

As all tissue samples were obtained from Sir Run Run 

Shaw Hospital the laboratory tissue bank and de-identified, 

the ethics committee waived the requirement for individual 

informed consent. All gastric adenocarcinoma tissues and 

paired adjacent normal tissues (distance from the tumor 
edge > 5 cm) were sourced from the laboratory tissue bank. 

 

The gastric cancer tissues and adjacent tissues after 

surgical resection were immediately washed with sterile 

normal saline, aliquoted, rapidly frozen in liquid nitrogen, 

and then transferred to a -80°C refrigerator for long-term 
storage. 

 

Cell culture 

Human gastric cancer cell lines SGC-7901, MKN-45 and 

AGS were all purchased from the Shanghai Cell Bank of 
the Chinese Academy of Sciences. The normal gastric 

mucosal epithelial cell line GES-1 was purchased from the 

Typical Culture Collection Center (ATCC) in the United 

States. All cells were cultured in RPMI-1640 medium 

containing 10% fetal bovine serum (FBS, Gibco, USA) and 

1% penicillin-streptomycin (100 U/mL, Gibco) (GES-1 

used DMEM high glucose medium). The cells were 

cultured in a saturated humidity incubator at 37°C and 5% 
CO₂. Cells were passaged every 2 to 3 days and those in 

the logarithmic growth phase were used for experiments. 

All cell lines were regularly tested for mycoplasma and the 

results were all negative. 

 

Plasmid transfection 

miR-326 mimics, negative control mimics (NC mimic), 

miR-326 inhibitors (anti-miR-326) and negative control 

inhibitors (anti-NC) were designed and chemically 

synthesized by Guangzhou Ribo Biotechnology Co., Ltd. 

The ETS1 overexpression plasmid (pcDNA3.1-ETS1) and 

the empty vector control (pcDNA3.1-empty) were 
constructed by Shanghai Jike Gene Chemical Technology 

Co., Ltd.  

 

24 hours before transfection, logarithmic growth-phase 

SGC-7901 cells were seeded in 6-well plates (2.5 × 10⁵ 

cells/well) or 96-well plates (5 × 10³ cells/well) to achieve 
a cell fusion rate of 60-70% during transfection. The 

transfection was performed using Lipofectamine 3000 

transfection reagent (Invitrogen, USA) according to the 

instructions: miRNA mimics/inhibitors transfection: both 

at a final concentration of 50 nM; plasmid transfection: 2.5 
μg of plasmid per well; co-transfection: miR-326 mimic 

(50 nM) and ETS1 overexpression plasmid (2.5 μg) were 

added simultaneously. After 6 hours of transfection, the 

medium was changed to complete medium, and the cells 

were cultured for an additional 48 hours. The cells were 

then collected for subsequent experiments. 
 

Total RNA extraction and real-time quantitative PCR 

(qRT-PCR) 

RNA extraction 

Extract total RNA from cells or tissues using TRIzol™ 

reagent (Invitrogen, USA). Determine the RNA 

concentration and purity (A260/A280 ratio between 1.8 
and 2.0) using a NanoDrop 2000 spectrophotometer 

(Thermo Fisher, USA). 
 

Reverse transcription 

mRNA reverse transcription: Use PrimeScript™ RT 

Master Mix (TaKaRa, Japan) to reverse transcribe 1 μg of 

total RNA. miRNA reverse transcription: Use the miRNA 
First Strand Synthesis Kit (stem-loop method, Guangzhou 

Ribo Biotechnology Co., Ltd.) for reverse transcription, 

with a total RNA dosage of 500 ng. 
 

qPCR reaction 

Amplification was performed using SYBR® Green Premix 

Ex Taq™ II (TaKaRa, Japan) on the ABI 7500 real-time 
fluorescence quantitative PCR system (Applied 

Biosystems, USA). The reaction conditions were as 

follows: 95°C for 30 seconds for pre-denaturation; 95°C 

for 5 seconds for denaturation, 60°C for 34 seconds for 

annealing and extension, for a total of 40 cycles; then a 

melting curve analysis was conducted. 
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Internal participation and relative quantification 

miRNA reference: U6 snRNA; mRNA reference: GAPDH. 

Three technical replicates were set for each sample. The 

relative expression levels were calculated using the 2⁻ΔΔCt 

method (Kadioglu et al., 2024). The specificity of the 

primers was verified by melting curve and agarose gel 

electrophoresis, and the amplification efficiency was 

between 90% and 110%. The primer sequences are shown 

in table 1. 

 

Western blot analysis 

Protein extraction 

The cells were lysed with RIPA lysis buffer (Biyuntian, 

China), which contains protease inhibitor (PMSF, 1 mM) 

and phosphatase inhibitor (PhosSTOP, Roche), on ice for 

30 minutes. The mixture was then centrifuged at 12,000 × 

g for 15 minutes at 4°C to collect the supernatant. 

 

Protein quantification and electrophoresis 

The protein concentration was determined using the BCA 

protein quantitative kit (Thermo Fisher, USA). Equal 

amounts of protein (30 μg per well) were subjected to SDS-

PAGE gel electrophoresis (10% separating gel) and then 

transferred to a PVDF membrane (Millipore, USA) (Xiao 

et al., 2024). 
 

Incubation with antibodies 

Incubate the membrane at room temperature in 5% skim 

milk - TBST solution for 1 hour. Incubate the membrane 

with the following primary antibodies at 4°C overnight: 

anti-ETS1 (1:1000, CST, #14069); anti-p-PI3K (Tyr607, 

1:1000, CST, #17366); anti-PI3K (1:1000, CST, #4249); 

anti-p-AKT (Ser473, 1:2000, CST, #4060); anti-AKT 

(1:1000, CST, #4691); anti-GAPDH (1:5000, Abcam, 

#ab9485, used as loading control). The next day, wash the 

membrane 3 times with TBST, then incubate it at room 

temperature with an HRP-labeled secondary antibody 

(1:5000, CST) for 1 hour. 
 

Development and quantification 

The ECL reagent (Millipore, USA) was used for 

developing and the images were captured using the 

ChemiDoc™ imaging system (Bio-Rad, USA). The band 

gray values were analyzed using ImageJ. The relative 

expression level of the target protein = (gray value of the 

target protein) / (gray value of GAPDH); the relative level 

of phosphorylated protein = (gray value of the 

phosphorylated protein) / (gray value of total protein). 

 

Dual luciferase reporter gene assay 

The wild-type (WT) or point-mutated (MUT) ETS1 3'UTR 

sequences were cloned into the pmirGLO dual-luciferase 

reporter plasmid (Promega, USA). HEK-293T cells were 

seeded in 24-well plates and co-transfected using 

Lipofectamine 3000: negative control group: WT-ETS1-

3'UTR + NC mimic; experimental group: WT-ETS1-

3'UTR + miR-326 mimic; mutant control group: MUT-

ETS1-3'UTR + miR-326 mimic. Each group was co-

transfected with the pRL-TK kidney luciferase reporter 

plasmid (Promega, USA) as a reference. After 48 hours of 

transfection, the luciferase activity was detected using the 

dual-luciferase reporter gene assay kit (Promega, USA) 

(Wang et al., 2024a). Relative luciferase activity = Firefly 

luciferase value / Renilla luciferase value. Three replicates 

were set for each group and the experiment was 

independently repeated three times. 

 

ELISA assay for cytokine secretion 

Collect the cell culture supernatant 48 hours after 

transfection and centrifuge at 1,000 × g for 10 minutes at 

4°C. Use the human IL-6, IL-10, IL-17 and TNF-α ELISA 

kits (R&D Systems, USA) according to the instructions. 

Each kit uses standard substances to prepare standard 

curves (6-8 concentration points, four-parameter logistic 

fitting, R² > 0.99). Each sample has 3 replicates. Read the 

OD at 450 nm on a microplate reader (Bio-Rad, USA) and 

calculate the cytokine concentration (pg/mL) using the 

standard curves. 

 

Cell proliferation assay (CCK-8) 

SGC-7901 cell proliferation experiment 

Transfected SGC-7901 cells were seeded at a density of 5 

× 10³ cells per well in a 96-well plate, with 5 replicate wells 

in each group. At 0, 24, 48, and 72 hours after culturing, 10 

μL of CCK-8 solution (Dojindo, Japan) was added to each 

well, and the OD at 450 nm was measured after incubation 

for 2 hours (Wang et al., 2022). 

 

Verification experiment on cell proliferation of MKN-45 

and AGS cells 

The above proliferation experiments were repeated in the 

MKN-45 and AGS cell lines. The MKN-45 and AGS cells 

transfected with miR-326 mimic, NC mimic, anti-miR-

326, and anti-NC were inoculated at a density of 5 × 10³ 

cells per well in a 96-well plate, with 5 replicate wells per 

group. After culturing for 0, 24, 48 and 72 hours, 10 μL of 

CCK-8 solution (Dojindo, Japan) was added to each well 

and incubated for 2 hours to measure the OD value at 450 

nm. Each cell line's experiment was independently 

repeated 3 times. 

 

Apoptosis detection (Flow cytometry) 

Collect the cells 48 hours after transfection and stain them 

using the Annexin V-FITC/PI apoptosis detection kit 

(Beijing Sizheng Bai, China). Set the gating strategy (Miao 

et al., 2023): First, circle the main population of cells in the 

FSC-SSC scatter plot and exclude debris; then exclude cell 

aggregates by FSC-A/FSC-H; finally, analyze the 

apoptosis rate on the FITC/PE dual-parameter scatter plot.  
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A total of 10,000 events were collected per sample and 

analyzed with FlowJo v10. The total apoptosis rate = early 

apoptosis rate (Annexin V+/PI-) + late apoptosis rate 

(Annexin V+/PI+). 

 
Cell migration and invasion experiment 

SGC-7901 cell migration and invasion experiment 

Invasion experiment: The upper chamber of the Transwell 

chamber (8 μm pore size, Corning, USA) was pre-coated 

with Matrigel matrix gel (diluted 1:8, Corning, USA) and 
incubated at 37°C for 30 minutes to solidify (Yu et al., 

2024). 

 

Migration experiment: No Matrigel coating was required. 

The transfected cells were starved in serum-free medium 

for 12 hours, resuspended and seeded at 2 × 105 cells per 
well in the upper chamber of the Transwell. The lower 

chamber was filled with 600 μL of complete medium 

containing 20% FBS. After 24 hours of culture, the cells 

that did not migrate or invade into the upper chamber were 

removed, fixed with 4% paraformaldehyde, and stained 

with 0.1% crystal violet. Randomly select 5 200x fields for 
counting. Each group had 3 replicate wells and the 

experiment was independently repeated 3 times. 

 

Verification experiment of cell migration in MKN-45 

and AGS cells 

The above migration experiment was repeated in the 
MKN-45 and AGS cell lines (no need to coat with 

Matrigel). The transfected MKN-45 and AGS cells were 

starved in serum-free medium for 12 hours, resuspended 

and seeded at 2 × 105 cells per well in the upper chamber 

of Transwell. The lower chamber was filled with 600 μL of 
complete medium containing 20% FBS. After 24 hours of 

culture, the cells that did not migrate into the upper 

chamber were removed, fixed with 4% paraformaldehyde, 

and stained with 0.1% crystal violet. The cells in 5 random 

200x fields were counted under a microscope. Each cell 

line's experiment had 3 replicates and was independently 
repeated 3 times. 

 

PI3K/Akt pathway inhibition experiment 

Inhibitor 

A pathway-blocking experiment was conducted using the 

specific PI3K inhibitor LY294002 (catalog number: S9901, 
Selleck Chemicals, USA) (Hou et al., 2024). LY294002 

was dissolved in dimethyl sulfoxide (DMSO, Sigma-

Aldrich, USA) and prepared as a 50 mM stock solution, 

which was stored at -20°C in the dark. The working 

concentration was determined based on the results of the 

preliminary experiments to be 20 μM. 

 

Experimental group division 

The transfected SGC-7901 cells were divided into the 
following treatment groups: NC mimic + DMSO group: 

Transfect with NC mimic and add an equal volume of 

DMSO (final concentration ≤ 0.1%); miR-326 mimic + 

DMSO group: Transfect with miR-326 mimic and add an 

equal volume of DMSO; miR-326 mimic + LY294002 
group: Transfect with miR-326 mimic and add 20 μM 

LY294002; NC mimic + LY294002 group: Transfect with 

NC mimic and add 20 μM LY294002. 

 

Treatment plan 

Short-term treatment (to detect phosphorylation levels): 48 
hours after transfection, it was switched to fresh complete 

medium containing LY294002 (20 μM) or an equal volume 

of DMSO, culturing continued for 2 hours, then the cells 

were collected for Western Blotting to detect p-PI3K and 

p-AKT.  

 
Long-term processing (for detecting functional 

phenotypes): 24 hours after transfection, it was switched to 

fresh complete medium containing LY294002 (20 μM) or 

an equal volume of DMSO and culturing was continued for 

48 hours before conducting CCK-8 proliferation, flow 

cytometric apoptosis, Transwell migration/invasion and 
ELISA assays. 

 

Verification indicators 

Pathway inhibition efficiency: By detecting the levels of p-

PI3K and p-AKT via Western Blotting, it was confirmed 
that LY294002 treatment effectively inhibited the 

phosphorylation and activation of the PI3K/Akt pathway. 

 

Functional phenotype comparison: Differences in cell 

proliferation, apoptosis, migration/invasion, and 

inflammatory factor levels between the DMSO control 
group and the LY294002 treatment group were assessed. 

 

Statistical analysis 

All in vitro cell experiments were independently repeated 

at least three times, and the data were presented as mean ± 

standard deviation (Mean ± SD). Statistical analysis was 
performed using GraphPad Prism 9.0 software. 

Comparisons between two groups were conducted using a 

two-tailed Student's t-test (normal distribution and 

homogeneity of variance were met), and comparisons 

Table 1: Sequences of primers used for qRT-PCR. 

 

GENE Forward primer (5‘→3’) Reverse primer (5‘→3’) 

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 
miR-326 CTCTCTGGGCCCTTCCTCCAG Universal reverse primer (provided by kit) 

ETS-1 GCCTGGATATGCCTGTGAGA GCCTGGATATGCCTGTGAGA 

U6(snRNA) CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 
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among multiple groups were performed using one-way 

ANOVA followed by Tukey's post hoc test. For two-factor 
designs (such as miRNA treatment × inhibitor treatment in 

the inhibitor experiment), a two-way ANOVA was used, 

followed by Sidak's post hoc test. A difference was 

considered statistically significant when P < 0.05. 

 

RESULTS 

 

The expression of miR-326 is elevated in gastric cancer 

tissues and cells. 
qRT-PCR results (Fig. 1A) showed that the relative 

expression level of miR-326 was significantly higher in 

gastric cancer tissues (4.82 ± 1.36) than in paired adjacent 

normal tissues (1.02 ± 0.28) (P < 0.001, 95% CI: 3.12–

4.48). 

 
In gastric cancer cell lines, compared with normal gastric 

mucosal epithelial cells GES-1 (1.00 ± 0.12), the 

expression of miR-326 in SGC-7901 cells was 

approximately 5.6 times higher (5.62 ± 0.94, P < 0.001), in 

MKN-45 cells it was approximately 3.8 times higher (3.82 

± 0.71, P < 0.01) and in AGS cells it was approximately 4.3 
times higher (4.31 ± 0.85, P < 0.01) (Fig. 1B). 

 

ETS1 is a direct target gene of miR-326. 

The level of ETS1 mRNA in gastric cancer tissues was 

significantly lower than that in the paired adjacent normal 

tissues (0.38 ± 0.11 vs. 1.02 ± 0.24, P < 0.001, 95% CI: -
0.520 to -0.760) and the expression of miR-326 was 

significantly negatively correlated with the expression of 

ETS1 mRNA (Pearson *r* = -0.680, P < 0.001, Fig. 2A). 

Western blot analysis further confirmed that the ETS1 

protein level in gastric cancer tissues was approximately 
58% lower than in adjacent tissues (Fig. 2B, P < 0.01). 

 

The results of the dual-luciferase reporter gene assay (Fig. 

2C) showed that after co-transfection with miR-326 mimic 

and the wild-type ETS1 3'UTR reporter plasmid, the 

relative luciferase activity was significantly reduced by 
approximately 41% compared to the NC mimic control 

group (0.59 ± 0.06 vs. 1.00 ± 0.08, P < 0.001, 95% CI: -

0.52 to -0.30). However, when the ETS1 3'UTR binding 

site was mutated, there was no significant difference in 

luciferase activity between the two groups (0.95 ± 0.07 vs. 

1.02 ± 0.06, P = 0.210). 
  

miR-326 activates the PI3K/Akt pathway by targeting 

ETS1  

After overexpression of miR-326 in SGC-7901 cells, the 

protein level of ETS1 was reduced by approximately 53% 
compared to the NC mimic control group (P < 0.01), while 

the level of p-PI3K increased by approximately 2.4 times 

(2.41 ± 0.31 vs. 1.00 ± 0.12, P < 0.01) and the level of p-

AKT increased by approximately 2.8 times (2.81 ± 0.35 vs. 

1.00 ± 0.11, P < 0.001); there were no significant 

differences in total PI3K and total AKT levels among the 

groups (Figs. 3A-3B). After transfection with anti-miR-

326, the protein level of ETS1 increased by approximately 
1.9 times (1.91 ± 0.22 vs. 1.00 ± 0.09, P < 0.01) and the 

levels of p-PI3K and p-AKT decreased by approximately 

46% and 52% respectively (Fig. 3C). 
 

After co-transfection with the miR-326 mimic and ETS1 

overexpression plasmid, the ETS1 protein level returned to 

a level comparable to that of the control group (0.92 ± 0.10 

vs. 1.00 ± 0.09, P = 0.38). The co-overexpression of ETS1 
completely reversed the activation of the PI3K/Akt 

pathway induced by miR-326 mimic: the level of p-PI3K 

decreased from 2.41 times to 1.12 ± 0.13 (P = 0.29) and the 

level of p-AKT decreased from 2.81 times to 1.08 ± 0.11 

(P = 0.34) (Fig. 3D). 
 

miR-326 promotes the proliferation of gastric cancer 

cells and inhibits apoptosis. 

CCK-8 proliferation assays showed that the proliferative 

capacity of SGC-7901 cells significantly increased after 

transfection with miR-326 mimics. Compared with the NC 

mimic control group, the OD450 value of the miR-326 

mimic group increased approximately 2.1 times at 72 hours 

(2.14 ± 0.18 vs. 1.00 ± 0.09, P < 0.001, Fig. 4A). 

Transfection with anti-miR-326 reduced the cell 

proliferation ability by approximately 41% (0.59 ± 0.07 vs. 

1.00 ± 0.08, P < 0.01). The CCK-8 experiments were 

repeated in MKN-45 and AGS cells and the results were 

consistent with those of SGC-7901 cells (Fig. 4B-4C). 

 

Flow cytometry apoptosis detection results (Fig. 4D) 

showed that the total apoptosis rate decreased from 8.2% ± 

1.1% to 3.1% ± 0.6% after transfection with the miR-326 

mimic (a decrease of approximately 62%; P < 0.001). The 

total apoptosis rate increased to 15.6% ± 1.8% after 

transfection with anti-miR-326 (P < 0.001). After co-

transfection with the ETS1 overexpression plasmid, the 

total apoptosis rate recovered to 6.9% ± 0.9% (P < 0.01, 

Fig. 4C). 

 

miR-326 promotes the migration and invasion of gastric 

cancer cells 

The results of the Transwell migration and invasion assays 

(Figs. 5A-5B) showed that after transfection with miR-326 

mimic, the number of migrating cells in SGC-7901 cells 

increased approximately 2.4 times (238 ± 21 vs. 100 ± 9, P 

< 0.001) and the number of invasive cells increased 

approximately 2.2 times (186 ± 17 vs. 100 ± 8, P < 0.001). 

After transfection with anti-miR-326, the number of 

migrating cells decreased by approximately 54% (46 ± 6 

vs. 100 ± 9, P < 0.01) and the number of invasive cells 

decreased by approximately 49% (51 ± 6 vs. 100 ± 8, P < 

0.01). The Transwell migration experiments were repeated 

in MKN-45 and AGS cells and the results were consistent 

with those of SGC-7901 cells (Figs. 5C-5D). 
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Fig. 1: miR-326 expression is elevated in gastric cancer tissues and cell lines. 

(A) Quantitative real-time PCR (qRT-PCR) was performed to detect the expression level of miR-326 in 56 pairs of gastric 

cancer (GC) tissues and matched adjacent normal (AN) tissues. The expression level was normalized to U6 snRNA, and 

the relative expression was calculated using the 2⁻ΔΔCt method. Data are presented as mean ± SD. ()***P < 0.001 versus 

adjacent normal tissues, paired t-test; (B) qRT-PCR was performed to detect the expression level of miR-326 in GES-1 
(normal gastric mucosal epithelial cells), SGC-7901, MKN-45, and AGS gastric cancer cell lines. The expression level 

was normalized to U6 snRNA and calculated relative to GES-1 cells. Data are presented as mean ± SD, n = 3 independent 

experiments. **P < 0.01, ***P < 0.001 versus GES-1 cells, one-way ANOVA with Tukey’s post-hoc test. 
 

 
 

Fig. 2: ETS1 is a direct target gene of miR-326. 

Pearson correlation analysis of miR-326 and ETS1 mRNA expression levels in 56 gastric cancer tissues. Each dot 

represents an individual tissue sample. The correlation coefficient (r) and P value are indicated. ***P < 0.001, Pearson 

correlation test; (B) Western blot analysis of ETS1 protein expression in 6 pairs of gastric cancer (T1-T6) and matched 

adjacent normal (N1-N6) tissues. GAPDH was used as a loading control. Representative Western blot images are shown 

above, and the bar graph below shows the quantitative analysis of ETS1 protein levels normalized to GAPDH. Data are 
presented as mean ± SD, n = 6 paired samples. **P < 0.01, paired t-test; (C) Dual-luciferase reporter assay the direct 

binding of miR-326 to the ETS1 3‘UTR. HEK-293T cells were co-transfected with wild-type (WT) or mutant (MUT) 

ETS1 3’UTR reporter plasmids together with NC mimic or miR-326 mimic. Firefly luciferase activity was normalized to 

Renilla luciferase activity (pRL-TK). Data are presented as mean ± SD, n = 3 independent experiments. ***P < 0.001 vs. 

WT + NC mimic group, paired t-test. 
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Fig. 3: miR-326 activates the PI3K/Akt pathway by targeting ETS1. 
Western blot analysis of ETS1, p-PI3K, total PI3K and GAPDH in SGC-7901 cells transfected with NC mimic or miR-326 mimic. 

GAPDH served as a loading control. Representative Western blot images are shown above, and the bar graph below shows the 
quantitative analysis of protein levels normalized to GAPDH. Data are presented as mean ± SD, n = 3 independent experiments. (**P 
< 0.01 vs. NC mimic group, paired t-test); (B) Western blot analysis of p-AKT, total AKT, and GAPDH in SGC-7901 cells transfected 
with NC mimic or miR-326 mimic. Representative Western blot images are shown above, and the bar graph below shows the 

quantitative analysis of protein levels normalized to GAPDH. Data are presented as mean ± SD, n = 3 independent experiments. (***P 
< 0.001 vs. NC mimic group, paired t-test); (C) Western blot analysis of ETS1, p-PI3K, total PI3K, p-AKT, total AKT and GAPDH in 
SGC-7901 cells transfected with anti-NC or anti-miR-326. Representative Western blot images are shown above, and the bar graph 
below shows the quantitative analysis of protein levels normalized to GAPDH. Data are presented as mean ± SD, n = 3 independent 

experiments. (**P < 0.01 vs. anti-NC group, paired t-test); (D) Western blot analysis of ETS1, p-PI3K, total PI3K(t- PI3K), p-AKT, 
total AKT(t- AKT), and GAPDH in SGC-7901 cells co-transfected with miR-326 mimic and ETS1 overexpression plasmid 
(pcDNA3.1-ETS1). NC mimic + empty vector (pcDNA3.1-empty) served as the control group. Representative Western blot images 
are shown above, and the bar graph below shows the quantitative analysis of protein levels normalized to GAPDH. Data are presented 
as mean ± SD, n = 3 independent experiments. (**P < 0.01, ***P < 0.001 vs. NC mimic + empty group, two-way ANOVA with Sidak's 

post-hoc test). 
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Fig. 4: Effects of miR-326 on proliferation and apoptosis of gastric cancer cells. 
CCK-8 assay was performed to evaluate the proliferation of SGC-7901 cells transfected with NC mimic, miR-326 mimic, anti-NC, or 

anti-miR-326. Cell viability was measured at 0, 24, 48, and 72 hours post-transfection. OD450 values are presented as mean ± SD, n = 
5 replicates per group, with three independent experiments. (***P < 0.001 vs. NC mimic group; **P < 0.01 vs. anti-NC group, two-
way ANOVA.); (B-C) CCK-8 assay was performed to evaluate the proliferation of MKN-45 (B) and AGS (C) cells transfected with 
NC mimic, miR-326 mimic, anti-NC, or anti-miR-326. Cell viability was measured at 72 hours post-transfection. Data are presented 

as mean ± SD, n = 5 replicates per group, with three independent experiments. (**P < 0.01 vs. respective control groups, paired t-test.); 
(D) Flow cytometric analysis of apoptosis in SGC-7901 cells transfected with NC mimic, miR-326 mimic, anti-NC, or anti-miR-326. 
Cells were stained with Annexin V-FITC and propidium iodide (PI). Representative flow cytometry scatter plots are shown on the left, 
and the bar graph on the right shows the quantitative analysis of total apoptosis rates (early apoptosis + late apoptosis). Data are 

presented as mean ± SD, n = 3 independent experiments. (***P < 0.001 vs. respective control groups, paired t-test.); (E) Flow 
cytometric analysis of apoptosis in SGC-7901 cells co-transfected with miR-326 mimic and ETS1 overexpression plasmid (pcDNA3.1-
ETS1). NC mimic + empty vector (pcDNA3.1-empty) served as the control group. Representative flow cytometry scatter plots are 
shown, and the bar graph shows the quantitative analysis of total apoptosis rates. Data are presented as mean ± SD, n = 3 independent 
experiments. (***P < 0.001 vs. NC mimic + empty group; ##P < 0.01 vs. miR-326 mimic + empty group, paired t-test.) 
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Fig. 5: Effects of miR-326 on migration and invasion of gastric cancer cells. 
Transwell migration assay was performed to evaluate the migratory capacity of SGC-7901 cells transfected with NC mimic, miR-326 
mimic, anti-NC, or anti-miR-326. Cells that migrated to the lower chamber were fixed with 4% paraformaldehyde, stained with 0.1% 
crystal violet, and counted under a light microscope at 200× magnification. Representative crystal violet staining images are shown 
above, and the bar graph below shows the quantitative analysis of migrated cells per field. Data are presented as mean ± SD, n = 3 

independent experiments with 3 replicates per group. (***P < 0.001, **P < 0.01 vs. respective control groups, paired t-test.); (B) 
Transwell invasion assay was performed to evaluate the invasive capacity of SGC-7901 cells transfected with NC mimic, miR-326 
mimic, anti-NC, or anti-miR-326. The upper chamber was pre-coated with Matrigel (1:8 dilution) before cell seeding. Cells that invaded 
through the Matrigel to the lower chamber were fixed, stained with crystal violet and counted under a light microscope at 200× 

magnification. Representative crystal violet staining images are shown above and the bar graph below shows the quantitative analysis 
of invaded cells per field. Data are presented as mean ± SD, n = 3 independent experiments with 3 replicates per group. (***P < 0.001, 
**P < 0.01 vs. respective control groups, paired t-test.); (C-D) Transwell migration assay was performed to evaluate the migratory 
capacity of MKN-45; (C) and AGS; (D) cells transfected with NC mimic, miR-326 mimic, anti-NC, or anti-miR-326. Cells were 

counted at 200× magnification. Data are presented as mean ± SD, n = 3 independent experiments with 3 replicates per group. (**P < 
0.01 vs. respective control groups, paired t-test.); (E) Transwell migration assay was performed to evaluate the migratory capacity of 
SGC-7901 cells co-transfected with miR-326 mimic and ETS1 overexpression plasmid (pcDNA3.1-ETS1). NC mimic + empty vector 
(pcDNA3.1-empty) served as the control group. Data are presented as mean ± SD, n = 3 independent experiments with 3 replicates per 

group. (***P < 0.001 vs. NC mimic + empty group; ###P < 0.001 vs. miR-326 mimic + empty group, paired t-test.); (F) Transwell 
invasion assay was performed to evaluate the invasive capacity of SGC-7901 cells co-transfected with miR-326 mimic and ETS1 
overexpression plasmid (pcDNA3.1-ETS1). The upper chamber was pre-coated with Matrigel. NC mimic + empty vector served as the 
control group. Data are presented as mean ± SD, n = 3 independent experiments with 3 replicates per group. (***P < 0.001 vs. NC 

mimic + empty group; ###P < 0.001 vs. miR-326 mimic + empty group, paired t-test. 
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After co-transfection with the ETS1 overexpression 

plasmid, the number of migrating cells decreased from 238 
± 21 to 118 ± 12 (P < 0.001) and the number of invasive 

cells decreased from 186 ± 17 to 96 ± 10 (P < 0.001) (Figs. 

5E-5F). 

 

miR-326 regulates the secretion of inflammatory factors 

through ETS1 

The ELISA test results (Figs. 6A-6D) showed that after 

transfection with miR-326 mimic, the levels of pro-

inflammatory factors IL-6 (245.6 ± 28.3 pg/mL vs. 100.0 ± 

11.2 pg/mL, P < 0.001) and TNF-α (187.3 ± 21.5 pg/mL vs. 

100.0 ± 10.6 pg/mL, P < 0.001) significantly increased, 

while the levels of anti-inflammatory factors IL-10 (52.3 ± 
7.1 pg/mL vs. 100.0 ± 9.8 pg/mL, P < 0.01) and IL-17 (55.2 

± 6.8 pg/mL vs. 100.0 ± 9.5 pg/mL, P < 0.01) significantly 

decreased. The opposite trend was observed after 

transfection with anti-miR-326. 

 

After co-transfection with the ETS1 overexpression 
plasmid, IL-6 decreased to 138.4 ± 16.2 pg/mL (P < 0.01), 

TNF-α decreased to 112.6 ± 13.5 pg/mL (P < 0.01), IL-10 

increased to 76.8 ± 8.4 pg/mL (P < 0.05) and IL-17 

increased to 80.5 ± 9.1 pg/mL (P < 0.05) (Figs. 6E-6H). 

 
Inhibiting the PI3K/Akt pathway can reverse the cancer-

promoting effect mediated by miR-326 

After treating miR-326 mimic-transfected SGC-7901 cells 

with the PI3K inhibitor LY294002, the Western blot results 

showed that the level of p-PI3K decreased by 

approximately 71% (0.29 ± 0.05 vs. 1.00 ± 0.11, P < 0.001) 
and the level of p-AKT decreased by approximately 68% 

(0.32 ± 0.06 vs. 1.00 ± 0.10, P < 0.001) (Fig. 7A). 

 

The functional phenotypic experiments showed (Figs. 7B-

7E) that after treatment with LY294002, the 72-hour OD₄₅₀ 

value decreased from 2.14 ± 0.18 to 1.28 ± 0.12, the total 
apoptosis rate increased from 3.1% ± 0.6% to 7.5% ± 0.8%, 

the number of migrating cells decreased from 238 ± 21 to 

115 ± 13, the number of invasive cells decreased from 186 

± 17 to 104 ± 11 and the levels of IL-6 and TNF-α 

decreased by approximately 57% and 61% respectively, 
while the levels of IL-10 and IL-17 increased by 

approximately 58% and 53% respectively (all P < 0.01). 

The treatment with LY294002 alone had no significant 

effect on these phenotypes (all P > 0.05). 

 

DISCUSSION 

 

Gastric cancer (GC), which usually originates from gastric 

mucosal cells, most commonly occurs in individuals 

between 40 and 70 years of age. Surgery is a potential 

curative option for GC patients, often combined with 

perioperative chemotherapy, radiotherapy and targeted 

biological therapies to achieve extended disease 

management.(Wang et al.,2024b). However, advanced GC 

still lacks effective treatment; even when it is actively 

integrated into treatment, its 5-year survival rate is still less 

than 30% (Janjigian et al., 2026). Therefore, it is important 

to study and clarify new targets for improving the treatment 

of GC. miRNAs are endogenous short non-coding RNAs 

approximately 18–22 nucleotides in length and lack 

protein-coding capacity. A great deal of research has shown 

that miRNAs play important roles in cancer. (Ye et al., 

2025; Asensio et al., 2025). At present, it has been found 

that short-chain noncoding RNAs can function and serve 

as a new indicator of various cancers. A previous study 

(Shen et al., 2024) reported that the miR-326 sequence is 

highly conserved across vertebrates and may promote 

cellular senescence and cancer in a tissue-dependent 

manner. This study found that miR-326 was significantly 

upregulated in gastric cancer tissues and plasma, and its 

high expression was associated with enhanced 

proliferation, migration, and invasion in gastric cancer 

cells. Using dual luciferase reporter gene assays and 

Western blot verification, it was confirmed that ETS1 is a 

direct target of miR-326. Further functional experiments 

demonstrated that miR-326 targets and inhibits ETS1, 

thereby activating the PI3K/Akt signaling pathway, 

promoting the secretion of pro-inflammatory factors and 

inhibiting the production of anti-inflammatory factors. 

Using the PI3K-specific inhibitor LY294002 partially 

reversed the cancer-promoting phenotype and the 

imbalance in inflammatory factors induced by miR-326 

mimics, supporting the notion that the PI3K/Akt pathway 

plays a key role in the malignant transformation of gastric 

cancer cells mediated by miR-326. 

 

From a mechanistic perspective, the findings of this study 

can be summarized into several interrelated levels. The 

direct targeting regulation of ETS1 by miR-326 is the 

initiating event of the entire signaling pathway. As a 

transcription factor, ETS1 has a conserved miR-326 

binding site in its 3' UTR. miR-326 inhibits the translation 

efficiency of ETS1 through the classical miRNA-mRNA 

interaction mechanism, resulting in a decrease in the 

protein level of ETS1 (Zhang et al., 2022; Jiang et al., 

2022). Since ETS1 plays an anti-cancer role in various cell 

types, its downregulation creates conditions for the 

activation of downstream oncogenic signaling pathways 

(Wang et al., 2025b). Further analysis revealed that the 

downregulation of ETS1's negative regulation not only 

inhibits the PI3K/Akt pathway. In this study, a decrease in 

ETS1 protein levels was significantly negatively correlated 

with increases in p-PI3K and p-AKT levels. ETS1 may 

regulate the PI3K/Akt pathway through two mechanisms: 

first, as a transcription factor, ETS1 may directly regulate 

the expression of negative regulators of PI3K or Akt (Liu 

et al., 2024); second, ETS1 may indirectly affect the 

membrane recruitment or activation of PI3K (He et al., 

2023).  
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The overexpression of ETS1 in this study completely 

reverses the PI3K/Akt phosphorylation induced by the 

miR-326 mimic, suggesting that ETS1 plays a negative 

regulatory role upstream of the PI3K/Akt pathway. Based 

on this, the activation of the PI3K/Akt pathway further 
drives the imbalance of the inflammatory factor network. 

After Akt kinase activation, it can phosphorylate multiple 

downstream transcription factors, which directly regulate 

the transcription of cytokines such as IL-6, TNF-α, IL-10 

and IL-17 (Deng et al., 2024). The observed increase in 

pro-inflammatory factors and decrease in anti-
inflammatory factors in this study are consistent with the 

transcriptional profile observed after NF-κB activation. 

Ultimately, these molecular events converge on changes in 

cellular functional phenotypes: the enhanced PI3K/Akt 

signaling promotes cell cycle progression and survival, 

while the imbalance in inflammatory factors shapes a 
microenvironment conducive to tumor growth. It should be 

noted that LY294002 in this study can only partially 

reverse the proliferation enhancement and apoptosis 

inhibition induced by the miR-326 mimic, suggesting that, 

in addition to the PI3K/Akt pathway, the downregulation 
of ETS1 may also activate parallel signaling pathways 

involved in regulating the malignant phenotype of gastric 

cancer cells. 

Compared with previous studies, this research established 

for the first time the regulatory axis of miR-

326/ETS1/PI3K/Akt/inflammatory factors in gastric 

cancer. Previously, it was reported that miR-326 was 

expressed at an elevated level in gastric cancer cell lines 
and was associated with epithelial-mesenchymal 

transition, but its direct target genes were not clearly 

identified (Qin et al., 2022). This study found that ETS1 is 

a direct target of miR-326, and that ETS1 is expressed at 

lower levels in gastric cancer tissues and is negatively 

correlated with miR-326 expression. This finding is 
consistent with the reports that ETS1 acts as a tumor 

suppressor in various tumors (Xu et al., 2023, Han et al., 

2024). In colorectal and lung cancers, miR-326 targets 

TGFBR2 and PDK1, respectively, suggesting that its 

oncogenic function may be tissue-specific and that the 

downstream target gene spectrum varies depending on 
tumor type. It is noteworthy that in colorectal cancer 

studies, miR-326 affects TGF-β signaling through 

TGFBR2, whereas the PI3K/Akt pathway identified in this 

study differs from this, suggesting that miR-326 can act on 

distinct signaling networks in distinct tumor contexts.  

 
Fig. 6: miR-326 regulates inflammatory cytokine secretion through ETS1. 

(A-D) ELISA was performed to detect the concentrations of IL-6 (A), TNF-α; (B) IL-10; (C) and IL-17; (D) in the culture 
supernatants of SGC-7901 cells transfected with NC mimic, miR-326 mimic, anti-NC, or anti-miR-326. Cell culture 

supernatants were collected 48 hours post-transfection and centrifuged at 1,000 × g for 10 minutes at 4°C. Cytokine 

concentrations were measured using commercial ELISA kits according to the manufacturer's instructions. Standard curves 

were generated using eight standard concentrations with four-parameter logistic regression (R² > 0.99). Data are presented 

as mean ± SD, n = 3 independent experiments with 3 replicates per group. (***P < 0.001, **P < 0.01 vs. respective control 

groups, paired t-test.); (E-H) ELISA was performed to detect the concentrations of IL-6 (E), TNF-α (F), IL-10 (G), and 
IL-17 (H) in the culture supernatants of SGC-7901 cells co-transfected with miR-326 mimic and ETS1 overexpression 

plasmid (pcDNA3.1-ETS1). NC mimic + empty vector (pcDNA3.1-empty) served as the control group. Cell culture 

supernatants were collected 48 hours post-transfection and processed as described above. Data are presented as mean ± 

SD, n = 3 independent experiments with 3 replicates per group. (***P < 0.001, **P < 0.01 vs. NC mimic + empty group; 

##P < 0.01, #P < 0.05 vs. miR-326 mimic + empty group, paired t-test.) 
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Fig. 7: Inhibition of the PI3K/Akt pathway reverses miR-326-mediated pro-tumorigenic effects. 
(A) Western blot analysis of p-PI3K, p-AKT, and GAPDH in SGC-7901 cells transfected with miR-326 mimic and treated with DMSO 
(vehicle control) or LY294002 (20 µM, specific PI3K inhibitor) for 2 hours. GAPDH served as a loading control. Representative 
Western blot images are shown above, and the bar graph below shows the quantitative analysis of protein levels normalized to GAPDH. 

Data are presented as mean ± SD, n = 3 independent experiments. (***P < 0.001 vs. DMSO control group, paired t-test.); (B) CCK-8 
assay was performed to evaluate the proliferation of SGC-7901 cells transfected with NC mimic or miR-326 mimic and treated with 
DMSO or LY294002 (20μM) for 48 hours. Cell viability was measured at 72 hours post-transfection. OD450 values are presented as 
mean ± SD, n = 5 replicates per group, with three independent experiments. (***P < 0.001 vs. NC mimic + DMSO group; ##P < 0.01 

vs. miR-326 mimic + DMSO group; two-way ANOVA with Sidak's post-hoc test.); (C) Flow cytometric analysis of apoptosis in SGC-
7901 cells transfected with NC mimic or miR-326 mimic and treated with DMSO or LY294002 (20 µM) for 48 hours. Cells were 
stained with Annexin V-FITC and propidium iodide (PI). Representative flow cytometry scatter plots are shown on the left, and the bar 
graph on the right shows the quantitative analysis of total apoptosis rates (early apoptosis + late apoptosis). Data are presented as mean 

± SD, n = 3 independent experiments. (***P < 0.001 vs. NC mimic + DMSO group; ##P < 0.01 vs. miR-326 mimic + DMSO group, 
two-way ANOVA with Sidák's post-hoc test.); (D) Transwell migration assay was performed to evaluate the migratory capacity of 
SGC-7901 cells transfected with NC mimic or miR-326 mimic and treated with DMSO or LY294002 (20 µM) for 48 hours. Migrated 
cells were stained with crystal violet and counted under a light microscope at 200× magnification. Data are presented as mean V SD, 

n = 3 independent experiments with 3 replicates per group. (***P < 0.001 vs. NC mimic + DMSO group; ###P < 0.001 vs. miR-326 
mimic + DMSO group, two-way ANOVA with Sidák's post-hoc test.); (E) Transwell invasion assay was performed to evaluate the 
invasive capacity of SGC-7901 cells transfected with NC mimic or miR-326 mimic and treated with DMSO or LY294002 (20 µM) for 
48 hours. The upper chamber was pre-coated with Matrigel. Invaded cells were stained with crystal violet and counted under a light 

microscope at 200× magnification. Data are presented as mean ± SD, n = 3 independent experiments with 3 replicates per group. ()***P 
< 0.001 vs. NC mimic + DMSO group; ###P < 0.001 vs. miR-326 mimic + DMSO group, two-way ANOVA with Sidák's post-hoc 
test.); (F) ELISA was performed to detect the concentrations of IL-6, TNF-α, IL-10, and IL-17 in the culture supernatants of SGC-7901 
cells transfected with miR-326 mimic and treated with DMSO or LY294002 (20 µM) for 48 hours. Data are presented as mean ± SD, 

n = 3 independent experiments with 3 replicates per group. (**P < 0.01 vs. DMSO control group, paired t-test.) 
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Additionally, this study found that miR-326 regulates the 

secretion of inflammatory factors, while previous studies 
did not report similar findings. This may be because this 

study first measured cytokine levels in cell culture 

supernatants, thereby capturing the influence of the miR-

326/ETS1 axis on the secretion phenotype. 

 

This study found that miR-326 regulates the secretion of 
cytokines, including IL-6, TNF-α, IL-10, and IL-17, by 

gastric cancer cells. This finding is consistent with the 

reports in the literature regarding the regulation of 

inflammatory responses by the PI3K/Akt pathway (Feng et 

al., 2025). However, it is particularly important to note that 

all the experiments in this study were conducted only in 
gastric cancer cell lines and did not involve immune cells 

or immune co-culture systems. Therefore, the results of this 

study indicate only that the miR-326/ETS1 axis regulates 

cytokine secretion in gastric cancer epithelial cells, and 

cannot be directly inferred to Th17 cell differentiation or 

more extensive immune regulatory processes. Regarding 
the role of miR-326 in the tumor immune 

microenvironment, further verification is needed through 

experiments such as immune cell co-culture, animal 

models and clinical immunohistochemical analysis. 

 

CONCLUSION  
 

In conclusion, miR-326 is upregulated in gastric cancer, 

with significantly elevated expression levels in both gastric 
cancer tissues and plasma. It is also highly expressed in 

three gastric cancer cell lines: SGC-7901, MKN-45 and 

AGS. ETS1 is the direct target gene of miR-326. The dual-

luciferase reporter assay confirmed that miR-326 directly 

binds to the 3'UTR of ETS1 mRNA. Western blot and qRT-
PCR showed that miR-326 negatively regulates ETS1 

expression. miR-326 activates the PI3K/Akt pathway by 

targeting ETS1 and overexpression of miR-326 can 

upregulate the levels of p-PI3K and p-AKT, while co-

overexpression of ETS1 can completely reverse this effect. 

miR-326 promotes the malignant phenotype of gastric 
cancer cells, and its overexpression significantly enhances 

proliferation, migration, and invasion, and inhibits 

apoptosis. Co-overexpression of ETS1 or PI3K inhibitor 

LY294002 can partially reverse these effects. miR-326 

induces an imbalance in inflammatory factors and its 

overexpression promotes the secretion of pro-
inflammatory factors and inhibits the secretion of anti-

inflammatory factors. This effect can also be reversed by 

co-overexpression of ETS1 or LY294002 treatment. 

 

However, the sample size of this clinical study is small and 
an independent validation cohort is lacking. Therefore, the 

results of the clinical part should be regarded as 

preliminary observations and need to be verified in a larger 

independent cohort. In addition, all functional experiments 

were conducted only in vitro using cell lines and lacked 

validation in animal models in vivo, which cannot assess 

the overall effect of miR-326 on tumor growth, metastasis, 

and the tumor microenvironment. Although the causal 
relationship was established using the PI3K inhibitor 

LY294002, genetic validation of key molecules in the 

PI3K/Akt pathway was not performed using gene knockout 

or RNA interference. Moreover, the reversal effect of 

LY294002 was approximately 50%-60%, suggesting the 

involvement of parallel pathways, which were not explored 
in this study. This study first revealed the role of the miR-

326/ETS1/PI3K/Akt/inflammatory factor regulatory axis 

in the malignant phenotype of gastric cancer cells, 

providing a new molecular mechanism for understanding 

miR-326's function in gastric cancer. These findings 

suggest that miR-326 and ETS1 may be potential targets 
for the diagnosis or treatment of gastric cancer, but the 

application prospects of these targets need to be further 

verified through animal experiments, clinical cohort 

studies, and functional rescue experiments. 
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