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microRNA-365 inhibits YAP 
through TLR4-mediated IRF3 phosphorylation 
and thereby alleviates gastric precancerous 
lesions
Tianqi Zhang†, Kunpeng Zhang†, Kaiyue Ji, Cuiping Zhang, Yueping Jiang, Qi Zhang, Zibin Tian, Xinyu Wang, 
Mengyuan Zhang and Xiaoyu Li* 

Abstract 

Background: Gastric carcinoma (GC) is currently one of the most common malignant tumors of the digestive sys-
tem, and gastric precancerous lesions play a vital role in studying the mechanism of GC. Multiple microRNAs (miRNAs) 
have been documented to be potential biomarkers to indicate progression of gastric precancerous lesions. In this 
study, we explained the anti-cancer effect of miR-365 in gastric precancerous lesions via regulation of the TLR4/IRF3/
YAP/CDX2 axis.

Methods: miR-365, TLR4, CDX2 and IPF3 expression was determined in GC and atrophic gastritis tissues and cells. 
After transfection of shRNA and overexpression plasmids, in vitro experiments detected the alteration of cell viabil-
ity, apoptosis and inflammatory factors. Bioinformatics analysis, Co-IP and dual luciferase reporter gene assay were 
conducted to evaluate the binding between miR-365 and TLR4 as well as IRF3 and YAP. Rat models were established 
to explore the effect of the miR-365 and TLR4 on gastric precancerous lesions.

Results: miR-365 was poorly expressed in GC and atrophic gastritis tissues and GC cell lines, while TLR4, CDX2 and 
IRF3 were overexpressed. Of note, miR-365 was indicated to target TLR4 and thereby suppressed cancer progression 
and increased hemoglobin content. Interestingly, silencing of TLR4 was accompanied by decreased IRF3 phosphoryla-
tion and reduced expression with less binding between CDX2 and IRF3. Downregulation of YAP resulted in declined 
CDX2 expression in cancer cells. Moreover, the inhibitory role of miR-365 was further confirmed in animal models.

Conclusion: Taken together, miR-365-mediated TLR4 inhibition reduces IRF3 phosphorylation and YAP-mediated 
CDX2 transcription to impede progression of gastric precancerous lesions.
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Background
Gastric cancer (GC), the most common gastrointestinal 
malignant tumor, is primarily characterized by anorexia, 
dyspepsia, weight loss and abdominal pain [1]. H pylori 
infection and other various factors such environmen-
tal factors induce the pathogenesis of GC [2]. However, 
despite improvements in surgery and chemotherapy for 
GC, the 5-year overall survival rate is still unsatisfactory 
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[3]. GC is usually accompanied by gastric precancer-
ous lesions that are more prone to become cancerous in 
pathology. Accumulating evidence has demonstrated the 
role of microRNAs (miRNAs) in GC, such as miR-144 
[4], miR-532 [5], miR-494 [6], miR-449c-5p [3], miR-
129-3p [7]. In human GC tissues, miR-365 reduction 
correlates with poorly differentiated histology, deep inva-
sion and advanced stage [8]. In addition, miR-365 was 
predicted to target TLR4 and inhibit its expression by in 
silico analysis in the present study.

Meanwhile, existing data have demonstrated the 
involvement of TLR4 in GC where the expression of 
TLR4 is closely related to the TNM stage and lymph 
node metastasis of GC [9]. It has been reported in the 
literature that TLR4 promotes the occurrence of cancer 
by regulating the expression of the downstream protein 
interferon regulatory factor 3 (IRF3) [10, 11]. IRF3 is a 
well-defined signal transduction factor/transcription fac-
tor that is essential for the innate antiviral response. IRF3 
promotes the nuclear translocation and activation of 
YAP by interacting with YAP and TEAD4 in the nucleus, 
thereby promoting the occurrence of GC [12, 13]. Exist-
ing research indicates that Wnt3a may activate and reg-
ulate CDX2 expression through the WNT-YAP/TAZ 
signaling pathway, and thus play a key role in the main-
tenance of bovine TSC [14]. DNA methylation was partly 
responsible for CDX2 silencing in GC [15] and CDX2 
also reduced the migration and invasion of GC cells [16]. 
On the basis of the aforementioned information, we con-
ducted a cascade of in vitro and in vivo assays based on 
the miR-365/TLR4/IRF3/YAP/CDX2 axis to identify 
novel biomarkers involved in GC tumor progression in 
order to improve the prognosis and further understand 
the exact molecular mechanism of GC.

Methods
Ethics statement
The current study was performed with the approval of 
the ethics committee of the Affiliated Hospital of Qing-
dao University. All participants signed informed consent 
documentation prior to sample collection. The animal 
experimental processes were approved by the Ethnic 
Committee of the Affiliated Hospital of Qingdao Univer-
sity and conducted in strict accordance to the Guide for 
the Care and Use of Laboratory Animals published by the 
US National Institutes of Health.

Clinical sample collection
The study subjects consisted of 68 patients with GC hos-
pitalized at the Affiliated Hospital of Qingdao University 
from April 2016 to September 2018, and 45 patients with 
atrophic gastritis. Their age was 32–73 years, with a mean 
age of 45.6 years, including 38 males and 30 females. The 

GC tissue and adjacent normal tissues (more than 5 cm 
from the tumor edge) were collected, and the surgically 
resected specimens were immediately stored in liquid 
nitrogen. All specimens were confirmed by pathological 
examination, and patients received no radiotherapy or 
chemotherapy before surgery.

Tumor necrosis factor‑alpha (TNF‑α)‑induced immortalized 
normal gastric mucosal epithelial cell line in vitro
Human gastric mucosal epithelial cells (GES-1) (C0355, 
ATCC, USA) were cultured in a high-glucose DMEM 
containing 10% FBS at 37  °C under 5%  CO2 at constant 
temperature and humidity overnight. When cells reached 
80–90% confluence, 0.3 mL of TNF-α was added to the 
culture well to induce GES-1 into gastric EMT-trans-
formed model cells with a malignant transformation ten-
dency, and the control group was added with an equal 
amount of distilled water.

shRNA screening
TLR4 gene sequence was retrieved in GenBank database, 
and shRNAs of TLR4 that specifically knocks down TLR4 
gene fragments were designed (Table 1) and constructed 
into the pshRNA-Neo plasmid. The successfully con-
structed TLR4 gene silencing plasmid following enzyme 
digestion and sequencing was named sh-TLR4-1 and 
sh-TLR4-2. TLR4-shRNA vector and negative control 
vector were transfected into GSE-1 cells. RT-qPCR was 
employed to detect the content of TLR4 in cells to screen 
the most effective shRNA sequence.

Cell culture and grouping
Human normal gastric mucosal epithelial cell line RGM-1 
(GDC214350849-03, Guandao Biotech. Shanghai, China) 
and GC cell line MGC-803 (3111C0001CCC000227, Cell 
Resource Center, Institute of Basic Medical Research, 
Chinese Academy of Medical Sciences), MKN-45 
(3111C0001CCC000229, Cell Resource Center, Institute 
of Basic Medical Sciences, Chinese Academy of Medi-
cal Sciences), and HGC-27 (3111C0001CCC000279, 
Cell Resource Center, Institute of Basic Medical Sci-
ences, Chinese Academy of Medical Sciences) were cul-
tured in basic medium containing 8% DMSO and 20% 
FBS (12633012, Haoran Bio, Shanghai, China) in a 5% 
 CO2 incubator at 37  °C. The cells at logarithmic growth 

Table 1 shRNA and negative control sequences

Gene Sequence (5′-3′)

sh-TLR4-1 5′-CAC GGC ATC TTT ACT GGC TTA GTC A-3′

sh-TLR4-2 5′-CAT CTT CAC AGA GCT GAC TAA CTT A-3′

negative control 5′-TTC TCC GAA CGT GTC ACG TTT-3′
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phase were tested. The induced GES-1 cells were trans-
fected with plasmids of NC mimic, miR-365 mimic, NC 
inhibitor + sh-NC, miR-365 inhibitor + sh-NC, miR-
365 inhibitor + sh-TLR4, sh-NC, sh-TLR4, oe-NC, oe-
TLR4, sh-NC + oe-NC group, sh-TLR4 + oe-NC and 
sh-TLR4 + oe-CDX2. The above plasmids were pur-
chased from Dharmacon (Lafayette, CO, USA).

Animal model establishment
Wistar rats weighing 180–200 g were selected for estab-
lishing a rat model of GC related to chronic gastritis using 
helicobacter pylori suspension (50 μL,  approximately106 
CFU) and drinking water containing 100  mg/mL 
N-methylN-nitro-N-nitroso-guanidine (MNNG). GC 
model was established after fed for 4 to 6 months com-
bined with MNNG. The process from gastric precan-
cerous lesions to GC was simulated, during which the 
lesions in the stomach was observed and pathological 
intestinal metaplasia (atypical hyperplasia) and cancera-
tion were confirmed. The rats were then treated with 
NC agomir, miR-365 agomir, NC antagomir + sh-NC, 
miR-365 antagomir + sh-NC, miR-365 antago-
mir + sh-TLR4, sh-NC + oe-NC, sh-TLR4 + oe-NC and 
sh-TLR4 + oe-CDX2.

ELISA
The bottom of a kit (rat, ab208113, Abcam, USA; human 
NeoBioscience, EHC007.48, Shenzhen) was coated with 
specific IL-6 antibodies. The plasma and specific bioti-
nylated IL-6 antibody combined with the IL-6 in the 
sample were added to the kit and incubated at room 
temperature, after which unbound biotinylated antibody 
was washed away and streptavidin-peroxidase conjugate 
was added. After the reaction, unbound conjugates were 
washed away. The tetramethylbenzidine (TMB) con-
tained in color development solution can be catalyzed 
by streptavidin peroxidase to produce a blue conjugate, 
which turned yellow after the addition of acid stop solu-
tion. The density of the yellow conjugate was propor-
tional to the IL-6 content in the sample at the bottom of 
the kit. The optical density (OD) value of the yellow solu-
tion was measured by a microplate reader, and a stand-
ard curve was drawn to calculate the IL6 content in the 
sample.

IL-1 content measurement was the same as above using 
IL-1 kit (rat, ab9722, Abcam, USA; human Cayman, 
583311-96, Beijing, China).

Cell counting kit-8 (CCK-8) assay
The cells were seeded into a 96-well plate at a density 
of 2 × 103 cells/well. A blank control group containing 
only medium and no cells was set for zeroing. After 24 h 
transfection, CCK-8 solution (10 μL) was added to each 

well at 0, 24, 48, 72 and 96 h, and incubated for an addi-
tional 4 h at 37 °C. The absorbance at 450 nm was meas-
ured using a microplate reader (Bio-Rad, Hercules, CA, 
USA). The ratio of absorbance value in the experimental 
group to that in the control group was calculated and a 
cell viability curve was plotted.

Flow cytometry
On the second day after transfection, the cells of each 
group were detached with 0.25% trypsin which was ter-
minated with RPMI-1640 medium containing 10% fetal 
bovine serum. Following after, the cells were centrifuged 
at 1000 r/min for 5 min, with the supernatant discarded, 
fixed with 70% pre-chilled ethanol to a concentration of 
1 × 106 cells/mL, and then stained with 10 mL of Annexin 
V-FITC/PI (556547, Shanghai Shuojia Biotechnology Co., 
Ltd.) for 15–30 min in a refrigerator at 4 °C. Cell apopto-
sis was measured using flow cytometer (XL type, Conter 
Company, USA). Fluorescence was initiated by excitation 
at 488 nm (FITC) and 530 nm (FITC) and was measured 
at more than 575  nm (PI). The apoptosis rate was ana-
lyzed using flow cytometry software SYSTEM IIV 3.0 
and presented as the percentage of the number of apop-
totic cells in total number of cells.

Hematoxylin eosin (HE) staining
The rat gastric tissue was extracted, fixed, then embedded 
in paraffin conventionally, and cut into 4  µm sections. 
The sections were then dewaxed with xylene (xylene I for 
5 min and xylene II for 5 min), and rehydrated in ascend-
ing series of alcohol (100% alcohol for 2 min, 95% alcohol 
for 1 min, 80% alcohol for 1 min, 75% alcohol for 1 min), 
washed with distilled water for 2  min and stained with 
hematoxylin for 5  min and rinsed under tap water. The 
sections were hydrolyzed for 30 s with hydrochloric acid 
ethanol, soaked in tap water for 15  min or 50  °C water 
bath for 5 min, and then stained with eosin for 2 min, fol-
lowed by conventional dehydration, clearing, and mount-
ing. Finally, the results were analyzed under an inverted 
microscope (XSP-8CA, Shanghai Optical Instrument 
Factory, Shanghai, China).

Plasma analysis
Blood sample was collected from the abdominal aorta of 
rats, and 6 mL of blood sample was collected into an EP 
tube, which was added with heparin for anticoagulation. 
The sample was centrifuged for 15  min and the plasma 
viscosity was measured after 2 h using a R-80A automatic 
flushing blood viscosity tester (Beijing Shidi Scientific 
Instrument Co., Ltd., Beijing, China). Another 2  mL of 
blood was collected with a biochemical tube and anti-
coagulated with potassium EDTA. Next, the amount of 
hemoglobin was measured with a fully automatic blood 
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cell analyzer (Beijing Shidi Scientific Instrument Com-
pany, Beijing, China).

Gastric juice analysis
Gastric juice was diluted 50 times with 0.04  moL/L 
hydrochloric acid solution, after which 0.5 mL of diluted 
gastric juice was taken out and mixed with 2  mL of 
hemoglobin matrix solution at 37 °C and allowed to stand 
for 10  min. Afterwards, 5% trichloroacetamide (5  mL) 
was added, mixed and centrifuged, followed by addition 
of 5 mL of sodium carbonate solution. The absorbance at 
640  nm was measured with a 721-type spectrophotom-
eter (Shanghai Optical Instrument, Shanghai, China) to 
determine pepsin activity.

Nuclear-cytoplasmic fractionation assay
The cells were washed with Buffer A, then centrifuged 
at 500g for 5  min, lysed with BufferA + B (2: 1), mixed 
gently, and incubated for 5–10 min, followed by another 
centrifugation at 12,000g for 10 min (supernatant: cyto-
plasm; pellet: nucleus and cell membranes). The cells 
were washed twice with PBS, centrifuged at 12,000g for 
10  min. Afterwards, Buffer C was employed to lyse cell 
membrane (the cells were quickly frozen in liquid nitro-
gen and thawed on ice for 10 min) which was centrifuged 
at 12,000g for 10  min (supernatant: cell nucleus; pellet: 
cell membrane) and washed with PBS. Additionally, the 
cells were treated with PRPA buffer on ice for 30  min, 
and centrifuged at 12,000g for 10 min (supernatant: cell 
membrane). Subsequently, Western blot analysis was 
employed to detect the the extent of IRF3 phosphoryla-
tion with Histone H3 employed as the internal protein 
reference for nuclear protein and GAPDH as the internal 
reference for cytoplasmic protein.

Dual-luciferase reporter assay
Bioinformatics was employed to analyze the binding rela-
tionship between miR-365 and TLR4, which was veri-
fied through dual-luciferase reporter assay. The binding 
sites between miR-365 and TLR4 were mutated, and 
TLR4 mutant plasmid was constructed for dual-lucif-
erase reporter experiments. The artificially synthesized 
TLR4-3′UTR gene fragment was introduced into pMIR-
reporter (Beijing Huayueyang Biotechnology Co., Ltd., 
Beijing, China) using the endonuclease sites SpeI and 
Hind III, and a complementary sequence mutation site of 
the seed sequence was designed on the TLR4 wild type 
(WT). After restriction endonuclease, T4DNA ligase was 
employed to insert the target fragment into the pMIR-
reporter plasmid. The correctly sequenced luciferase 
reporter plasmids TLR4 WT and TLR4 MUT were co-
transfected with miR-365 into HEK-293T cells (Shang-
hai Institutes for Biological Sciences, Chinese Academy 

of Sciences, Shanghai, China). 48  h after transfection, 
cells were collected and lysed. The luciferase activity was 
detected with the luciferase detection kit (K801-200, Bio-
vision Technologies, USA) and a Glomax20/20 luminom-
eter fluorescence detector (Promega Corporation, USA). 
Three values of each sample were recorded: RLU1, firefly 
luciferase activity; RLU2, renilla luciferase activity, and 
RLU1/RLU2, the ratio of firefly and renilla activity.

Co-IP assay
Cells were lysed with RIPA lysis buffer and added with 
1% cocktail (1: 100, sigma). After sonication, cells were 
lysed on ice at 4 °C, and then cell debris was removed by 
centrifugation. The cell lysate was incubated with 1  μg 
of antibody to IRF3 (1: 1000, ab68481, Abcam, UK), IgG 
(1: 2000, ab6721, Abcam UK), and 15 μL of protein A/G 
beads (Santa Cruz Biotechnology) for 2  h. After exten-
sive washing, the beads were boiled at 100 °C for 5 min. 
Proteins were separated by sodium dodecyl sulfate-pol-
yacrylamide gel electrophoresis (SDS-PAGE), transferred 
to a nitrocellulose membrane (Millipore, Temecula, CA, 
USA), and then immunoblotted.

Immunohistochemistry
Tissue sections were heated in a 60 °C incubator for 1 h, 
dewaxed with xylene conventionally, hydrated with gra-
dient ethanol, and incubated with 0.5% Triton in PBS 
at room temperature for 20  min. After antigen retrival 
under high pressure for 2 min, the sections were heated 
in 0.01 M citrate buffer (pH 6.0) at 95 °C for 20 min, and 
immersed in 3%  H2O2 for 15  min to block exogenous 
peroxidase activity. Then the sections were blocked 
with 3% BSA blocking solution and incubated with the 
diluted primary antibodies: rabbit anti-mouse TLR4 (1: 
500, ab13556, Abcam, UK) or rabbit anti-mouse CDX2 
(1: 10,000, ab76541, Abcam, UK) at 37  °C for 2  h, fol-
lowed by washing with PBS. Afterwards, the sections 
were then added with HRP-labeled goat anti-rabbit IgG 
secondary antibody working solution (ab6721, 1: 1000, 
Abcam, Cambridge, UK) for incubation in a humidified 
box at 37 °C for 30 min. After incubation, tissue sections 
were counterstained with hematoxylin (Shanghai Fush-
eng Industrial Co., Ltd., Shanghai, China) at room tem-
perature for 4 min, and the excess stain was rinsed under 
running water. Finally, 10% glycerol/PBS was employed 
to mount the slides, and the results were observed under 
a microscope. The immunohistochemical results were 
independently analzyed by two people using double-
blinded fashion.

RT-qPCR
Total RNA was extracted using Trizol (15596026, Inv-
itrogen, Car, USA), and then reverse transcribed into 
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complementary DNA (cDNA) using a reverse transcrip-
tion kit (RR047A, Takara, Japan). miRNA expression 
was detected according to the instructions of TaqMan® 
MicroRNA Assays (Applied Biosystems, Foster City, CA, 
USA). Reverse transcription of 10  ng Sample RNA was 
performed using the purposeful stem-loop primers and 
TaqMan® MicroRNA Reverse Transcription Kit. Using 
cDNA as a template, TaqMan MicroRNA Assay and 
TaqMan® Universal PCR Master Mix were employed for 
RT-qPCR. The reaction sysytem was as follow: 95 °C for 
2 min, followed by 45 cycles at 95 °C for 15 s, and 60 °C 
for 45 s. U6 was employed as an internal reference to nor-
malize the results. The fold changes were calculated using 
relative quantification (the 2−ΔΔCt method) (Table 2).

Western blot assay
The total protein was extracted from tissues and cells, 
and the protein concentration was measured using a 
BCA kit (Thermo Fisher Scientific, USA). A total of 30 μg 
of total protein was subjected to polyacrylamide gel elec-
trophoresis and transferred onto a PVDF membrane 
(Amersham, USA). The membrane was blocked with 
5% skim milk powder at room temperature for 1  h and 
incubated at 4 °C overnight with rabbit antibodies against 
TLR4 (2 ug/mL, ab13556, Abcam, UK), IRF3 (1 ug/mL, 
ab68481, Abcam, UK), phosphorylation of IRF3 (1  mg/
mL, ab76493, Abcam, UK), YAP (10  mg/mL, ab76252, 
Abcam, UK), CDX2 (10  mg/mL, ab76541, Abcam, UK), 
E-cadherin (10  mg/mL, ab40772, Abcam, UK), N-cad-
herin (1  mg/mL, ab18203, Abcam, UK), Bax (1: 1000, 
ab32503, Abcam, UK) and Bcl-2 (1: 1000, ab32124, 
Abcam, UK). The membrane was washed 3 times with 
PBST (PBS buffer containing 0.1% Tween-20), 10  min 
each times. Subsequently, horseradish peroxidase-labeled 
secondary goat anti-rabbit IgG (10  mg/mL, ab6721, 
Abcam, UK) was added to the membrane for incubation 
at room temperature for 1 h. The membrane was washed 
3 times with PBST buffer for 10  min each. After scan-
ning and development with an optical luminometer (GE 
Healthcare, USA), the protein band intensities were per-
formed using Image Pro Plus 6.0 software (Media Cyber-
netics, USA), followed by analysis of the relative protein 
expression.

Statistical analysis
SPSS 21.0 statistical software (IBM Corp. Armonk, NY, 
USA) was employed to analyze all experimental data. 
Measurement data were expressed as mean ± standard 
deviation. Comparison between two groups was per-
formed using unpaired t test and that among multiple 
groups was performed using one-way analysis of variance 
(ANOVA). Data comparison among multiple groups 
at different time points was performed by two-way 
ANOVA. p < 0.05 indicated the difference was statistically 
significant.

Results
MiR-365 is poorly expressed in gastric precancerous 
lesions
In previous evidence, miR-365 has been demonstrated 
to be poorly expressed in GC [8]. The starBase database 
further determined that miR-365 was downregulated 
in GC (Fig.  1a), but miR-365 has rarely been studied in 
gastric precancerous lesions. Results from RT-qPCR 
demonstrated miR-365 mRNA expression was lower in 
GC and adjacent normal tissues of 68 GC patients and 
45 atrophic gastritis patients (Fig.  1b) (p < 0.05). At the 
same time, RT-qPCR detected that (Fig.  1c) compared 
with normal human gastric mucosal epithelial cells, miR-
365 expression was also diminished in induced GES-1 
cells and GC cell lines MGC-803, MKN-45, and HGC-27 
(p < 0.05). HE staining (Fig.  1d) showed that the cells in 
GC rats had irregular cell shape and elevated lympho-
cyte infiltration, indicating that the model was success-
fully constructed. Moreover, RT-qPCR (Fig. 1e) identified 
low miR-365 expression in modeled rats relative to nor-
mal rats (p < 0.05). These results indicated low miR-365 
expression in gastric precancerous lesions.

Overexpression of miR-365 inhibits gastric precancerous 
lesions
We further explored the effects of miR-365 on cell 
proliferation, apoptosis, and EMT in TNF-α-induced 
GES-1 cell lines. The expression of miR-365 detected 
by RT-qPCR presented with an elevated trend in GES-1 
cell lines overexpressing miR-365 (Fig.  2a), indicat-
ing the success of transfection. In addition, as dem-
onstrated in Fig.  2b, c, cell viability was inhibited and 
the apoptosis was significantly elevated after overex-
pression of miR-365 (p < 0.05). ELISA results (Fig.  2d) 
showed that the expression of inflammatory factors 
IL-1 and IL-6 was significantly reduced after miR-365 
overexpression (p < 0.05). Further, we tested the expres-
sion of EMT-related proteins E-cadherin, N-cadherin, 
and apoptosis-related proteins Bax and Bcl-2, and 
the results depicted (Fig.  2e): E-cadhein and Bcl-2 

Table 2 Primer sequences for RT-qPCR

Primer Sequence (5′-3′)

miR-365 (human) Forward: 5′-GCT GTC AAC GAT ACG CTA CGT-3′

miR-365 (rat) Forward: 5′-GCA GTA ATG CCC CTA AAA ATCC-3′

U6 (human) Forward: 5′-GCT TCG GCA GCA CAT ATA CTA AAA T-3′

U6 (rat) Forward: 5′-GCT TCG GCA GCA CAT ATA CTA AAA T-3′

Reverse: 5′-CGC TTC ACG AAT TTG CGT GTCAT-3′
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expression were reduced but N-cadherin and Bax 
expression were elevated by miR-365 overexpression 
(p < 0.05). The results indicate that overexpression of 
miR-365 can reverse the epithelialization of GES-1 cells 
induced by TNF-α.

The effect of overexpression of miR-365 on gas-
tric precancerous lesions was further verified in a rat 
model. HE staining (Fig.  3a) showed that the over-
expression of miR-365 resulted in a more regular cell 
shape and reduced lymphocyte infiltration. At the same 
time, analysis on the plasma viscosity, hemoglobin 
content (Fig.  3b), and pepsin activity in gastric juice 
(Fig.  3c) showed that blood viscosity was decreased, 
while hemoglobin and pepsin activity were elevated 

upon miR-365 overexpression (p < 0.05). It was sug-
gested that overexpression of miR-365 inhibited gastric 
precancerous lesions.

miR-365 inhibits gastric precancerous lesions by inhibiting 
TLR4 expression
The aforementioned findings suggested that miR-365 
could regulate gastric precancerous lesions, and we 
then explored the downstream mechanisms of miR-
365. The databases of mirDIP, RAID, DIANA TOOLS, 
microRNA, and TargetScan were employed to pre-
dict the downstream genes of miR-365, and 647, 1956, 
2694, 1022, and 918 genes were obtained respectively. 
In addition, 2502 significantly differentially expressed 

ed

b ca

Fig. 1 miR-365 is poorly expressed in gastric precancerous lesions. a The box diagram of miR-365 expression analyzed by the starBase 
database (https ://starb ase.sysu.edu.cn/). The red box on the left indicates miR-365 expression in GC samples, and the purple box on the right 
indicates miR-365 expression in normal samples. b Expression of miR-365 in GC and adjacent normal tissues of 68 GC patients and 45 atrophic 
gastritis patients detected by RT-qPCR; c Expression of miR-365 in RGM-1, GES-1, MGC-803, MKN-45, HGC-27 cell lines detected by RT-qPCR; 
d Representative images of HE staining of gastric tissue in modeled rats and control rats (magnification, ×200); e Expression of miR-365 in 
gastric tissues of normal and GC rats determined by RT-qPCR (N = 6). *, p < 0.05, vs. adjacent normal tissues or control rats; Measurement data 
(mean ± standard deviation) between two groups were compared by unpaired t test, and those among multiple groups were compared by 
one-way ANOVA. Cell experiments were repeated three times

https://starbase.sysu.edu.cn/
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Fig. 3 Upregulated miR-365 retards gastric precancerous lesions. a HE staining of gastric tissues in rats upon treatment with miR-365 agomir or 
NC agomir (×200); b Plasma analysis of rat plasma viscosity and hemoglobin content in rats upon treatment with miR-365 agomir or NC agomir 
(n = 6); c Gastric juice analysis of pepsin activity in rats upon treatment with miR-365 agomir or NC agomir (n = 6); * p < 0.05, vs. NC agomir group. 
Measurement data (mean ± standard deviation) between two groups were compared with unpaired t test, while data between multiple groups 
were compared with one-way ANOVA; data comparison between groups at different time points was compared with two-way ANOVA. Cell 
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genes were obtained following analysis of the data-
set GSE49051 (Fig. 4a). The Venn diagram revealed 41 
differentially expressed downstream genes of miR-365 
(Fig.  4b). A PPI network of these 41 genes was plot-
ted and Cytoscape showed that TLR4 had the most 

core degree (Fig.  4c, Table 3). Online prediction using 
the TargetScan website illustrated that miR-365 could 
target TLR4 in human and mice (Fig.  4d). TLR4 has 
been found to be highly expressed in GC and can be 
employed as a biomarker for GC [9, 17]. StarBase 
analysis confirmed that TLR4 was highly expressed 
in GC and the expression of miR-365 and TLR4 was 
significantly negatively correlated (Fig.  4e, f ). Dual-
luciferase gene assay confirmed that miR-365 targeted 
TLR4 (Fig.  4g): miR-365 mimic had no significant 
effect on the luciferase activity of the MUT-TLR4-3′-
UTR (p > 0.05), but reduced the luciferase activity of 
WT-TLR4-3′-UTR (p < 0.05), indicating that miR-365 
could target TLR4. Moreover, TLR4 protein expres-
sion was significantly reduced in cells transfected with 
miR-365 mimic (Additional file  1: Figure S1A). West-
ern blot analysis (Fig. 4h) showed that TLR4 was highly 
expressed in GC tissue and atrophic gastritis gastric 
tissue compared with adjacent cancer tissues (p < 0.05). 
Furthermore, a rat model was constructed and TLR4 
expression in the model was detected by Western blot. 
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Fig. 4 miR-365 reverses the TNF-α-induced epithelialization of GES-1 cells by inhibiting TLR4. a Volcano map of differentially expressed genes from 
the GSE49051 dataset. Red dots indicate significantly up-regulated genes, and green dots indicate significantly down-regulated genes. b Venn 
diagram of the predicted downstream genes of miR-365 by mirDIP (Minimum Score: Very High; https ://ophid .utoro nto.ca/mirDI P/), RAID (https 
://www.rna-socie ty.org/raid2 ), DIANA TOOLS (miTG score > 0.5; https ://diana .imis.athen a-innov ation .gr/Diana Tools ), microRNA (energy < − 10, 
mirsvr_score < − 0.2; https ://www.micro rna. org/microrna/home.do), and TargetScan (Cumulative weighted context +  + score < − 0.15; https ://
www.targe tscan .org/vert_71/) databases and significantly differentially expressed genes from the GSE49051 dataset (with ∣logFC∣ > 2, p < 0.01 as 
differential analysis threshold). c PPI network of 41 intersected genes constructed by String (https ://strin g-db.org). Cytoscape (https ://cytos cape.
org) was then employed to beautify the PPI network and calculate the core degree of genes. The higher the core of the gene, the reder the circle is, 
and the lower the core is. The lower the core of the gene, the color is bluer; d Binding sites between miR-365 and TLR4 in human (top) and mouse 
(bottom) predicted by the TargetScan; e A box plot of TLR4 expression analyzed by starBase, the red box on the left represents the expression in 
GC samples, and the purple box on the right indicates the expression in normal samples; f The correlation diagram of miR-365 and TLR4 expression 
obtained following starBase analysis, r < 0 indicates negative correlation, p-value < 0.05 indicates that the relationship is clearly acceptable; g The 
binding of miR-365 to TLR4 confirmed by dual-luciferase reporter assay, * p < 0.05, vs. cells transfected with NC mimic. h Western blot analysis of 
TLR4 protein in clinical GC tissues and adjacent normal tissues of 68 GC patients and 45 atrophic gastritis patients, * p < 0.05, vs. adjacent normal 
tissues; i Western blot analysis of TLR4 protein expression in gastric tissues of GC mice and control mice, *p < 0.05, vs. control rats; Measurement data 
(mean ± standard deviation) between two groups were compared with unpaired t test while data between multiple groups were compared with 
one-way ANOVA; data comparison between groups at different time points was compared with two-way ANOVA. Cell experiments were repeated 
three times

Table 3 Top 10 core genes in PPI network input genes

Rank Gene Degree

1 TLR4 13

2 LCP2 11

2 TNFSF10 11

4 KCNQ1 10

4 IRF8 10

6 ETS1 9

7 ITPR1 8

7 IGF2 8

7 MAFB 8

10 ANK3 7

https://ophid.utoronto.ca/mirDIP/
https://www.rna-society.org/raid2
https://www.rna-society.org/raid2
https://diana.imis.athena-innovation.gr/DianaTools
https://www.microrna
https://www.targetscan.org/vert_71/
https://www.targetscan.org/vert_71/
https://string-db.org
https://cytoscape.org
https://cytoscape.org
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As depicted in Fig. 4i, TLR4 was highly expressed in the 
rat model (p < 0.05). These results indicated that miR-
365 targeted TLR4.

Then we investigated the effect of miR-365 on the bio-
logical characteristics of gastric precancerous lesions 
by regulating TLR4. We designed two sh-RNAs and 
detected the TLR4 expression by Western blot (Addi-
tional file 1: Figure S1B). The results showed that TLR4 
expression was reduced upon sh-TLR4-1 and sh-TLR4-2 
transfection, with the overexpression of TLR4-2 showing 
the lower TLR4 expression, so sh-TLR4-2 was selected 
for subsequent experiments. RT-qPCR and Western blot 
analysis (Fig. 5a) revealed that expression of miR-365 was 
diminished and the expression of TLR4 was elevated in 
cells transfected with 365 inhibitor + sh-NC (p < 0.05). 

Compared with the cells transfected with miR-365 inhib-
itor + sh-NC, the expression of miR-365 in cells trans-
fected with miR-365 inhibitor + sh-TLR4 did not change 
significantly (p > 0.05), while TLR4 expression was dimin-
ished (p < 0.05). CCK-8 assay and flow cytometry (Fig. 5b, 
c) identified that the cell viability upon transfection with 
miR-365 inhibitor + sh-NC was significantly increased, 
and apoptosis was significantly reduced (p < 0.05). By 
contrast, cell viability upon transfection with miR-365 
inhibitor + sh-TLR4 was significantly reduced, and apop-
tosis was significantly elevated (p < 0.05). Subsequently, 
ELISA (Fig. 5d) and Western blot analysis results (Fig. 5e) 
displayed that miR-365 inhibitor resulted in an elevated 
expression of IL-1, IL-6, E-cadherin and Bcl-2 yet dimin-
ished expression of N-cadherin and Bax (p < 0.05) while 

TLR4

GAPDH

GAPDH

0.0

0.5

1.0

1.5

R
el

at
iv

e
ex

pr
es

si
on

of
m

iR
-3

65

*

0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e
ex

pr
es

si
on

of
TL

R
4

pr
ot

ei
n

*

#

0 h 24 h 48 h 72 h 96 h
0.0

0.5

1.0

1.5

2.0

O
D

(4
50

nm
)

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

*

*
*

#
#

#

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

NC in
hib

ito
r +

 sh
-N

C

miR-36
5 i

nh
ibi

tor
 + 

sh
-N

C

miR-36
5 i

nh
ibi

tor
 + 

sh
-TLR

4

NC inhibitor + sh-NC

miR-365 inhibitor + sh-NC

miR-365 inhibitor + sh-TLR4

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

NC inhibitor + sh-NC miR-365 inhibitor + sh-NC miR-365 inhibitor + sh-TLR4

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

0

2

4

6

8

10

Ap
op

to
si

s
ra

te
(%

)

*

#

0

10

20

30

40

IL
-1

(n
g/

L)

*

#

0

10

20

30

IL
-6

(n
g/

L)

*

#

E-cadhein N-cadherin Bcl-2 Bax TLR 4 IRF3 p- IRF3

E-cadhein

N-cadherin

Bcl-2

Bax

TLR4

IRF3

p-IRF3

0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e
pr

ot
ei

n
ex

pr
es

si
on

NC inhibitor + sh-NC
miR-365 inhibitor + sh-NC
miR-365 inhibitor + sh-TLR4

*

#

*

#

*

#

*

#
*

#
#

*

0

1

2

3

4

vi
sc

os
ity

(m
Pa

s) *

#

0.0

0.5

1.0

1.5

2.0

he
m

og
lo

bi
n

(g
/L

)

*

#

0.0

0.5

1.0

1.5

2.0

pe
ps

in
 (μ

m
/m

L 
m

in
)

*

#

h

d

e f

g

cba

50 μm 50 μm 50 μm

Fig. 5 miR-365 prevents gastric precancerous lesions by inhibiting TLR4. a RT-qPCR analysis of miR-365 expression in GES-1 cells after transfection 
with miR-365 inhibitor, NC inhibitor and sh-NC. *p < 0.05, vs. cells transfected with NC inhibitor + sh-NC, # p < 0.05, vs. cells transfected with miR-365 
inhibitor + sh-NC; b Western blot analysis of TLR4 protein in GES-1 cells after co-transfection with miR-365 inhibitor, NC inhibitor and sh-NC, * 
p < 0.05, vs. cells transfected with NC inhibitor + sh-NC, #p < 0.05, vs. cells transfected with miR-365 inhibitor + sh-NC, p < 0.05; c CCK-8 assay of cell 
viability in GES-1 cells after co-transfection with miR-365 inhibitor, NC inhibitor and sh-NC. p < 0.05, vs. cells transfected with NC inhibitor + sh-NC, 
#p < 0.05, vs. cells transfected with miR-365 inhibitor + sh-NC; d Cell apoptosis detected by flow cytometry in GES-1 cells after co-transfection with 
miR-365 inhibitor, NC inhibitor and sh-NC. *p < 0.05, vs. cells transfected with NC inhibitor + sh-NC, # p < 0.05, vs. cells transfected with miR-365 
inhibitor + sh-NC; e IL-1 and IL-6 levels in cells in each group detected by ELISA, *p < 0.05, vs. cells transfected with NC inhibitor + sh-NC, # p < 0.05, 
vs. cells transfected with miR-365 inhibitor + sh-NC; f Western blot analysis of E-cadherin, N-cadherin, Bcl-2, Bax, TLR4, IRF3 and p-IRF3 proteins 
in rats after co-transfection with miR-365 antagomir, NC antagomir and sh-NC. *p < 0.05, vs. cells transfected with NC inhibitor + sh- NC, #p < 0.05, 
vs. cells transfected with miR-365 inhibitor + sh-NC; g HE staining of gastric tissue lesions (×200); h Plasma analysis of rat plasma viscosity and 
hemoglobin content in rats after co-transfection with miR-365 antagomir, NC antagomir and sh-NC (n = 6). *p < 0.05, vs. cells transfected with NC 
inhibitor + sh-NC, #p < 0.05, vs. cells transfected with miR-365 inhibitor + sh-NC; i Gastric juice analysis of pepsin activity in gastric juice of rats after 
co-transfection with miR-365 antagomir, NC antagomir and sh-NC. (n = 6), *p < 0.05, vs. cells transfected with NC inhibitor + sh-NC, #p < 0.05, vs. cells 
transfected with miR-365 inhibitor + sh-NC. Measurement data (mean ± standard deviation) between two groups were compared with unpaired 
t test while data between multiple groups were compared with one-way ANOVA; data comparison between groups at different time points was 
compared with two-way ANOVA. Cell experiments were repeated three times
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dual treatment with miR-365 inhibitor and sh-TLR4 
presented opposite trends (p < 0.05). These results dem-
onstrated that co-transfection of miR-365 inhibitor and 
sh-TLR4 could reverse the epithelialization of GES-1 
cells induced by TNF-α.

The effects of miR-365 and TLR4 on gastric precancer-
ous lesions were further verified in a rat model. RT-qPCR 
and Western blot analysis (Additional file 1: Figure S1C, 
D) showed that miR-365 antagomir reduced miR-365 
expression and elevated TLR4 expression in a rat model. 
There was no significant change in miR-365 expression 
(p > 0.05), while TLR4 positive expression was dimin-
ished in response to rats with miR-365 antagomir + sh-
TLR4 treatment (p < 0.05). HE staining (Fig.  5f ) showed 
that rats treated with miR-365 antagomir treatment had 
irregular cell shape and elevated lymphocyte infiltra-
tion. However, miR-365 antagomir + sh-TLR4 treatment 
led to a more regular cell shape and reduced lymphocyte 
infiltration. Analysis of plasma viscosity and hemoglobin 
content (Fig. 5g), gastric juice analysis of pepsin activity 
in gastric juice (Fig. 5h) showed that the blood viscosity 

was increased, while hemoglobin content and pepsin 
activity were reduced following miR-365 inhibitor treat-
ment (p < 0.05), which was reversed by miR-365 inhibi-
tor + sh-TLR4 treatment (p < 0.05). The above-mentioned 
results supported that miR-365 impeded progression of 
gastric precancerous lesions by inhibiting TLR4.

MiR-365/TLR4 binds to YAP in the nucleus and activates 
CDX2 by promoting IRF3 phosphorylation
The starBase database analysis found negative correla-
tion between TLR4 and IRF3, IRF3 and YAP1 (Fig. 6a, b). 
Western blot analysis showed that TLR4 and phosphoryl-
ation of IRF3 was reduced after TLR4 silencing (p < 0.05), 
and IRF3 expression showed no significantly changes 
(p > 0.05). However, TLR4 and phosphorylation of IRF3 
were elevated after overexpression of TLR4 (p < 0.05), and 
IRF3 expression showed no changes (p > 0.05) (Fig.  6c). 
In addition, Western blot detected (Additional file 2: Fig-
ure S2A) that the phosphorylation of IRF3 in gastric tis-
sue of atrophic gastritis was elevated (p < 0.05), and the 
expression of IRF3 did not change significantly (p > 0.05). 

a b c d e

f g
h

i j k

Fig. 6 TLR4 binds to YAP in the nucleus by promoting IRF3 phosphorylation, which in turn activates CDX2. a Correlation diagram of TLR4 and IRF3 
expression (r = − 0.144, p = 0.00516); b Correlation diagram of IRF3 and YAP (YAP1) expression (r = − 0.138, p = 0.00742); c Western blot analysis 
of TLR4 and phosphorylation of IRF3 in TNF-α-induced GES-1 cells transfected with sh-or oe-TLR4; d Western blot analysis of phosphorylation of 
IRF3 in TNF-α-induced GES-1 cells transfected with sh- or oe-TLR4; e Western blot analysis of phosphorylation of IRF3 in TNF-α-induced GES-1 cells 
transfected with sh- or oe-TLR4; f IRF3 binding to YAP in the nucleus of TNF-α-induced GES-1 cells detected by Co-IP assay; g IRF3 binding to YAP in 
cells transfected with sh- or oe-TLR4; h Quantitative analysis of CDX2 expression in starBase database, red box on the left indicates the expression in 
GC samples, purple box indicates the expression in normal samples; i MEM analysis (https ://biit.cs.ut.ee/mem/index .cgi) of the relationship between 
YAP (YAP1) and CDX2 (p < 0.05); j Detection of YAP and CDX2 expression in TNF-α-induced GES-1 cells after YAP silencing; k Western blot analysis 
of CDX2 protein in TNF-α-induced GES-1 cells after over-expression of TLR4 or silencing of TLR4; *p < 0.05, vs. cells transfected with oe-NC or sh-NC. 
Measurement data (mean ± standard deviation) between two groups were compared with unpaired t test while data between multiple groups 
were compared with one-way ANOVA. Cell experiments were repeated three times

https://biit.cs.ut.ee/mem/index.cgi
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Moreover, Additional file 2: Figure S2B showed that the 
expression of phosphorylation of IRF3 was elevated in 
the lung tissues in rat GC models (p < 0.05) with no sig-
nificant changes in IRF3 expression (p > 0.05). Therefore, 
miR-365 might regulate the phosphorylation of IRF3 pro-
tein by targeting TLR4.

We next further verified the downstream regulatory 
mechanism of TLR4 in IRF3. As demonstrated in Fig. 6d, 
e, IRF3 phosphorylated into nucleus. After silencing 
TLR4, phosphorylation of IRF3 was reduced, and IRF3 
expression was reduced in the nucleus (Fig.  6d). After 
overexpression of TLR4, the phosphorylation of IRF3 
was increased, and the expression of IRF3 in the nucleus 
was elevated (Fig. 6e) (p < 0.05). Co-IP assay revealed that 
IRF3 in the nucleus was able to bind to YAP (Fig. 6f ), and 
binding of IRF3 to YAP was diminished in the nucleus 
after TLR4 was silenced, which was abrogated by overex-
pression of TLR4 (Fig. 6g) (p < 0.05).

StarBase analysis found that CDX2 was highly 
expressed in GC, and MEM analysis confirmed a sig-
nificant co-expression relationship between YAP (YAP1) 
and CDX2 (Fig. 6h, i). RT-qPCR found (Additional file 2: 
Figure S2C) that compared with adjacent cancer tissues, 
CDX2 was highly expressed in GC tissues and atrophic 
gastritis gastric tissues (p < 0.05). Moreover, CDX2 was 
found to be upregulated in the rat GC models (p < 0.05) 
(Additional file  2: Figure S2D). Western blot analysis 
(Fig. 6j) suggested that both YAP and CDX2 were down-
regulated in GES-1 cells upon YAP silencing (p < 0.05). 
Furthermore, CDX2 expression was elevated after over-
expression of TLR4 and CDX2 expression while it was 
diminished after TLR4 silencing (p < 0.05) (Fig.  6k). The 
results indicated that overexpression of TLR4 promoted 
IRF3 phosphorylation and bound to YAP, in the nucleus 
thereby activating CDX2. However, silencing of TLR4 
inhibited IRF3 phosphorylation and the binding to YAP 
in the nucleus was repressed, thereby reducing CDX2 
expression.

TLR4 inhibits YAP-mediated CDX2 transcription 
by inhibiting IRF3 phosphorylation and participates 
in gastric precancerous lesions
In the foregoing, we confirmed that TLR4 bound to YAP 
in the nucleus by promoting IRF3 phosphorylation, and 
then activated CDX2. Thereafter, we further explored the 
effect of TLR4 on the biological characteristics of gas-
tric precancerous lesions through CDX2. Western blot 
analysis (Fig. 7a) clarified that expression of TLR4, phos-
phorylation of IRF3 and CDX2 were reduced in sh-TLR4-
transfected cells (p < 0.05), and IRF3 expression was not 
significantly changed (p > 0.05). Co-transfection with sh-
TLR4 and oe-CDX2 led to no changes in expression of 
TLR4, IRF3 and phosphorylation of IRF3 (p > 0.05), and 

CDX2 expression was elevated (p < 0.05). Cell viability 
and apoptosis were detected by CCK-8 assay and flow 
cytometry (Fig. 7b, c), and the results demonstrated that 
the cell viability upon sh-TLR4 + oe-NC transfection was 
significantly reduced, and apoptosis was significantly ele-
vated (p < 0.05) while sh-TLR4 + oe-CDX2 transfection 
showed a reverse trend (p < 0.05). Subsequently, ELISA 
(Fig.  7d) and Western blot analysis results (Fig.  7e) dis-
played that the expression of IL-1, IL-6, E-cadherin and 
Bcl-2 in the sh-TLR4 + oe-NC-transfected cells was sig-
nificantly reduced, but the expression of N-cadherin and 
Bax was elevated (p < 0.05) while sh-TLR4 + oe-CDX2-
transfected cells showed opposite trends (p < 0.05).

The effect of co-transfection of sh-TLR4 and oe-CDX2 
on gastric precancerous lesions was further verified 
in a rat model. The expression of TLR4 and CDX2 was 
detected by Western blot (Fig. 7f ). The results indicated 
that the expression of TLR4 and CDX2 was reduced 
in sh-TLR4 + oe-NC-treated rats (p < 0.05) while the 
expression of TLR4 in sh-TLR4 + oe-CDX2 was not sig-
nificantly changed (p > 0.05), and CDX2 expression was 
elevated (p < 0.05). HE staining (Fig.  7g) presented that 
the cell shape of sh-TLR4 + oe-NC-treated rats was reg-
ular, and lymphocyte infiltration was reduced while the 
sh-NC + oe-NC-treated rats had irregular cell shape and 
elevated lymphocyte infiltration. Analysis of plasma vis-
cosity and hemoglobin content (Fig. 7h) and gastric juice 
analysis of pepsin content in gastric juice (Fig. 7I) found 
that blood viscosity of sh-TLR4 + oe-NC-treated rats was 
reduced, while the contents of hemoglobin and pepsin 
elevated (p < 0.05), which was rescued by co-treatment 
with sh-TLR4 and oe-CDX2 (p < 0.05). The collected data 
demonstrated that TLR4 was involved in gastric precan-
cerous lesions by inhibiting IRF3 phosphorylation and 
thus inhibiting YAP-mediated CDX2 transcription.

Discussion
GC remains a prevalent disease worldwide with a poor 
prognosis [18]. GC is the second leading cause of cancer 
death after lung cancer [19]. The prognosis is poor, with 
an average 5-year survival rate of less than 20%, mainly 
due to the late diagnosis [20]. Therefore, early diagnosis 
of GC is particularly important in the diagnosis. Studying 
the mechanism of gastric precancerous lesions can help 
develop early clinical detection and diagnosis of GC. The 
survival rate of GC patients provides a reliable theoretical 
basis. In this study, in vitro and in vivo experiment dem-
onstrated that overexpression of miR-365 could poten-
tially reduce IRF3 phosphorylation and YAP-mediated 
CDX2 transcription, thereby alleviating gastric precan-
cerous lesions.
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The current study demonstrated that miR-365 showed 
low expression in gastric tissues and different GC cells 
in patients with atrophic gastritis. It is suggested that 
miR-365 may have a certain indicator role in gastric pre-
cancerous lesions, but no related mechanism has been 
studied. Consistently, previous studies also note that 
miR-365 is poorly expressed in gastric cancer and its 

upregulation can impede gastric tumorigenesis [8]. Of 
the deletion and mutation of the miR-365 promoter, tran-
scription factors Sp1 and NF-κB are essential for miR-365 
transcription regulation [21]. The TLR4/NF-κB signaling 
pathway plays multiple roles in coronary microemboliza-
tion [22], gastroesophageal reflux disease [23], and dia-
betic nephropathy [24]. In GC, TLR4 is amplified in GC 
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and can be employed as a biomarker for GC [9]. Impor-
tantly, our work indicated that miR-365 can target TLR4 
and inhibit its expression when retarding GC develop-
ment. miRNAs might suppress EMT which contributes 
to metastasis during cancer progression [25]. EMT is 
involved in tumor cell migration and intravasation to the 
blood in various tumors, but its process predominantly 
depends on different cancers and surrounding stimuli 
such as transcription factors and miRNA [26]. miR-365 
in present study was indicated to downregulate E-cad-
hein and Bcl-2 expression, EMT-related proteins. But its 
potential effect on GC metastasis requires further experi-
ments. Similarly, a recent report also demonstrated that 
miR-365 could repress EMT in lung adenocarcinoma 
through targeting ETS1 [27].

In recent years, Toll-like receptors (TLRs) have been 
highlighted for their role in immune reaction, where com-
ponents of microorganisms such as lipopolysaccharides 
(LPS) are recognized by TLRs, thereby activating tumor 
cells [28]. TLR4 is an important LPS receptor in gastric 
epithelial cell signaling transduction and promotes GC 
progression [29]. TLR4 mediates IRF3 activation could 
induce the transcription of inflammatory factors for mac-
rophage activation in GC [11]. The absence of TLR4 also 
leads to reduced release of phosphorylated interferon-
regulated transcription factor (p-IRF3) and interferon 
(IFN-β) [30]. Interestingly, the current study unraveled 
molecular mechanism that overexpression of TLR4 pro-
motes IRF3 phosphorylation to bind more YAP, activat-
ing CDX2. IRF3 was previously implicated as an agonist 
of YAP and IRF3 was positively correlated with YAP in 
gastric cancer [12]. Amlexanox, a drug for inflamma-
tion, inhibits GC growth in a YAP-dependent manner. In 

addition, CDX2 contributes to gastric intestinal metapla-
sia, and is active in GC [31]. But the interaction among 
CDX2, TLR4, YAP and IRF3 has rarely been discussed in 
the disorder and still requires more evidence to identify 
the direct or indirect relation between these molecules 
and miR-365.

Conclusion
In summary, we report for the first time that in human 
gastric precancerous lesions, low expression of miR-365 
is associated with the downstream target gene TLR4, 
and that TLR4 binds to YAP in the nucleus by promoting 
IRF3 phosphorylation, and then activates CDX2 (Fig. 8). 
These findings suggest that miR-365-TLR4 -phosphoryla-
tion of IRF3-YAP-CDX2 may be a therapeutic target for 
gastric precancerous lesions. Although our research has 
identified possible mechanisms of miR-365-TLR4-IRF3-
YAP-CDX2 in gastric precancerous lesions, we have not 
revealed in more detail the more mechanisms involved as 
precancerous lesions, and occurrence is often multifacto-
rial, so further research on gastric precancerous lesions 
has more mechanisms that have not yet been discovered, 
and more research attention is yet to be paid.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1293 5-020-01578 -0.

Additional file 1: Figure S1. Regulation of miR-365 on TLR4 expression. 
A: Western blot analysis of TLR4 protein in TNF-α-induced GES-1 cells 
transfected with miR-365 mimic; B: sh-RNA screening in TNF-α-induced 
GES-1 cells; C: miR-365 expression detected by RT-qPCR in rats upon 
co-transfection with miR-365 antagomir, sh-TLR4, NC antagomir, or sh-NC; 
D: Western blot analysis of TLR4 protein in rats upon co-transfection with 
miR-365 antagomir, sh-TLR4, NC antagomir; * p < 0.05, vs. rats treated with 
NC antagomir + sh-NC, Measurement data (mean ± standard deviation) 
between two groups were compared with unpaired t test while data 
between multiple groups were compared with one-way ANOVA. Cell 
experiments were repeated three times

Additional file 2: Figure S2. TLR4 binds to YAP in the nucleus by pro-
moting IRF3 phosphorylation, and then activates CDX2. A: Western blot 
analysis of IRF3 and p-IRF3 in GC and adjacent normal tissues in clinical 
samples; B: Western blot analysis of IRF3 and p-IRF3 in GC and adjacent 
normal tissues of rats (n = 6); C: The expression of CDX2 in GC and 
adjacent normal tissues of clinical samples detected by RT-qPCR; D, The 
expression of CDX2 in GC and adjacent normal tissues of rats detected by 
RT-qPCR. Measurement data (mean ± standard deviation) between two 
groups were compared with unpaired t test while data between multiple 
groups were compared with one-way ANOVA. Cell experiments were 
repeated three times.

Abbreviations
GC: Gastric carcinoma; miRNAs: MicroRNAs; IRF3: Interferon regulatory factor 
3; TNF-α: Tumor necrosis factor-alpha; GES-1: Gastric mucosal epithelial cells; 
MNNG: N-MethylN-nitro-N-nitroso-guanidine; TMB: The tetramethylbenzidine; 
OD: Optical density; WT: Wild type; cDNA: Complementary DNA; ANOVA: 
Analysis of variance; TLRs: Toll-like receptors; LPS: Lipopolysaccharides; p-IRF3: 
Phosphorylated interferon-regulated transcription factor.

CDX2

miR-365

mRNA

TLR4

IRFp

IRF3p

IRFp

IRF3
p

IRFp

IRF3
p YAP

Precancerous lesion 
of stomach

Nuclear

Fig. 8 A molecular mechanism diagram depicting the role of 
miR-365 in gastric precancerous lesions. miR-365 targets TLR4 
and inhibits its expression. Overexpression of TLR4 promotes the 
phosphorylation of IRF3 into the nucleus and binds to YAP, thereby 
activating CDX2 and promoting gastric precancerous lesions

https://doi.org/10.1186/s12935-020-01578-0
https://doi.org/10.1186/s12935-020-01578-0


Page 14 of 14Zhang et al. Cancer Cell Int          (2020) 20:549 

Acknowledgements
We would like extend our sincere appreciation to the reviewers for their criti-
cal comments on this article.

Authors’ contributions
TZ and KZ designed the study. KJ, CZ and YJ collated the data, QZ, ZT and XW 
carried out data analyses and produced the initial draft of the manuscript. MZ 
and XL contributed to drafting the manuscript. All authors read and approved 
the final manuscript.

Funding
This study is supported by National Natural Science Foundation of China 
(Grant 81802777); Key Research and Development Plan of Shandong Province 
(Grant 2018GSF118214); Postdoctoral Science Foundation of China (Grant 
184193); “Clinical medicine + X" Scientific Research Project of the Affili-
ated Hospital of Qingdao University; Research Project of Shandong Higher 
Education Research Center (YJKT201953); 2018 Professional Graduate Student 
Teaching Case Library Project, Shandong province 2018 Professional Degree 
Graduate Student Teaching Case Library Project (SDYAL18049) Shandong 
Province 2018 Graduate Teacher Guidance Ability Improvement General 
Project (SDYY18073) and 2018 Improvement of Graduate Teacher’s Guidance 
Ability General project of Shandong Province.

Availability of data and materials
The datasets generated/analysed during the current study are available.

Ethics approval and consent to participate
The current study was performed with the approval of the ethics commit-
tee of the Affiliated Hospital of Qingdao University. All participants signed 
informed consent documentation prior to sample collection. The animal 
experimental processes were approved by the Ethnic Committee of the 
Affiliated Hospital of Qingdao University and conducted in strict accordance 
to the Guide for the Care and Use of Laboratory Animals published by the US 
National Institutes of Health.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 8 April 2020   Accepted: 25 September 2020

References
 1. Shah MA, Ajani JA. Gastric cancer—an enigmatic and heterogeneous 

disease. JAMA. 2010;303(17):1753–4.
 2. Van Cutsem E, Sagaert X, Topal B, Haustermans K, Prenen H. Gastric cancer. 

Lancet. 2016;388(10060):2654–64.
 3. Zhao X, Zhong Q, Cheng X, Wang S, Wu R, Leng X, Shao L. miR-449c-5p 

availability is antagonized by circ-NOTCH1 for MYC-induced NOTCH1 
upregulation as well as tumor metastasis and stemness in gastric cancer. J 
Cell Biochem. 2020;121:4052–63.

 4. Tian QG, Tian RC, Liu Y, Niu AY, Zhang J, Gao WF. The role of miR-144/GSPT1 
axis in gastric cancer. Eur Rev Med Pharmacol Sci. 2018;22(13):4138–45.

 5. Hu S, Zheng Q, Wu H, Wang C, Liu T, Zhou W. miR-532 promoted gastric 
cancer migration and invasion by targeting NKD1. Life Sci. 2017;177:15–9.

 6. Xu S, Li D, Li T, Qiao L, Li K, Guo L, Liu Y. miR-494 sensitizes gastric cancer 
cells to TRAIL treatment through downregulation of survivin. Cell Physiol 
Biochem. 2018;51(5):2212–23.

 7. Zhang M, Jiang D, Xie X, He Y, Lv M, Jiang X. miR-129-3p inhibits NHEJ 
pathway by targeting SAE1 and represses gastric cancer progression. Int J 
Clin Exp Pathol. 2019;12(5):1539–47.

 8. Guo SL, Ye H, Teng Y, Wang YL, Yang G, Li XB, Zhang C, Yang X, Yang ZZ, Yang 
X. Akt-p53-miR-365-cyclin D1/cdc25A axis contributes to gastric tumorigen-
esis induced by PTEN deficiency. Nat Commun. 2013;4:2544.

 9. Li N, Xu H, Ou Y, Feng Z, Zhang Q, Zhu Q, Cai Z. LPS-induced CXCR7 expres-
sion promotes gastric cancer proliferation and migration via the TLR4/MD-2 
pathway. Diagn Pathol. 2019;14(1):3.

 10. Guney Eskiler G, Deveci Ozkan A, Kaleli S, Bilir C. Inhibition of TLR4/TRIF/IRF3 
signaling pathway by curcumin in breast cancer cells. J Pharm Pharm Sci. 
2019;22(1):281–91.

 11. Zhuang H, Dai X, Zhang X, Mao Z, Huang H. Sophoridine suppresses 
macrophage-mediated immunosuppression through TLR4/IRF3 pathway 
and subsequently upregulates CD8(+) T cytotoxic function against gastric 
cancer. Biomed Pharmacother. 2020;121:109636.

 12. Jiao S, Guan J, Chen M, Wang W, Li C, Wang Y, Cheng Y, Zhou Z. Target-
ing IRF3 as a YAP agonist therapy against gastric cancer. J Exp Med. 
2018;215(2):699–718.

 13. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. 
Cell. 2006;124(4):783–801.

 14. Wang C, Han X, Zhou Z, Uyunbilig B, Huang X, Li R, Li X. Wnt3a activates the 
WNT-YAP/TAZ pathway to sustain CDX2 expression in bovine trophoblast 
stem cells. DNA Cell Biol. 2019;38(5):410–22.

 15. Kawai H, Tomii K, Toyooka S, Yano M, Murakami M, Tsukuda K, Shimizu N. 
Promoter methylation downregulates CDX2 expression in colorectal carci-
nomas. Oncol Rep. 2005;13(3):547–51.

 16. Liu YQ, Bai ZG, Ma XM, Zhang ZT. CDX2 inhibits invasion and migra-
tion of gastric cancer cells by phosphatase and tensin homologue 
deleted from chromosome 10/Akt signaling pathway. Chin Med J (Engl). 
2015;128(8):1065–71.

 17. Kasurinen A, Hagstrom J, Laitinen A, Kokkola A, Bockelman C, Haglund C. 
Evaluation of toll-like receptors as prognostic biomarkers in gastric cancer: 
high tissue TLR5 predicts a better outcome. Sci Rep. 2019;9(1):12553.

 18. den Hoed CM, Kuipers EJ. Gastric cancer: how can we reduce the incidence 
of this disease? Curr Gastroenterol Rep. 2016;18(7):34.

 19. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statis-
tics. CA Cancer J Clin. 2011;61(2):69–90.

 20. Correa P. Gastric cancer: overview. Gastroenterol Clin North Am. 
2013;42(2):211–7.

 21. Xu Z, Xiao SB, Xu P, Xie Q, Cao L, Wang D, Luo R, Zhong Y, Chen HC, Fang 
LR. miR-365, a novel negative regulator of interleukin-6 gene expres-
sion, is cooperatively regulated by Sp1 and NF-kappaB. J Biol Chem. 
2011;286(24):21401–12.

 22. Su Q, Li L, Sun Y, Yang H, Ye Z, Zhao J. Effects of the TLR4/Myd88/NF-kappaB 
signaling pathway on NLRP3 inflammasome in coronary microemboliza-
tion-induced myocardial injury. Cell Physiol Biochem. 2018;47(4):1497–508.

 23. Yu HX, Wang XL, Zhang LN, Zhang J, Zhao W. Involvement of the TLR4/
NF-kappaB signaling pathway in the repair of esophageal mucosa 
injury in rats with gastroesophageal reflux disease. Cell Physiol Biochem. 
2018;51(4):1645–57.

 24. Zhu L, Han J, Yuan R, Xue L, Pang W. Berberine ameliorates diabetic 
nephropathy by inhibiting TLR4/NF-kappaB pathway. Biol Res. 2018;51(1):9.

 25. Rupaimoole R, Calin GA, Lopez-Berestein G, Sood AK. miRNA Deregula-
tion in cancer cells and the tumor microenvironment. Cancer Discov. 
2016;6(3):235–46.

 26. Pastushenko I, Blanpain C. EMT transition states during tumor progression 
and metastasis. Trends Cell Biol. 2019;29(3):212–26.

 27. Tong L, Han WZ, Wang JL, Sun NN, Zhuang M. MicroRNA-365 inhibits the 
progression of lung adenocarcinoma through targeting ETS1 and inactivat-
ing AKT/mTOR pathway. Eur Rev Med Pharmacol Sci. 2020;24(9):4836–45.

 28. He W, Liu Q, Wang L, Chen W, Li N, Cao X. TLR4 signaling promotes immune 
escape of human lung cancer cells by inducing immunosuppressive 
cytokines and apoptosis resistance. Mol Immunol. 2007;44(11):2850–9.

 29. Huang L, Yuan K, Liu J, Ren X, Dong X, Tian W, Jia Y. Polymorphisms of the 
TLR4 gene and risk of gastric cancer. Gene. 2014;537(1):46–50.

 30. Impellizzeri D, Ahmad A, Di Paola R, Campolo M, Navarra M, Esposito E, 
Cuzzocrea S. Role of Toll like receptor 4 signaling pathway in the secondary 
damage induced by experimental spinal cord injury. Immunobiology. 
2015;220(9):1039–49.

 31. Asano N, Imatani A, Watanabe T, Fushiya J, Kondo Y, Jin X, Ara N, Uno K, 
Iijima K, Koike T, et al. Cdx2 expression and intestinal metaplasia induced 
by H. pylori infection of gastric cells is regulated by NOD1-mediated innate 
immune responses. Cancer Res. 2016;76(5):1135–45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	microRNA-365 inhibits YAP through TLR4-mediated IRF3 phosphorylation and thereby alleviates gastric precancerous lesions
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Ethics statement
	Clinical sample collection
	Tumor necrosis factor-alpha (TNF-α)-induced immortalized normal gastric mucosal epithelial cell line in vitro
	shRNA screening
	Cell culture and grouping
	Animal model establishment
	ELISA
	Cell counting kit-8 (CCK-8) assay
	Flow cytometry
	Hematoxylin eosin (HE) staining
	Plasma analysis
	Gastric juice analysis
	Nuclear-cytoplasmic fractionation assay
	Dual-luciferase reporter assay
	Co-IP assay
	Immunohistochemistry
	RT-qPCR
	Western blot assay
	Statistical analysis

	Results
	MiR-365 is poorly expressed in gastric precancerous lesions
	Overexpression of miR-365 inhibits gastric precancerous lesions
	miR-365 inhibits gastric precancerous lesions by inhibiting TLR4 expression
	MiR-365TLR4 binds to YAP in the nucleus and activates CDX2 by promoting IRF3 phosphorylation
	TLR4 inhibits YAP-mediated CDX2 transcription by inhibiting IRF3 phosphorylation and participates in gastric precancerous lesions

	Discussion
	Conclusion
	Acknowledgements
	References




