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Abstract 

Background  Helicobacter pylori (H. pylori) infection is critical in the development and occurrence of gastric cancer. H. 
pylori secretes gamma-glutamyl transferase (GGT), which affects energy metabolism and histone methylation in mes-
enchymal stem cells. However, its effect on human gastric epithelial cells remains unclear. This study aimed to inves-
tigate the effects of GGT on energy metabolism and histone methylation in gastric epithelial cells and determine its 
role in the development and progression of H. pylori-induced gastric cancer.

Methods  A GGT​ knockout H. pylori strain and mouse gastric cancer model were constructed, and alpha-ketoglutarate 
(α-KG) was added. The underlying mechanism was investigated using proteomics, immunohistochemistry, Western 
blotting, and other experimental assays.

Results  H. pylori can colonize the host’s stomach and destroy the gastric epithelium. GGT secreted by H. pylori 
decreased the concentration of glutamine in the stomach and increased H3K9me3 and H3K27me3 expression, 
which promoted the proliferation and migration of gastric epithelial cells. Additionally, α-KG reversed this effect. GGT 
increased the tumorigenic ability of nude mice. GGT, secreted by H. pylori, promoted the expression of ribosomal pro-
tein L15 (RPL15), while GGT​ knockout and supplementation with α-KG and trimethylation inhibitors reduced RPL15 
expression and Wnt signaling pathway expression.

Conclusions  H. pylori secreted GGT decreased the expression of glutamine and α-KG in gastric epithelial 
cells, increased the expression of histones H3K9me3 and H3K27me3, and activated the Wnt signaling pathway 
through RPL15 expression, ultimately changing the biological characteristics of the gastric epithelium and promot-
ing the occurrence of gastric cancer. Altered energy metabolism and histone hypermethylation are important factors 
involved in this process.
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Graphical abstract

Background
Gastric cancer is the fifth most commonly diagnosed can-
cer and the third leading cause of cancer death worldwide 
[1]. Helicobacter pylori (H. pylori) is recognized as a tier 1 
carcinogen by the International Agency for Research on 
Cancer [2]. Gamma-glutamyl transferase(GGT), a bacte-
rial virulence factor secreted by H. pylori, assists it in col-
onizing the stomach and damaging the gastric epithelium 
[3, 4]. Our previous studies have revealed that GGT can 
affect the biological characteristics of mesenchymal stem 
cells (MSC) by affecting their energy metabolism and 
methylation state. However, the biological characteristics 
of gastric epithelial cells remain unclear; therefore, in this 
study we aimed to explore this aspect in depth [5].

GGT consumes glutamine and glutathione in the gas-
tric environment to provide energy for the growth of H. 

pylori, thereby reducing the concentration of glutamine 
in the stomach and limiting its the availability for 
metabolism in gastric epithelial cells [4, 6]. Glutamine 
can be metabolized into alpha-ketoglutarate (α-KG), 
to facilitate the tricarboxylic acid (TCA) cycle, thereby 
regulating the cell fate in adult tissues [6–8]. Exogenous 
glutamine supplementation significantly alleviates the 
pathological conditions of the gastric epithelium in 
mice infected with H. pylori [9]. α-KG is mainly derived 
from glutamine metabolism and is involved in a variety 
of metabolic and cellular pathways; it affects the func-
tion of enzymes that modify chromatin epigenetics 
(including histone demethylation) and acts as a signal-
ing molecule [10, 11]. A previous study demonstrated 
that α-KG supplementation maintained low H3K27me3 
levels in H3.3K27M mutated cells in diffuse intrinsic 
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pontine gliomas [12]. Furthermore, in epidermal stem 
cells, α-KG induceds stem cell differentiation, affects 
the repressive histone mark H3K27me3, and inhib-
its tumor initiation and progression [13]. Addition-
ally, MSCs treated with H. pylori supernatant showed 
decreased levels of α-KG metabolites, increased expres-
sion levels of H3K9me3 and H3K27me3, and improved 
the ability of MSCs to proliferate and migrate. Another 
study revealed that H. pylori-induced changes were 
reversed by adding α-KG [5]. Aberrant DNA methyla-
tion of promoter CpG islands can promote the develop-
ment of gastric and colorectal cancers [14]. Therefore, 
we hypothesized that H. pylori secreted GGT might 
affect energy metabolism by depleting glutamine and 
α-KG levels in host cells, thus affecting related histone 
methylation changes in these cells. However, the spe-
cific molecules that affect the biological characteristics 
of cells require further study.

The Wnt/β-catenin pathway regulates embryonic 
development and adult tissue homeostasis; the abnormal 
activation of this pathway can lead to uncontrolled cell 
growth and malignant transformation [15, 16], which is 
prominent in the development of gastric cancer associ-
ated with H. pylori [17, 18]. Depletion of environmental 
glutamine enhances Wnt signaling in mutant intestinal 
organoids, while reduced intracellular α-KG levels lead to 
adenocarcinoma formation in vivo. Histone hypomethyl-
ation can lead to the downregulation of Wnt target genes, 
whereas, glutamine or α-KG supplementation can reduce 
histone methylation, inhibiting Wnt signaling and tumor 
growth [19, 20]. Therefore, energy metabolism affects the 
Wnt signaling pathway.

In summary, the present study investigated the role of 
GGT secreted by H. pylori on the biological characteris-
tics of gastric epithelial cells. We speculated that GGT is 
involved in tumorigenesis by interfering with glutamine 
and α-KG metabolism, affecting histone methylation of 
gastric epithelial cells, activating the Wnt signaling path-
way, and improving cell proliferation and migration of 
the infected cells.

Methods
Animals
Four-week-old male wild-type BALB/c mice were pur-
chased from Beijing Huafukang Biotechnology Co., Ltd.. 
No female mice were obtained to eliminate the influence 
of female mouse hormones. The animals were raised in 
a specific pathogen-free (SPF) laboratory with ad libitum 
access to food and water. All experimental procedures 
were performed in accordance with the requirements of 
the Animal Ethics Committee of the Tongji Medical Col-
lege, Huazhong University of Science and Technology.

Construction of GGT​ knockout H. pylori
The specific construction method used has beenprevi-
ously reported [5]. A mixture of H. pylori strain 26695 
and plasmid DNA was subjected to 600 Ω resistance, 
25 μF capacitance, and 2.5kv Bio-Rad pulse. It was sub-
sequently electrically rotated at -20 ℃ with a gap of 
0.2 cm. Current was applied to the mixture with a single 
12.5 ms pulse. Kanamycin was used as a screening factor 
to induce the growth of transformants on the selective 
medium. The GGT​ knockout H. pylori strain was named 
Hp-KS-1.

Animal gastric cancer model
After one week of acclimated growth in the SPF labora-
tory, the male BALB/c mice were intragastrically admin-
istered antibiotics to remove intragastric bacteria. Each 
mouse was given ampicillin(5 mg), azithromycin (5 mg), 
and gentamicin (0.6 mg) daily and were fasted for 4–6 h 
before antibiotic administration. After 3  days of antibi-
otic administration, each mouse was administered H. 
pylori by daily gavage (6 × 108  CFU/mL, 0.1  mL/mouse) 
once every other day for a total of three times. The mice 
were fasted for 4–6  h before gavage and then fed for 
18 months to establish the gastric cancer models.

Cell culture
Human gastric epithelial cell line GES-1 was pur-
chased from Zhong Qiao Xin Zhou Biotechnology 
Co.,Ltd (ZQ0905, Shanghai, China). Human gastric 
cancer cell line HGC-27 was purchased from Service-
bio (STCC10403P, Wuhan, China). Cells were cultured 
in a cell incubator containing 5% CO2 using RPMI-1640 
(Gibco, Waltham, MA) medium containing 10% fetal 
bovine serum (Gibco).

H. pylori culture and cell co‑culture system
This specific experimental method has been previously 
validated by our research group [5, 21]. Liquid medium 
was prepared by dissolving 3.85 g H. pylori medium pow-
der (Qingdao Haibo Biotechnology Co., LTD, Shang-
dong, China) into 93  mL double distilled water. It was 
autoclaved and sterilized at 121 °C for 25 min. Next, 7 mL 
of fetal bovine serum and 1% H. pylori selective antibiot-
ics (Qingdao Haibo Biotechnology Co., LTD.) were added 
to make H. pylori medium containing 7% fetal bovine 
serum. The frozen H. pylori 26695 and GGT​ knockout H. 
pylori 26695 strains were thawed and successively added 
to the prepared H. pylori medium. The H. pylori strains 
were incubated for 12 to 16 h at 37 °C and 200 rpm/min 
in a microaerobic environment (5% O2, 10% CO2, and 
85% N2) generated by a microaerobic bag (C-02, Mitsubi-
shi, Japan). The H. pylori concentration was determined 
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by measuring the optical density (OD) at 620  nm. The 
supernatant OD value for cell experiments measured 
were all 0.7. The supernatant was subsequently pooled 
in a centrifuge at 4000 g for 15 min, filtered using a 0.22 
micron strainer and frozen at -20 °C. The groups treated 
with H. pylori supernatant or GGT knockout H. pylori 
supernatant were named as the Hp group and Hp-KS-1 
group, respectively. We describe the co-culture of cells in 
detail in the "Cell intervention and grouping" section.

Bacterial DNA collection and 16SRNA sequencing
The gastric tissues of mice in the Hp, Hp-KS-1, and 
Hp + α-KG groups were ground into homogenates, and 100 
µL of the homogenate was inoculated in Columbia blood 
AGAR medium, (Qingdao Haibo Biotechnology Co., LTD.) 
which is rich in 7% sterile defibrinated sheep blood. The 
culture medium was supplemented with antibiotics (vanco-
mycin 10 mg/L, trimethoprim 5 mg/L, cefsulodin 5 mg/L, 
and amphotericin B 5 mg/L). The inoculated culture plates 
were incubated at 37 °C in a microaerobic environment (5% 
O2, 10% CO2, and 85% N2) generated by microaerobic bags 
(C-02, Mitsubishi, Japan) for 3 to 7 days to form visible bac-
terial colonies. Genomic DNA was isolated from the bacte-
ria using a Bacterial Genomic DNA Extraction kit (DP302, 
TianGen, Beijing, China) according to the manufacturer’s 
recommendations. Then, primers 27F 5 ′-AGT​TTG​ATC-
MTGG​CTC​AG-3′ and 1492R 5 ′-GGT​TAC​CTT​GTT​ACG​
ACT​T-3′ were used to amplify the conserved region of 16S 
rRNA. After the polymerase chain reaction (PCR), its prod-
ucts were determined by 1% agarose gel electrophoresis, the 
target band was cut and purified, and the recovered prod-
ucts were used for Sanger sequencing. Sequencing results 
were analyzed using the ContigExpress software (Thermo 
Fisher Scientific), and compared with the NCBI database 
(https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi) for H. pylori spe-
cies identification.

Metabolite detection
Glutamine (BioVision, Milpitas, CA) and α-KG (BioVi-
sion) kits were used to detect the content of glutamine 
and α-KG, respectively. The metabolites were analyzed 
according to the experimental procedure.

Cell intervention and grouping
GES-1 and HGC-27 cells were collected and resuspended 
in complete medium and seeded in six-well plates at 
a density of 2 × 104 cells/mL. When the cells grew to 
an 80–90% density, H. pylori supernatant or Hp-KS-1 
supernatant was incubated with gastric cells for 12 h at 
a final dilution of 1:35 and divided into H. pylori group 
and Hp-KS-1 group. Cells in the α-KG group were 
simultaneously treated with H. pylori supernatant (incu-
bated with gastric cells at a final dilution of 1:35) and 

dimethyl-α-ketoglutarate (349631, Sigma-Aldrich, St. 
Louis, MO), diluted to a concentration of 5  mM with 
dimethyl sulfoxide for 12 h at the same time. The addition 
value of dimethyl-α-ketoglutarate have been applied in 
the previous research results of our group and were con-
firmed in this study [5].

In this study, the control group consisted of cells cul-
tured in RPMI-1640 medium alone, while the Hp and 
Hp-KS-1 groups consisted of cells treated with H. pylori 
supernatant and Hp-KS-1 supernatant, respectively. The 
α-KG group consisted of cells treated simultaneously 
with H. pylori supernatant and dimethyl-α-ketoglutarate. 
The methylation inhibition group consisted of cells 
treated with 100  nM BIX01294 (S8006, Selleck Chemi-
cals, Houston, TX) and 2  µM GSK126 (S7061, Selleck 
Chemicals) for 72 h.

Cell immunofluorescence
The 24-well plates were carefully wetted with phosphate 
buffered saline (PBS) to remove excess liquid. The cover-
slips were carefully placed in the 24-well plate to prevent 
bubble formation. The cell medium was aspirated and the 
cells on the coverslips were washed with PBS. The cells 
were then fixed with 4% paraformaldehyde, perforated 
with 0.3% Triton, and subsequently blocked with 1% don-
key serum blocking solution for 30 min to 1 h. After that, 
the primary antibody β-catenin (1:200 dilution) (Addi-
tional file  2: Table  S1) diluted in PBS was incubated at 4 
℃ overnight. After rewarming on the next day, the slides 
were co-incubated with the secondary antibody (1:200 dilu-
tions), diluted in PBS for 1 h (protected from light), and the 
excess antibody was washed with PBS. Nuclei were stained 
with Hoechst-33258 at 1 μg/mL for 8 min, and excess anti-
body was washed away with PBS. Finally, the slides were 
sealed with an anti-quenching agent, and the results were 
observed under an Olympus BX53 fluorescence micro-
scope (Olympus Life Science, Waltham, MA) using the 
CellSens Dimension software (Olympus Life Science).

Tissue immunofluorescence
Paraffin sections were routinely dewaxed to hydra-
tion, and after antigen repair, membranes were broken 
with 0.3% Triton for 15–30  min and blocked with 1% 
donkey serum blocking solution for 30  min to 1  h. Pri-
mary antibody β-catenin (1:200 dilution) diluted in PBS 
(Additional file  2: Table  S1) was incubated overnight at 
4 °C. The next day, after rewarming, the secondary anti-
body (1:200 dilution) was incubated in the dark for 1 h, 
stained with Hoechst-33258 (DAPI) at 1 µg/mL, and the 
anti-quenching tablet was blocked. In being future-proof 
BX53 fluorescence microscope using CellSens Dimen-
sion software observations.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Immunohistochemical staining
Immunohistochemical staining was performed on tumor 
specimens obtained from our mice model or nude mice. 
Sections were deparaffinized with xylene and absolute 
ethanol and boiled in citrate buffer. The samples were then 
cooled in water. The immunohistochemical pen tissue was 
circled. The H2O2 enzyme was inactivated and 0.3% Triton 
reagent was used to make the antibody more permeable to 
the cell membrane. Sections were incubated with bovine 
serum albumin at 37℃ for 30 min. Subsequently, sections 
were incubated with Ki-67 antibody (D3B5) (#12202, Cell 
Signaling Technology, Danvers, MA) at a 1:200 dilution. 
The sections were subjected to nuclear coloration with 
secondary antibody and DAB, counterstained with hema-
toxylin, dehydrated, oven-dried, and sealed with resin. The 
immunohistochemical results were observed under an 
Olympus BX53 fluorescence microscope using the CellS-
ens Dimension software (Olympus Life Sciences).

CFSE assay
GES-1 cells were digested and counted using a counter 
plate. The cell concentration was adjusted to 5–10 × 106 
cells/ml. Negative controls were stored in a 4 ℃ environ-
ment using paraformaldehyde fixation. Later, the cells 
were labeled with 1 mM of the fluorescent dye carboxyflu-
orescein diacetate succinimidyl ester (CFSE, Vazyme, Nan-
jing, China). The reaction was terminated, and the excess 
dye was washed off. The positive control group was fixed 
and stored at 4 ℃. The remaining cells were grouped and 
treated according to the experimental requirements, and 
cell proliferation was detected by flow cytometry.

CCK8 proliferation assay
GES-1 cells were digested, washed, and counted using 
counter plates. A total of 7000–9000 cells were seeded per 
well in 96-well plates. After cell adhesion, cells were divided 
into groups for intervention. Subsequently, 10 µL of CCK8 
solution was added to each well. Cell proliferation was 
observed by measuring the absorbance at 450 nm.

Colony‑forming experiment
GES-1 cells were harvested and resuspended in complete 
medium and seeded in 6-well plates at a density of 500 
to 1,000 cells per well. After the cells were placed in the 
cell incubator for 12 h, cells were grouped and intervened 
according to the experimental requirements. The medium 
was then changed every 2 days and the cells were observed 
microscopically until visible colonies of at least 50 cells were 
formed. Cells from all groups were washed thrice with PBS, 
fixed with 4% paraformaldehyde for 30  min, and stained 
with 0.5% crystal violet for 15 min. Finally, all cell colonies 
were counted using the light counting method after the cells 
were washed with PBS again to analyze cell proliferation.

EdU cell proliferation assay
GES-1 cells were collected and seeded at 2 × 104 cells/
well in 24-well plates covered with cell slides. After 
cells were cultured overnight and returned to the nor-
mal state, H. pylori supernatant and α-KG were used for 
intervention. The prepared 20 µM EdU 2 × working solu-
tion was added to the 24-well plate with an equal volume 
of culture medium to change the final EdU concentration 
in the 24-well plate to 10uM and incubated for an addi-
tional 2  h. After that, the cells were fixed, washed, and 
permeabilized with PBS containing 0.3% Triton X-100. 
The cells were reacted with the cell proliferation Detec-
tion kit (C0071 BeyoClick™EdU-488, Beyotime Biotech-
nology, Jiangsu, China). Hoechst 33342 was used for 
nuclear staining, and finally cell slides were sealed with 
anti-quencher. Fluorescence was observed under an 
Olympus BX53 fluorescence microscope using the CellS-
ens Dimension software (Olympus Life Sciences).

Transwell experiment
In Transwell plates (pore size, 8 μM; Corning Inc., Corn-
ing, NY), the upper chamber was seeded with 1 × 104 
GES-1 cells and 200 µL of serum-containing medium was 
added. A volume of 600 µL of serum-containing medium 
was added to the lower chamber. After the cells adhered to 
the wall, the medium in the lower chamber was replaced, 
and H. pylori supernatant and α-KG were added accord-
ing to the grouping. After 48 h, the samples were collected, 
observed under a microscope, and photographed.

Wound healing
GES-1 cells were spread in 12-well plates, and cell 
scratches were created with 200 µL of the tip of the 
gun, rinsed with PBS, and examined under an Olympus 
microscope (Olympus Life Sciences). The cells were then 
treated with H. pylori supernatant and α-KG in 12-well 
plates for 24  h and their migration status was observed 
and photographed. Migration was measured based on 
the size of the wound healing area.

Extraction of protein
Cells or mouse tissues were harvested, cells were lysed in 
RIPA lysate (1% PMSE), and protein quantification was 
achieved by using the BCA Protein Assay Kit (Vazyme). 
Nuclear protein extraction reagent (Solarbio, Beijing, 
China) was used to extract nuclear proteins according to 
the experimental procedure. After denaturation at 100 ℃, 
storage at -80 ℃, further operations were carried out.

Western blotting
Loading was performed at 40  µg mass and proteins 
were separated by SDS-PAGE polyacrylamide gel 
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electrophoresis. After electrophoresis, proteins on 
the gel were transferred to polyvinylidene difluoride 
membranes and then blocked using a rapid block-
ing solution. The bands and specific antibodies (all 
1:1000 dilutions) (Additional file  2: Table  S1) used 
were: H3K9me3 (A2360, Abclonal, Woburn, MA), 
H3K27me3 (A2363, Abclonal), H3K9me1 (A2358, 
Abclonal), H3K27me1 (A2361, Abclonal), H3 (A2348, 
Abclonal), β-catenin (8480, CST), transcription factor 
4 (TCF4) (2569, Cell Signaling Technology), secreted 
frizzled related protein 1 (SFRP1) (A2911, Abclonal), 
RPL15 (A3241, Abclonal), and β-actin (AC026, 
Abclonal). These antibodies were incubated at 4℃ 
overnight. This was followed by incubation with HRP-
conjugated second antibody (1:1000 dilutions) at room 
temperature, and finally the protein bands were visual-
ized using enhanced chemiluminescence (Vazyme).

RNA Extraction and real‑time quantitative PCR
RNA was isolated using the TRIzol reagent (Vazyme), 
and the concentration was measured using a spectro-
photometer. Real-time quantitative PCR (RT-qPCR) 
was performed and transcribed into cDNA using the 
Vazyme Synthesis Kit. RT-qPCR was performed using 
the StepOne Real-time PCR system (Applied Biosys-
tems, Waltham, MA) and normalized to GAPDH using 

the 2−ΔCT method. The primer sequences are listed in 
Table 1.

Small interfering RNA (siRNA) transfection
The Wuhan Qing branch Co., Ltd. (Wuhan, China) designed 
and synthesized the target RPL15 siRNA and the negative 
control (NC) siRNA. The sequence of RPL15 siRNA was as 
follows: sense: 5′-CAA​GCA​AGG​UUA​CGU​UAU​ATT-3′, 
antisense: 5 ′-UAU​AAC​GUA​ACC​UUG​CUU​GTT-3′.

Transfection was performed 24 h before transfection by 
seeding 0.5–2 × 10 5 GES-1 cells in 24-well plates (Corn-
ing Inc.) containing 400 µL of antigen-free medium/well at 
60 to 80% cell confluence. siRNA was diluted to a concen-
tration of 20 µM in Opti-MEM (Thermo Fisher Scientific, 
Waltham, MA). The transfection reagent Lipofectamine® 
3000 (Invitrogen, Waltham, MA) was similarly diluted 
in Opti-MEM at a transfection concentration of 50  nM. 
Diluted siRNA was mixed with transfection reagent and 
transfected into cells seeded in 24-well plates. After 4–6 h, 
fresh medium was replaced, and transfection was contin-
ued for another 24 h for subsequent experiments.

Tumor formation in nude mice
All animal experiments were approved by the Medical 
Ethics Committee of Wuhan Union Hospital. Four-week-
old Balb/c male nude mice (Beijing Hufukang Biotechnol-
ogy Co., LTD., Beijing, China) were placed in a specific 

Table 1  Sequences of primers used for real-time quantitative PCR

Genes Forward primer 5’-3’ Reverse primer 5’-3’

mRPL15 GTC​CGC​TGT​TGG​CAA​TAC​C ACA​TAG​CCT​TGC​TTA​GCC​TTGTA​
hRPL15 CCA​GCT​AAA​GTT​TGC​TCG​AAG​ GAC​TCT​CAG​AGC​CCC​ACA​GT
mAxin2 TGA​CTC​TCC​TTC​CAG​ATC​CCA​ TGC​CCA​CAC​TAG​GCT​GAC​A
hAxin2 TAC​ACT​CCT​TAT​TGG​GCG​ATCA​ TTG​GCT​ACT​CGT​AAA​GTT​TTGGT​
mCyclin D1 CTC​CGT​ATC​TTA​CTT​CAA​GTGCG​ CTT​CTC​GGC​AGT​CAA​GGG​AA
hCyclin D1 CTG​TGC​TGC​GAA​GTG​GAA​ACCAT​ TTC​ATG​GCC​AGC​GGG​AAG​ACCTC​
mc-Myc ATG​CCC​CTC​AAC​GTG​AAC​TTC​ CGC​AAC​ATA​GGA​TGG​AGA​GCA​
hc-Myc TGG​TCT​TCC​CCT​ACC​CTC​TCAAC​ GAT​CCA​GAC​TCT​GAC​CTT​TTGCC​
mGAPDH CTT​CAT​TGA​CCT​CAA​CTA​CAT​GGT​CTA​ GAT​GAC​AAG​CTT​CCC​ATT​CTCAG​
hGAPDH GAC​AGT​CAG​CCG​CAT​CTT​CT TTA​AAA​GCA​GCC​CTG​GTG​AC

(See figure on next page.)
Fig. 1  The ability of gamma-glutamyl transferase secreted by H. pylori to promote the proliferation and migration of gastric epithelial cells. A 
Representative images and statistical analysis of Ki-67 immunohistochemical staining in gastric tissues of control, Hp, and Hp-KS-1 mice (n = 5 
per group). B Proliferation of gastric epithelial CFSE cells in the control, Hp, and Hp-KS-1 groups and the statistical analysis. C Cell cloning results 
and statistical analysis of gastric epithelial cells in the control, Hp, and Hp-KS-1 groups. D EdU cell proliferation results of gastric epithelial cells 
in the control, Hp, and Hp-KS-1 groups and the statistical analysis. E CCK8 assay of gastric epithelial cells in the control, Hp, and Hp-KS-1 groups. F 
Transwell cell migration results of gastric epithelial cells in the control, Hp, and Hp-KS-1 groups and the statistical analysis. G Wound healing test 
results of gastric epithelial cells in the control, Hp, and Hp-KS-1 groups and the statistical analysis. Data are expressed as mean ± standard deviation. 
* p < 0.05, * *p < 0.01, * * * p < 0.001, * * * *p < 0.0001. Abbreviations: GES-1: human gastric epithelial cell line; Hp: H. pylori intervention group; 
Hp-KS-1: gamma-glutamyl transferase knockout H. pylori intervention group; CFSE: Fluorescent label carboxyfluorescein diacetate succinimidyl 
ester; CCK8: Cell Counting Kit-8; EdU: 5-ethynyl-2 ’-deoxyuridine; Ki-67 relative ratio: Relative size of Ki-67 positive area in immunohistochemistry 
of each group; M1%: Proportion of M1 negative in CFSE flow plots; Relative colony number: Relative colony number of cell clones in each group
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Fig. 1  (See legend on previous page.)
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pathogen-free environment. H. pylori supernatants or 
Hp-KS-1 supernatants were incubated with HGC-27 gas-
tric cancer cells at a final dilution of 1:35 as described above. 
H. pylori supernatant supplemented with 5 mM α-KG was 
incubated with HGC-27 gastric cancer cells at a final dilu-
tion of 1:35. Subsequently, the cells in different groups were 
diluted to 1 × 10 7 cells/mL with PBS and injected into the 
right subcutaneous area of mice at a dose of 200 µL. The 
animal models were divided into control, Hp + HGC-27, 
Hp-KS-1 + HGC-27, and Hp + α-KG + HGC-27 groups. 
Tumor formation, was measured after every 3  days using 
a vernier caliper to determine subcutaneous tumor length 
(L) and width (W), calculated by the formula (L × W2) × 0.5 
tumor volume. Mice were euthanized 4 weeks later, and the 
tumor biopsy specimens were analyzed.

Statistical analysis
SPSS 23.0 (IBM Corp., Armonk, NY), GraphPad Prism 
8.0 (GraphPad Software, La Jolla, CA), and ImageJ soft-
ware (National Institutes of Health, Bethesda, MD) were 
used for statistical analyses and drawings. All experi-
mental data are presented as mean ± standard deviation. 
An independent sample t-test was used for comparisons 
between the two groups. Analysis of variance (ANOVA) 
was used to compare multiple groups. P < 0.05 was con-
sidered statistically significant.

Results
GGT of H. pylori increased the proliferation and migration 
of gastric epithelial cells
Mice were intragastrically administered with cultured 
H. pylori or GGT​ knockout H. pylori (Hp-KS-1) for 
18  months. Bacteria in gastric tissues of mice were col-
lected and cultured for 16sRNA sequencing. The sequenc-
ing results were compared with the NCBI database, and 
it was found that the nucleic acid base sequence with H. 
pylori 26695 was more than 99% identical, which con-
firmed the continuous colonization of H. pylori in the 
gastric tissue of mice (Additional file 1: Figure S 1A). The 
mice gastric tissues were stained with hematoxylin and 
eosin and pathological changes were observed under a 

microscope. No obvious abnormal changes were found 
in the stained sections of the control group, whereas the 
gastric mucosal surfaces of the mice treated with H. pylori 
showed mucosal exfoliation and nuclear polarity changes, 
which are manifestations of dysplasia. Hematoxylin and 
eosin-stained sections of the GGT​ knockout H. pylori 
group showed reduced glands with mild atrophy. Ki-67 
immunohistochemical staining was performed on gastric 
tissue sections of mice, and the H. pylori group showed 
the highest Ki-67 expression (P < 0.05), indicating the most 
vigorous proliferation. The expression was weaker in the 
Hp-KS-1 group than the H. pylori group (Fig. 1A).

Gastric epithelial cells were treated with either H. 
pylori supernatant or Hp-KS-1 supernatant, and changes 
in the biological characteristics of gastric epithelial cells 
were observed. Through CFSE, CCK8, cell cloning, and 
EdU experiments (Fig. 1B-E), it was found that the pro-
liferative ability of cells in the H. pylori group was sig-
nificantly enhanced, while it was partially reversed in the 
Hp-KS-1 group.

To examine the effect of GGT on cell migration, 
transwell and cell scratch assays were performed 
(Fig.  1F-G). GGT secreted by H. pylori promoted cell 
migration; accordingly, the transwell assay showed that 
H. pylori supernatant had the highest cell migration 
ability compared to the other groups. This result was 
confirmed using a cell scratch assay.

GGT secreted by H. pylori induces low glutamine and α‑KG 
microenvironment, which increases the proliferation 
and migration ability of gastric epithelial cells
GGT is an essential enzyme in H. pylori that is closely 
associated with the consumption of glutamine (GLN). 
Changes in GLN may alter the content of the TCA cycle 
intermediate substance α-KG in gastric epithelial cells. 
Therefore, in order to further confirm whether H. pylori 
secreted GGT could change the biological characteristics 
of gastric epithelial cells by regulating the α-KG content, 
we added α-KG to GES-1 treated with H. pylori medium 
supernatant. The GES-1 metabolites GLN and α-KG 
were quantified using the corresponding detection kits. 

Fig. 2  Secretion of gamma-glutamyl transferase by H. pylori reduced the content of glutamine and α-KG, and the ability of proliferation 
and migration of gastric epithelial cells was weakened after α-KG supplementation. A Glutamine levels were determined in the control, 
Hp, and Hp-KS-1 groups. B α-KG levels in the control, Hp, and Hp-KS-1 groups. C Representative images and statistical analysis of Ki-67 
immunohistochemical staining in gastric tissues of mice from the Hp and α-KG (Hp + α-KG) supplementation groups. D CFSE cell proliferation 
results and statistical analysis of the Hp and α-KG (Hp + α-KG) supplementation groups. E Cloning results and statistical analysis of the Hp and α-KG 
(Hp + α-KG) supplementation groups. F CCK8 cell proliferation assay results of the Hp and α-KG (Hp + α-KG) supplementation groups. G EdU cell 
proliferation in the Hp and α-KG (Hp + α-KG) supplementation groups and the statistical analysis. H Transwell cell migration results and statistical 
analysis of the Hp and α-KG (Hp + α-KG) supplementation groups. I Wound healing test results and statistical analysis of the Hp and α-KG 
(Hp + α-KG) supplementation groups. Data are expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: CCK8: Cell 
Counting Kit-8; CFSE: Fluorescent label carboxyfluorescein diacetate succinimidyl ester; EdU: 5-ethynyl-2 ’-deoxyuridine; Hp: H. pylori intervention 
group; Hp-KS-1: gamma-glutamyl transferase knockout H. pylori intervention group

(See figure on next page.)
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The results showed that the contents of GLN and α-KG 
in H. pylori group were significantly decreased (P < 0.05), 
and the decrease in Hp-KS-1 group was smaller than that 
in H. pylori group (Fig. 2A-B).

After 2  months of H. pylori intragastric administra-
tion, the mice were fed regular drinking water containing 
α-KG for 16 months, which was designated as the α-KG 
supplementation group. The results of bacterial 16sRNA 
sequencing in mouse gastric tissues also confirmed the 
persistent colonization of H. pylori in mouse gastric tis-
sues. (Additional file 1: Figure S 1A). Ki-67 immunohis-
tochemical staining in gastric tissue sections of mice in 
the H. pylori and α-KG supplementation group showed 
that the proliferation of H. pylori was significantly higher 
in the H. pylori group than in the α-KG supplementation 
group (Fig. 2C).

The results of the proliferation and migration experi-
ments showed that the proliferation and migration abili-
ties of the H. pylori group were significantly enhanced. 
Compared to the H. pylori group, the biological charac-
teristics of proliferation and migration in the α-KG sup-
plementation group were weakened (Fig. 2D-I).

GGT secreted by H. pylori may affect the energy 
metabolism of gastric cancer cells and participate 
in the development of gastric cancer
To further explore the correlation between the effect of 
GGT on energy metabolism and the occurrence of gas-
tric cancer, tumors were established in nude mice. HGC-
27 gastric cancer cells alone, as well as HGC-27 gastric 
cancer cells treated with H. pylori supernatant, Hp-KS-1 
supernatant, and H. pylori supernatant with α-KG were 
injected subcutaneously into nude mice. After 4  weeks 
of observation, the tumor volume was recorded, and the 
tumors of the nude mice in each group were weighed. 
The results showed that the weight and volume of the 
tumors in the H. pylori group, as well as the growth rate, 
were significantly higher than those in the other groups 
(Fig.  3A-D). Gastric cancer tumor growth was partially 
reversed after α-KG supplementation. Ki-67 immunohis-
tochemical staining of tumor tissue sections also showed 
that the H. pylori group had the most vigorous prolifera-
tion (Fig. 3E). These results suggest that GGT secreted by 

H. pylori may promote the proliferation of gastric cancer 
cells by reducing the α-KG content, thereby promoting 
the occurrence of gastric cancer.

GGT secreted by H. pylori affects the content of α‑KG 
in gastric epithelial cells, thereby affecting the histone 
methylation status of gastric epithelial cells
The mechanism by which α-KG affects cell proliferation 
and migration remains unexplored. Some studies have 
reported that α-KG is closely related to histone meth-
ylation in cells, and histone methylation regulates cell 
growth. In order to explore the effect of α-KG on the pro-
liferation and migration of gastric epithelial cells, we per-
formed in vitro and in vivo testing.

In vitro, H. pylori supernatant, Hp-KS-1 supernatant 
and α-KG-supplemented H. pylori supernatant were used 
to treat gastric epithelial cells. For in  vivo experiments, 
we selected the corresponding groups. The nuclear pro-
teins were extracted to detect histone methylation. The 
results showed that the expression of H3K9me3 and 
H3K27me3 increased, and the expression of H3K9me1 
and H3K27me1 decreased in the H. pylori group. Com-
pared to the H. pylori group, the Hp-KS-1 group showed 
less trimethylation of H3K9 and H3K27. However, α-KG 
supplementation downregulated the expression levels 
of H3K9me3 and H3K27me3 (Fig.  4A-B). These results 
indicated that α-KG, a metabolite of energy metabolism, 
could modify the methylation status of histones under 
the influence of GGT.

GGT secreted by H. pylori affects RPL15 expression
To further explore the downstream changes in energy 
metabolism affected by GGT, gastric tissues of mice in 
the H. pylori and GGT knockout H. pylori groups were 
collected for proteomic sequencing. Gene ontology anal-
ysis revealed that differentially expressed proteins were 
clustered mainly in the ribosomal part (Fig. 5A). Volcano 
plot analysis showed that the ribosomal protein RPL15 
expression was significantly lower in Hp-KS-1 group 
than in the H. pylori group (Fig.  5B), (P < 0.05). RPL15 
is the most critical ribosomal protein in carcinogenesis 
and overexpression of RPL15 increases the risk of tumor 
formation [22]. PCR analysis of tissues and cells from H. 

(See figure on next page.)
Fig. 3  H. pylori increased the tumor formation ability in nude mice, which was weakened after α-KG supplementation. A-B Tumor formation 
images of nude mice in the HGC-27 only, Hp + HGC-27, Hp-KS-1 + HGC-27, and Hp + α-KG + HGC-27 groups (n = 3 in each group). C-D Statistical 
analysis of tumor weight and volume in the HGC-27 only, Hp + HGC-27, Hp-KS-1 + HGC-27, and Hp + α-KG + HGC-27 groups (n = 3 in each 
group). E Representative images and statistical analysis of Ki-67 immunohistochemical staining in tumor tissues of nude mice in the HGC-27 
only, Hp + HGC-27, Hp-KS-1 + HGC-27, and Hp + α-KG + HGC-27 groups (n = 3 in each group). Data are expressed as mean ± standard deviation. 
***p < 0.001, ****p < 0.0001. Abbreviations: HGC-27: human gastric cancer cell line; Hp + HGC-27: H. pylori supernatant-treated gastric cancer cells; 
Hp-KS-1 + HGC-27: gastric cancer cells treated with Hp-KS-1 supernatant; Hp + α-KG + HGC-27: gastric cancer cells treated with H. pylori supernatant 
supplemented with α-KG
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pylori and Hp-KS-1 groups showed that the expression 
of RPL15 was substantially higher in the H. pylori group 
than in the Hp-KS-1 group, and the Western blotting 
results were similar (Fig.  5C-D). These results suggest 
that the expression of RPL15 is related to GGT, and it 
may be an intermediate molecule affecting energy metab-
olism and downstream signaling pathways; however, this 
needs to be further verified.

GGT secreted by H. pylori can affect the energy metabolism 
and histone methylation status of gastric epithelial cells 
and the expression of RPL15
PCR and Western blotting were used to detect the 
expression of ribosomal protein RPL15 in gastric epi-
thelial cells treated with H. pylori supernatant, Hp-KS-1 
supernatant, and α-KG supplemented H. pylori superna-
tant, as well as in gastric tissues of corresponding mice. 
Our data indicated that the expression of RPL15 was sig-
nificantly increased in the H. pylori group but decreased 
in the Hp-KS-1 group, and this high expression was 
reversed by α-KG supplementation (Fig.  6A-C). To fur-
ther verify the effect of methylation status on RPL15 
expression, we used the combined inhibitors of H3K27 
and H3K9 trimethylation, BIX01294 and GSK126, and 
found that the expression of RPL15 was decreased in the 
H. pylori, Hp-KS-1, and α-KG supplement groups after 
the addition of trimethylation inhibitors (Fig.  6D). This 
indicates that GGT affects the energy metabolite α-KG, 
which in turn influences the methylation status and con-
sequently the expression of RPL15.

GGT secreted by H. pylori can affect α‑KG and histone 
methylation in gastric epithelial cells and activate the Wnt 
signaling pathway through RPL15
The Wnt signaling pathway regulates body development 
and its activation promotes the occurrence of gastric 
cancer. Overexpression of RPL15 selectively upregu-
lates β-catenin, which may be involved in the occurrence 
of gastric cancer through the Wnt signaling pathway. 
For further validation, we examined Wnt signaling and 
transfected GES-1 cells with siRNA to knockdown 
RPL15. β-catenin is normally expressed in the cell mem-
brane and cytoplasm. The translocation of β-catenin 
into the nucleus usually indicates the activation of Wnt 

signaling pathway. The results showed that β-catenin 
was translocated to the nucleus in GES-1 cells under 
H. pylori infection, but not in RPL15 knockdown cells 
(Fig. 7A), indicating that RPL15 may be involved in the 
Wnt/β-catenin signaling pathway. Negative control 
cells with H. pylori supernatant and H. pylori-infected 
RPL15 knockdown gastric epithelial cells were used to 
detect Wnt signaling pathway-related protein expres-
sion. The expression of Wnt signaling pathway-related 
proteins was increased in the H. pylori group compared 
with RPL15 knockdown groups and the negative control 
group (Additional file  1: Figure S2A). H. pylori in gas-
tric cancer can activate the Wnt signaling pathway; the 
pathway increases the expression of β- catenin/TCF4-
related target genes (cyclin D1, Axin2 and c-Myc) [23, 
24]. The above cells were grouped for RT-qPCR detec-
tion. The expression of cyclin D1, Axin2 and c-Myc were 
significantly higher in negative control cells treated with 
H. pylori than in the knockdown group (Additional 
file  1:Figure S 3A). These results suggested that RPL15 
could mediate the activation of the Wnt/β-catenin sign-
aling pathway.

In order to explore the relationship between GGT 
and Wnt signaling pathway activation, the expression of 
Wnt signaling pathway-related proteins was detected by 
Western blotting in gastric epithelial cells treated with H. 
pylori, Hp-KS-1 supernatant, and α-KG-supplemented 
H. pylori supernatant, and the gastric tissues of corre-
sponding mice. The results showed that compared with 
the control group, Wnt signaling pathway-related pro-
tein expression were significantly increased and Wnt 
signaling pathway inhibitor protein expression was sig-
nificantly decreased in the H. pylori treatment group, 
while the changes in the Hp-KS-1 group were smaller 
than those in the H. pylori group. The α-KG supplement 
group showed opposite changes (Fig. 7B-C). GES-1 cells 
and corresponding mouse tissues were collected for RT-
qPCR; it was also found that the expression of β-catenin/
TCF4 related target genes (cyclin D1, Axin2 and c-Myc) 
was significantly higher in the H. pylori treatment group 
than in the normal group. Knockout of GGT​ and sup-
plementation of α-KG decreased the expression of these 
genes (Additional file  1: Figure S3B-C). The nuclear 
translocation of β-catenin was also observed in GES-1 

Fig. 4  Gamma-glutamyl transferase secreted by H. pylori affects energy metabolism and histone methylation status of gastric epithelial cells. 
A Representative images of H3K9me3, H3K27me3, H3K9me1 and H3K27me1 expression in gastric epithelial cells of the control, Hp, Hp-KS-1, 
and Hp + α-KG groups using Western blot assay and the statistical analysis. B Representative images of H3K9me3, H3K27me3, H3K9me1 
and H3K27me1 expression in gastric tissues of mice in the control, Hp, Hp-KS-1, and Hp + α-KG groups were detected by Western blot assay 
and analyzed statistically. Data are expressed as mean ± standard. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: Hp: H. pylori intervention group; 
Hp + α-KG: Hp and α-KG supplementation group; Hp-KS-1: gamma-glutamyl transferase knockout H. pylori intervention group

(See figure on next page.)
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cells and gastric tissues of mice in the H. pylori group, 
but not in the Hp-KS-1 and α-KG supplemented groups 
(Additional file 1: Figure S4A-B). To verify the effect of 
histone hypermethylation on the Wnt signaling pathway, 
combined inhibitors of H3K9 and H3K27 trimethylation 
(BIX01294 and GSK126, respectively) were added to the 
cell culture medium. We found that the expression of 
β-catenin and TCF4 was significantly decreased in the 
Inhibition group, whereas the expression of SFRP1 was 
significantly increased (Fig.  7D). Similarly, the expres-
sion of cyclin D1, Axin2 and c-Myc was decreased in the 
inhibition group (Additional file 1: Figure S3D). Ectopic 
nuclear translocation of β-catenin was not observed 
(Additional file  1: Figure S4C). These results show that 
GGT secreted by H. pylori affects the energy metabolite 
α-KG and histone methylation status, thereby modulat-
ing the Wnt signaling pathway activation.

To performed further experiments to confirm 
whether RPL15 is a mediator of α-KG and histone 
methylation and verify its role in the Wnt signal-
ing pathway. H. pylori supernatant, GGT​ knockout 
H. pylori supernatant, α-KG-supplemented H. pylori 
supernatant intervened negative control and RPL15 
knockdown gastric epithelial cells were used to 
detect Wnt signaling pathway and the expression of 
β-catenin/ TCF4-related target genes (cyclin D1, Axin2 
and c-Myc). The results showed that after knocking 
down RPL15, the expression of β-catenin and TCF4 
was significantly downregulated, and the expression 
of SFRP1 was upregulated in H. pylori-infected cells 
(Fig.  7E). Cyclin D1, Axin2 and c-Myc were down-
regulated in H. pylori-infected cells (Additional file 1: 
Figure S3E). H. pylori-infected negative control cells 
showed β-catenin nuclear translocation, while in the 
knockdown group this was not observed (Additional 
file 1: Figure S 4D). CFSE, colony-forming, CCK8, and 
EdU experiments showed that cell proliferation was 
weakened after RPL15 knockdown (Fig.  7F-I). Tran-
swell and wound healing assays showed that migra-
tion ability was weakened after RPL15 knockdown 
(Fig. 7J-K).

The experimental results confirmed that under H. 
pylori infection, GGT can decrease α-KG levels and 

increase histone methylation, thereby leading to RPL15-
related activation of the Wnt signaling pathway. RPL15 is 
therefore an important intermediate molecule involved 
in the pathogenesis of gastric cancer caused by H. pylori 
infection.

Discussion
In the current study, the gastric tissues of H. pylori-
infected 18-month-old mice were subjected to Ki-67 
immunohistochemical staining, and the H. pylori group 
had the strongest proliferative ability compared to the 
H. pylori knockout and α-KG groups. H. pylori super-
natant-infected cells showed significantly enhanced cell 
proliferation and migration abilities, while GGT​ knock-
out of H. pylori and α-KG supplementation attenuated 
and reversed the effect, respectively. In addition, the 
secretion of GGT in H. pylori reduced the content of 
glutamine and α-KG, up-regulated histone H3K9me3 
and H3K27me3, and activated the Wnt-related signaling 
pathway. Moreover, significant relative upregulation of 
the ribosomal protein RPL15 was detected in the gastric 
tissues of H. pylori-gavaged mice. α-KG supplementation 
and methylation inhibitor decreased the expression of 
RPL15, while RPL15 knockdown inhibited the Wnt sign-
aling pathway. The results confirmed that the knockdown 
of RPL15 decreased cell proliferation and migration, 
suggesting that ribosomal proteins may be intermediate 
molecules in the GGT-mediated Wnt signaling pathway. 
Therefore, our study suggests that GGT secreted by H. 
pylori affects the energy metabolism of gastric epithelial 
cells, and that histone methylation status is involved in 
gastric carcinogenesis.

H. pylori infection can damage the gastric epithelium 
and is a primary risk factor for gastric cancer [25–28]. 
GGT damages gastric epithelial cells by producing reac-
tive oxygen species, inducing apoptosis and cell cycle 
arrest, and promoting inflammatory and other path-
ways, making the gastric tissue more susceptible to car-
cinogenesis [4]. Gastric tissues were collected from H. 
pylori infected mice after gavage with H. pylori or GGT​ 
knockout H. pylori-infected  mice for 18  months. The 
16sRNA results suggested continuous H. pylori coloniza-
tion during the mouse model establishment. Dysplasia 

(See figure on next page.)
Fig. 5  Secretion of gamma-glutamyl transferase by H. pylori promotes the expression of RPL15. Gastric tissues were collected from H. pylori-infected 
mice and gamma-glutamyl transferase knockout H. pylori-infected mice for proteomic analysis (n = 3 per group). A Gene ontology analysis of tissue 
data of Hp and Hp-KS-1 mice. B Volcano plot analysis of tissue data from Hp and Hp-KS-1 mice. C Relative mRNA expression of RPL15 in cells 
and tissues of the Hp and Hp-KS-1 groups was determined by RT-qPCR (n = 5 in each group). D Representative images of RPL15 expression in cells 
and tissues of Hp and Hp-KS-1 groups detected by Western blot assay and the statistical analysis. Data are expressed as mean ± standard deviation. 
* p < 0.05, * *p < 0.01, * * * p < 0.001, * * * *p < 0.0001. Abbreviations: Hp: H. pylori intervention group; Hp-KS-1: gamma-glutamyl transferase knockout 
H. pylori intervention group
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and developmental abnormalities were observed in H. 
pylori-infected mice, whereas GGT​ knockout H. pylori-
infected mice exhibited reduced pathological conditions. 
The Ki-67 immunohistochemical results also showed vig-
orous cell proliferation in the H. pylori infection group. 
In  vitro experiments confirmed that H. pylori infection 
enhances the proliferation and migration of gastric epi-
thelial cells. These results suggest that GGT is an impor-
tant pathogenic factor in gastric cancer; however, the 
specific mechanism requires further study.

GLN is an important amino acid to maintain a healthy 
gastrointestinal environment. GGT can consume GLN 
and reduce the its content in the stomach, thereby dis-
rupting the balance and presenting abnormal patho-
physiological characteristics [6, 29]. GLN is decomposed 
into glutamate by glutaminase, which is decomposed into 
α-KG by glutamate dehydrogenase to participate in the 
tricarboxylic acid cycle [7, 30], affecting the occurrence of 
related diseases. For example, α-KG supplementation sig-
nificantly reduced hepatic gluconeogenesis and amelio-
rated hyperglycemia [31]. In in vitro hypoxic conditions, 
α-KG can induce the degradation of HIF-1α in Lewis 
lung carcinoma, which can inhibit angiogenesis in mouse 
tumor models and exert an antitumor effect [32]. α-KG 
supplementation can reduce the level of systemic inflam-
matory cytokines, prolonging the lifespan and reducing 
the morbidity of aging mice [33]. In our study, GLN and 
α-KG levels decreased in gastric epithelial cells treated 
with H. pylori. The proliferation and migration of gas-
tric epithelial cells were also decreased in α-KG supple-
mented group. This was confirmed by tumor formation 
experiments in nude mice. These studies confirm that 
GGT secreted by H. pylori affects the energy metabolism 
of gastric epithelial cells and their biological characteris-
tics. However, its influence on biological characteristics 
requires further exploration.

α-KG is a substrate of dioxygenase and plays an 
important role in histone and nucleic acid demethyla-
tion [34]. Previous studies have found that H3K9me3 
and H3K27me3 are upregulated, and H3K9me1 and 
H3K27me1 are downregulated in MSCs infected with 
H. pylori [5], and supplementation of DM-αKG can 

reverse the increase of related trimethylation [8]. α-KG 
reduces the accumulation of H3K9me3 and H3K27me3 
and improves age-related osteoporosis [35]. α-KG can 
inhibit the differentiation of brown adipocytes by inhib-
iting H3K4me3 and H3K36me3 [36]. Our Western blot 
results also showed that H. pylori infection significantly 
upregulated H3K9me3 and H3K27me3, and knockout 
of GGT attenuated these changes, while α-KG supple-
mentation had opposite results. Histone methylation 
regulates developmental processes in organisms and 
plays a vital role in the occurrence and development of 
diseases [37]. Aberrant DNA methylation in gene pro-
moter regions can lead to the inactivation of tumor sup-
pressor and other cancer-related genes in cancer cells 
and is the clearest epigenetic marker of gastric cancer 
[38, 39]. The Wnt signaling pathway regulates body 
homeostasis and self-renewal of stem cells. Abnormal 
Wnt signaling can lead to related pathological changes 
[40] and promotes the occurrence and metastasis of 
gastric cancer [41–43]. Changes in DNA methylation 
can cause mutations in chromatin modifiers and abnor-
malities in the Wnt signaling pathway and promote the 
occurrence of related tumors [44]. It has been reported 
that supplementation with α-KG can reverse intestinal 
stemness and Wnt hyperactivation induced by low glu-
tamine [19]. This experiment also confirmed that when 
α-KG or H3K27me3/H3K9me3 inhibitors BIX01294 
and GSK126 were added in the experimental group [45], 
Wnt signaling pathway activation was weakened after 
trimethylation deprivation, the expression of β-catenin/ 
TCF4-related target genes was reduced, and cell prolif-
eration and migration were impaired. In conclusion, H. 
pylori secreted GGT reduced α-KG, an energy metabolite 
of gastric epithelial cells, and increased histone trimeth-
ylation, thereby activating the Wnt signaling pathway.

To further explore the relationship between the Wnt 
signaling pathway, altered energy metabolism, and his-
tone methylation status in H. pylori infection, gastric 
tissues of H. pylori infected and GGT​ knockout H. pylori-
infected  mice were collected for proteomic analysis. The 
results showed that most differentially expressed proteins 
were ribosomal proteins. Volcano plot screening showed 

Fig. 6  Gamma-glutamyl transferase secreted by H. pylori affects the energy metabolism and histone methylation of gastric epithelial cells 
and promotes the expression of RPL15. A RT-qPCR was used to detect the relative mRNA expression of RPL15 in cells and tissues of the control, Hp, 
Hp-KS-1, and Hp + α-KG groups (n = 5 in each group). B-C Representative images of RPL15 expression in cells and tissues of the control, Hp, Hp-KS-1, 
and Hp + α-KG groups were detected by Western blot assay and analyzed statistically. D The cells were divided into the Hp, Hp-KS-1, and Hp + α-KG 
groups, with BIX01294 and GSK126 inhibitor added on the basis of these conditions, respectively. Representative images of RPL15 expression 
in each group were detected by Western blot and analyzed statistically. Data are expressed as mean ± standard deviation. In all groups: * p < 0.05, 
* *p < 0.01, * * * p < 0.001, * * * *p < 0.0001. Abbreviations: BIX01294: G9a histone methyltransferase inhibitor; GSK126: EZH2 methyltransferase 
inhibitor; Hp: H. pylori intervention group; Hp + α-KG: Hp and α-KG supplementation group; Hp-KS-1: gamma-glutamyl transferase knockout H. pylori 
intervention group

(See figure on next page.)
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that the ribosomal protein RPL15 significantly decreased 
after GGT​ knockout. RPL15 is derived from eukary-
otic ribosomal 60S subunit [46]. When RPL15 is overex-
pressed, the number of nucleoli and the expression of 
nucleolar proteins increases, and the abnormal increase 
in nucleolar size and number caused by dysregulation of 
ribosome biosynthesis is a hallmark of most spontaneous 
cancers [47]. Overexpression of RPL15 increases breast 
cancer metastasis [48]; this expression is also upregulated 
in esophageal cancer [49] and in gastric cancer tissues, 
whereas the growth of gastric cancer cells with RPL15 
knockdown is significantly restricted [22]. This was con-
firmed using PCR and Western blotting. Later, in-depth 
exploration revealed that MYC is pivotal in the regula-
tion of ribosomal function and protein synthesis, facilitat-
ing the synthesis of proteins such as RPL15 [50–52]. The 
inhibition of H3K27 and H3K9 methyltransferases can 
inhibit H3K27me3/H3K9me3 methylation and down-
regulate MYC [53]. Under H2O2 treatment, ribosomal 
proteins are subjected to oxidative stress via the n-Myc 
pathway, in which the ribosomal protein RPL15 expres-
sion is significantly increased [52]. Accordingly, we 
hypothesized that increased histone trimethylation favors 
RPL15 expression. The results also show that the expres-
sion of RPL15 is increased in H. pylori-infected cells or 
tissues and decreased by α-KG supplementation. We also 
applied BIX01294 and GSK126 [45], which are inhibitors 
of H3K27me3/H3K9me3, and found that with the reduc-
tion of H3K9 and H3K27 trimethylation, the expression of 
RPL15 also decreased. Therefore, gamma-glutamyl trans-
ferase secreted by H. pylori affects energy metabolism, the 
histone methylation status of gastric epithelial cells, and 
consequently the expression of RPL15.

It has been reported that MYC and Wnt/β-catenin 
signaling pathways synergistically promote the occur-
rence of lung squamous cell carcinoma [54]. Up-reg-
ulation of n-Myc leads to overexpression of RPL15, 
sustained over-activation of ribosome biogenesis, and 

selective enhancement of β-catenin, which may be 
involved in tumorigenesis of offspring of oxidative dam-
age embryos through cross-interactions with Wnt and 
TGF-β1 pathways [52, 55]. Therefore, we speculate that 
there is a relationship between RPL15 and the Wnt sign-
aling pathway. For further confirmation, the results of 
immunofluorescence, Western blotting, and PCR showed 
that the nuclear translocation of β-catenin was detected 
in H. pylori-infected cells, while the deletion of RPL15 
led to a reversal of this translocation. After simultane-
ously knocking down RPL15, the expression of Wnt sign-
aling pathway inhibitor proteins was increased and the 
expression of related target genes was downregulated, 
indicating that the Wnt signaling pathway was weakened. 
Finally, we comprehensively verified that GGT medi-
ated the activation of Wnt signaling pathway by RPL15 
through its effects on energy metabolism and histone 
methylation status in GES-1 under H. pylori infection. 
Western blot, PCR, and immunofluorescence results 
showed that the expression of the Wnt signaling path-
way-related proteins β-catenin and TCF4, as well as the 
expression of β-catenin/TCF4-related target genes, was 
significantly increased in the H. pylori group, and ectopic 
nuclear translocation of β-catenin occurred. The expres-
sion was decreased after GGT​ knockout and reversed 
after α-KG supplementation. Knockdown of RPL15 
decreased the protein expressions of β-catenin, TCF4, 
and related target genes, and did not cause β-catenin 
translocation into the nucleus. Knockdown of RPL15 
reduced cell proliferation and migration in vitro.

On this basis, we conclude that GGT secreted by H. 
pylori can promote the expression of Wnt signaling path-
way related proteins through RPL15 by reducing the 
expression of α-KG and up-regulating the trimethylation 
of H3K9 and H3K27, thereby leading to the occurrence 
of gastric cancer. Supplementation of glutamine, α-KG 
and knockdown of RPL15 could reverse the condition. 

(See figure on next page.)
Fig. 7  Gamma-glutamyl transferase secreted by H. pylori affects energy metabolism and histone methylation of gastric epithelial cells, activates Wnt 
signaling pathway through RPL15, and increases the proliferation and migration of gastric epithelial cells. A Representative immunofluorescence 
images of cells in the negative control of GES-1 only, negative control with H. pylori infection (HP + GES-1 + NC siRNA), and RPL15 knockdown group 
of H. pylori infection (HP + GES-1 + RPL15 siRNA). B-C Representative images of β-catenin, TCF4, and SFRP1 expression in gastric epithelial cells 
and gastric tissues of the control, Hp, Hp-KS-1, and Hp + α-KG groups were detected by Western blotting and statistically analyzed. D The cells were 
divided into Hp, Hp-KS-1, and Hp + α-KG groups, with BIX01294 and GSK126 inhibitor added on separately to each of these groups. Representative 
images of β-catenin, TCF4, and SFRP1 expression in each group were detected by Western blotting and analyzed statistically. E Negative 
control cells and RPL15 knockdown cells were divided into six groups with H. pylori supernatant, H. pylori supernatant with gamma-glutamyl 
transferase knockout, and H. pylori supernatant with α-KG. Representative images of β-catenin, TCF4, RPL15 and SFRP1 expression in the six 
groups were detected by Western blotting and analyzed statistically. F-K CFSE, Colony-forming experiment, CCK8, EdU cell proliferation assay, 
transwell experiment, and wound healing results of negative control and RPL15 knockdown cells and their respective intervention groups, 
and the corresponding statistical analysis. Data are expressed as mean ± standard deviation. * p < 0.05, * *p < 0.01, * * * p < 0.001, * * * *p < 0.0001. 
Abbreviations: CCK8: Cell Counting Kit-8; CFSE: Fluorescent label carboxyfluorescein diacetate succinimidyl ester; Hp: H. pylori intervention group; 
Hp-KS-1: gamma-glutamyl transferase knockout H. pylori intervention group; Hp + α-KG: Hp and α-KG supplementation group
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Fig. 7  (See legend on previous page.)



Page 20 of 22Jiang et al. Cell Communication and Signaling          (2024) 22:402 

This may be a promising approach for the prevention and 
treatment of gastric carcinogenesis.

GGT has a profound effect on gastric epithelial cells, 
and it should be extremely interesting to study the spe-
cific mechanisms. According to a previous report, highly 
purified Escherichia coli secreted GGT is an ideal model 
for the study of enzyme reaction mechanisms [56]. The 
study of GGT protein processing in  vitro is therefore 
promising to determine changes that caused gastric can-
cer. Further studies on the expression of GGT in gastric 
epithelial cells and how it affects cell metabolism will 
also help us understand the pathogenesis of gastric dis-
eases caused by H. pylori, making these very interesting 
areas to explore; they will also be the focus of our future 
research. In conclusion, our experimental study provides 
new insights into the mechanism of H. pylori secreted 
GGT in the development of gastric cancer.
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Additional file 1: Figure S1. NCBI alignment of H. pylori 16SRNA in mice 
gastric tissues. H. pylori in gastric tissues of mice in Hp group, Hp-KS-1 
group and Hp+α-KG group were collected and cultured. The bacte-
rial DNA was extracted for 16sRNA, and the sequencing results were 
compared with the NCBI database. Figure S2. RPL15 activates the Wnt 
signaling pathway. Representative images of β-catenin, TCF4, and SFRP1 
expression in negative control with GES-1 only, negative control with 
H. pylori infection, and RPL15 knockdown group of H. pylori infection-
were detected by Western blot assay and analyzed statistically. Data are 
expressed as mean ± standard deviation. * *p < 0.01, * * * p < 0.001, * * * 
*p < 0.0001. Figure S3. Expression of β-catenin/TCF4 related target genes 
cyclin D1, Axin 2, and c-Myc in different groups.(A) RT-qPCR was used to 
detect the relative expression of cyclin D1, Axin 2, and c-Myc mRNA in the 
gastric epithelial cell negative control, H. pylori infection (HP+GES-1+NC 
siRNA), and H. pylori  infection RPL15 knockdown (HP+GES-1+RPL15 
siRNA) groups. (B-C) RT-qPCR was used to detect the relative expression 
of cyclin D1, Axin 2, and c-Myc mRNA in gastric epithelial cells and gastric 
tissues of the control, Hp, Hp-KS-1, and Hp+α-KG groups. (D) RT-qPCR 
was used to detect the relative expression of cyclin D1, Axin 2, and c-Myc 
mRNA in the Hp, Hp-KS-1, Hp+α-KG, and corresponding inhibitor groups. 
(E) RT-qPCR was used to detect the relative expression of cyclin D1, Axin 
2, and c-Myc mRNA in the Hp, Hp-KS-1, Hp+α-KG negative control, and 
corresponding RPL15 knockdown groups. Data are expressed as mean ± 
standard deviation.  * p< 0.05, * *p < 0.01, * * * p < 0.001, * * * *p < 0.0001. 
Abbreviations: Hp: H. pylori intervention group; Hp-KS-1: gamma-glutamyl 
transferase knockout H. pylori intervention group; Hp+α-KG: Hp and α-KG 
supplementation group. Figure S4. Immunofluorescence localization of 
β-catenin in different groups.Representative immunofluorescence images 

of gastric epithelial cells and gastric tissue in the control, Hp, Hp-KS-1, 
and Hp+α-KG group.Representative cell immunofluorescence images of 
the Hp, Hp-KS-1, Hp+α-KG group, and corresponding inhibitor groups 
.Representative immunofluorescence images of cells in the Hp, Hp-KS-1, 
Hp+α-KG negative control, and corresponding RPL15 knockdown groups.
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