
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Ji et al. BMC Microbiology          (2024) 24:467 
https://doi.org/10.1186/s12866-024-03619-4

BMC Microbiology

†Xiaofei Ji, Zekun Sun, Hao Wu contributed equally to this work and 
share first authorship.

*Correspondence:
Huilin Zhao
zhaohuilin1984@163.com
1Binzhou Medical University, Yantai, China
2Department of Blood Transfusion, Jining First People’s Hospital, Jining, 
China

Abstract
Background  Chronic infection by Helicobacter pylori strains expressing cytotoxin-associated gene A (CagA) are 
the strongest risk factor for gastric cancer. CagA can be classified into East Asian-type and Western-type (CagAE and 
CagAW), with CagAE being more closely associated with gastric cancer. This study aimed to investigate the impact of 
CagAE on intracellular signaling pathways to explain its high oncogenicity.

Results  Mutant H. pylori strains expressing either CagAE or CagAW were generated by transforming CagAE/W-
expression plasmid into CagA-deleted G27 strain (G27ΔCagA). In human gastric epithelial cells (GES-1) infection, CagAE 
induced more severe cytopathic changes, including higher interleukin-8 (IL-8) secretion, reduced cell viability, more 
pronounced “hummingbird phenotype” alterations, and increased cell migration and invasion compared to CagAW. 
Transcriptome analysis revealed that CagAE had a stronger effect on the up-regulation of key intracellular processes, 
including tumor necrosis factor-ɑ (TNF-ɑ) signal pathway via nuclear factor kappa-B (NF-κB), inflammatory response, 
interferon-γ (IFN-γ) response, hypoxia, ultraviolet (UV) response, and Kirsten Rat Sarcoma Viral Oncogene Homolog 
(KRAS) signaling. A significant upregulation of hypoxia-related genes was a notable feature of CagAE. GES-1 cells 
infected with CagAE exhibited more severe intracellular hypoxia and higher levels of reactive oxygen species (ROS) 
than those infected with CagAW. Inhibition of hypoxia-inducible factor-1α (HIF-1α), which blocks hypoxia signaling, 
mitigated CagAE-induced cell migration, emphasizing the role of hypoxia in mediating CagAE effects.

Conclusions  The study provides transcriptome evidence of CagA-associated intracellular regulation during H. pylori 
infection, demonstrating that CagAE exerts stronger effects on intracellular signaling than CagAW. These findings offer 
insights into the heightened carcinogenic potential of CagAE in H. pylori-induced gastric cancer.
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Introduction
Helicobacter pylori (H. pylori) is a spiral-shaped, micro-
aerophilic Gram-negative bacterium that colonizes the 
stomach and can cause persistent infection [1, 2]. H. 
pylori infection is associated with various upper gastro-
intestinal disorders, including chronic gastritis, peptic 
ulcers, gastric cancer (GC), and gastric mucosa-associ-
ated lymphoid tissue lymphoma (MALT). The pathoge-
nicity of H. pylori is largely driven by several virulence 
factors, with cytotoxin-associated gene A (CagA) being 
one of the most critical in linking infection to the devel-
opment of GC [3–5].

CagA is encoded by the cagA gene located on the cag 
pathogenicity island, found in certain H. pylori strains 
[6–8]. Clinical data show that CagA-positive strains are 
more likely to cause gastric cancer (GC) than CagA-
negative ones [9, 10]. The cagA gene encodes a variable 
C-terminal region containing repeated Glu-Pro-Ile-Tyr-
Ala (EPIYA) motifs, which result in a molecular weight 
ranging from 120 to 145 kDa [7, 11]. Based on flanking 
sequences, these EPIYA motifs are classified into four 
types, EPIYA-A, EPIYA-B, EPIYA-C, and EPIYA-D [12, 
13]. Geographical evolution has led to distinct combina-
tions of these EPIYA motifs. In East Asian strains (e.g., 
Japan, Korea, and China), CagA is characterized by a 
tandem arrangement of EPIYA-A, -B, and -D segments, 
whereas strains from other regions typically contain 
EPIYA-A, -B and a variable number (1–4) of EPIYA-C 
segments [14–17].

Extensive molecular epidemiological studies have 
shown that individuals infected with East Asian-type 
CagA (CagAE) strains have a higher risk of developing GC 
[18, 19]. Transgenic mouse models have demonstrated 
that CagAE induces more severe neoplastic lesions than 
Western-type A (CagAW) [20]. In vitro studies have also 
shown that CagAE is more virulent than CagAW inducing 
greater IL-8 secretion and more pronounced morpho-
logical changes [21, 22]. These findings all suggest that 
CagAE is more carcinogenic than CagAW, although the 
underlying mechanisms remain unclear.

During H. pylori infection, CagA is delivered into gas-
tric epithelial cells via the bacterial type IV secretion sys-
tem (T4SS), which is also encoded by cag pathogenicity 
island [8, 23, 24]. Once inside the host cell, CagA binds 
to the inner leaflet of the plasma membrane through 
its N-terminal region. The C-terminal EPIYA motifs 
undergo phosphorylation at tyrosine residues by host 
kinases c-Src and c-Abl [25–27]. Phosphorylated or 
non-phosphorylated CagA interacts with various intra-
cellular signaling through its EPIYA motifs, hijacking 
host cell signaling pathways and contributing to carci-
nogenesis [8]. A key binding site for the EPIYA motif is 
the SH2 domain, found in several host proteins, includ-
ing SH2 domain-containing PTPase2 (SHP2), SH2 

domain-containing PTPase1 (SHP1), C-terminal SRC 
kinase (CSK), growth factor receptor-bound protein 2 
(Grb2), growth factor receptor-bound protein 7 (Grb7), 
phosphatidylinositol-3 kinase (PI-3 kinase) [28–31]. Due 
to variations in the EPIYA-C and EPIYA-D sequences, 
CagAE and CagAW may interact differently with these 
host proteins, leading to distinct pathogenic outcomes. 
Hayashi et al. demonstrated that the EPIYA-D segment 
of CagAE actives SHP2 more strongly than the EPIYA-C 
segment contributing to greater “hummingbird pheno-
type” formation in cells injected with CagAE [32]. How-
ever, the broader intracellular behaviors of CagAE and 
CagAW remain unclear, complicating our understanding 
of the differences in their pathogenicity.

Previous studies have examined the global transcrip-
tional responses of gastric epithelial cells to H. pylori and 
CagA using DNA microarrays and RNA-seq [33–36]. 
These studies have gradually uncovered the complex 
interactions between H. pylori infection (and CagA) and 
host cells, advancing our understanding of CagA-induced 
carcinogenesis. However, no transcriptomic studies have 
specifically focused on the different subtypes of CagA.

In this study, we constructed two H. pylori mutant 
strains with identical genetic backgrounds, each express-
ing either CagAE or CagAW, to infect gastric epithelial 
cells. We then compared the transcriptional profiles and 
phenotypic outcomes of these infected cells to better 
understand the differential roles of CagAE and CagAW in 
H. pylori pathogenesis.

Materials and methods
Bacterial strains, plasmids and primers
Bacterial strains, plasmids, and primers used in this study 
are listed in Table 1. H. pylori strains 26,695 and SHCH-
30, encoding CagAW and CagAE respectively, were from 
the repository of our lab and cultured routinely under 
microaerophilic atmosphere (85% N2, 10% CO2, 5% O2) 
at 37  °C. Serum plates supplemented with kanamycin 
(15  mg/L) or chloramphenicol (10  mg/L) were used for 
selection of H. pylori mutant strains. E. coli strains were 
routinely cultured and used for plasmid cloning, and 
chloramphenicol (30 mg/L) or ampicillin (100 mg/L) was 
added when needed.

Construction of CagA mutants
H. pylori strain G27 was used as starter to construct 
mutant strains containing CagAE or CagAW. Firstly, 
the original cagA gene in G27 was deleted by homolo-
gous recombination knockout as described previously 
[37]. Gene-targeting cassette was constructed on vec-
tor pSJHK4 by inserting upstream and downstream 
homologous arms, which were amplified with prim-
ers G27-507-arm1-1, G27-507-arm1-2 and G27-507-
arm2-1, G27-507-arm2-2, respectively. The resultant 
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plasmid pSJHK4-CagA was transformed into H. pylori by 
natural transformation, to generate CagA deleted strain 
(G27ΔCagA). Diagnostic PCR was performed to confirm 
the deletion of CagA with primers 507-test-1, Km-tset-1 
and Km-tset-2, 507-test-2. The primers were indicated in 
Fig. 1A and sequences were listed in Table 1.

The coding sequence of CagAW or CagAE was amplified 
from the genome of H. pylori 26,695 or SHCH-30, and 
subsequently ligated into H. pylori-E. coli shuttle plasmid 
pCHFHP, to produce CagA-expression plasmid (pCH-
FHP-CagA), which was shown in Fig. 1C. These plasmids 
were transformed into G27ΔCagA also by natural transfor-
mation for screening G27CagAW and G27CagAE mutants.

Cell culture and infection
Human immortalized gastric epithelial GES-1 (Beyotime 
Biotechnology, C6268, China) cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (Macgene, CM10017, 
China) containing 10% fetal bovine serum (FBS) (Gibco, 
FSS500, USA) was used as the recipient cell for H. pylori 
infection. Mid-exponential-phase H. pylori cells were 
suspended in PBS (Meilunbio, MA0015, China), and 
added into cell cultures at a multiplicity of infection 
(MOI) of 100:1. After incubating for 4 h, cells were col-
lected for RNA extracting and phenotypic testing. The 
morphology of cells was observed by using a microscope 
at ×20 magnification and H. pylori-induced “humming-
bird phenotype” elongation cells were counted.

Cultivation of mouse stomach organoids and 
establishment of infection
The 6-week-old male C57BL/6 mice were purchased from 
Jinan Pengyue Laboratory Animal Breeding Co. After a 
one-week adaptation period, the mice were euthanized 
by cervical dislocation. Glandular cells from antrum 
and corpus were isolated and cultured as the procedures 
described by Mahe et al. and Schumacher et al. [38, 39]. 
In a nutshell, the stomach of approximately 1 cm2 was 
firstly cut into small pieces and washed in cold Ca2+/
Mg2+-free D-PBS (Procell, PB180329, China) until the 
supernatant was clear. Pieces were enzymatically digested 
by 1 mg/mL of collagenase and 0.5 mg/mL of hyaluroni-
dase in 5 mL Advanced DMEM/F12 (Gibco, 12634010, 
USA) medium for 30  min. After repeated washing and 
centrifugation to remove enzymes, the gastric glandular 
cells were suspended and seeded into Matrigel (R&D sys-
tem, 3533-005-02, USA) and maintained in medium con-
taining: 100 ng/mL of Wnt3A (Peprotech, 315 − 20, USA), 
100 ng/mL of Noggin (R&D system, 1967-NG, USA), 
500 ng/mL of R-Spondin-1 (Peprotech, 315 − 32, USA), 
Glutamax-I (1×) (Gibco, 35050061, USA), 1% of Penicil-
lin/streptomycin (Gibco, 15070063, USA),100 ng/mL of 
FGF-10 (R&D system, 6224-FG, USA), 50 ng/mL of EGF 
(R&D system, 2028-EG, USA), 1×B27 (Gibco, 17504044, 
USA), 10 nM of Gastrin-1 (Tocris Bioscience, 3006, UK), 
1 mM of N-Acetylcysteine (Tocris Bioscience, 5619, 
UK) during the whole cultivation and 10 µM of Y-27,632 
(Tocris Bioscience, 1254, UK) for only the first 2 days. 
The medium was replaced three times a week [40, 41].

One-week-old organoids were harvested from matri-
gel and transferred to planar cultures as the methods 
described by Schlaermann et al. [42]. H. pylori was added 
in the medium at an MOI of 100:1 for the infection.

Cell vitality assay
Cell Counting Kit-8 (CCK-8, Meilun Biotechnology Co., 
Ltd, Dalian, China) was used to measure the cell vitality. 
GES-1 cells were seeded into 96-well plates at a density 

Table 1  Strains, plasmids and PCR primers used in this study
Strain or plasmid Description Reference 

or source
Strains
  H. pylori 26,695 H. pylori wild strain containing 

Western CagA
  H. pylori SHCH-30 H. pylori wild strain containing 

East Asian CagA
  H. pylori G27 H. pylori wild strain containing 

Western CagA
  H. pylori G27ΔCagA H. pylori G27, cagA knockout, kmr This study
  H. pylori G27CagAW H. pylori G27ΔCagA, Western CagA 

knockin, kmr, cmr
This study

  H. pylori G27CagAE H. pylori G27ΔCagA, East Asian 
CagA knockin, kmr, cmr

This study

  E. coli-DH5α Strain used for gene cloning Tiangen
Plasmids
    pSJHK4 Gene-targeting template plas-

mid, Apr (kmr)
[37]

  pSJHK4-CagA A cagA targeted vector, Apr (kmr, 
cmr)

This study

  pCHFHP H. pylori-E. coli shuttle plasmid, 
Apr (cmr)

This study

Primers
  G27-507-arm1-1 5’-​G​A​C​C​A​G​G​G​A​T​C​C​A​G​T​C​T​C​A​G​T​G​

A​C​G​C​C​T​G​T​T​G​C​A-3’
This study

  G27-507-arm1-2 5’-​G​G​C​C​A​C​C​A​T​A​T​G​A​T​T​A​T​T​G​A​T​A​A​
A​T​T​G​C​T​G​C​G​G​G​T​T-3’

This study

  G27-507-arm2-1 5’-​G​C​G​T​C​C​C​T​C​G​A​G​T​T​G​A​A​C​A​A​T​G​
C​T​G​T​A​A​A​A​G​A-3’

This study

  G27-507-arm2-2 5’-​C​G​A​T​G​C​T​A​G​T​C​T​A​G​A​A​T​A​T​T​T​G​C​
A​G​C​A​A​A​A​A​T-3’

This study

  507-test-1 5’-​G​T​C​A​T​T​T​G​C​T​G​A​C​C​C​A​T​A​C​G​A-3’ This study
  507-test-2 5’-​G​G​C​G​T​G​A​T​T​G​A​G​C​C​A​A​G​C​A​

T​T-3’
This study

  Km-tset-1 5’-​T​G​C​C​T​C​G​T​C​T​T​G​G​A​G​T​T​C​A​T​
T​C-3’

This study

  Km-tset-2 5’-​G​T​T​G​G​C​T​A​C​C​C​G​T​G​A​T​A​T​T​G​
C​T-3’

This study

Ap ampicillin, Km kanamycin, Cm chloramphenicol
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of 4 × 103 cells/well, and infected with H. pylori for 4  h. 
Then, the supernatants were discarded and the cells were 
washed three times with PBS. DMEM (Macgene) con-
taining 10% of CCK-8 reagent was added into 96-well 
plates for another 2 h’s incubation at 37 °C and the optical 
density (OD) of the mixture was detected at a wavelength 
of 450  nm by using SpectraMax Plus384 (Molecular 
Devices, Silicon Valley, USA).

Transwell assay
Transwell chambers (Corning, New York, USA) with or 
without Matrigel (Abwbio, Shanghai, China) were used 
to determine cells’ invasion or migration. After starved in 
serum-free medium for 12  h, the test cells were seeded 

into the upper chamber at a density of 5 × 104/well. 600 
µL of culture medium containing 20% FBS was added 
into the lower chambers, serving as a chemoattractant. 
After 48  h incubation, the migrated or invaded cells on 
the lower surface of the chamber filters were fixed with 
4% paraformaldehyde, stained with 0.1% crystal violet 
and counted under the microscope (Olympus).

Measurement of IL-8 secretion
The supernatant of infected cell culture was collected for 
IL-8 amount determination using a Human IL-8 ELISA 
Kit (Elabscience Biotechnology Co., Ltd, Wuhan, China) 
according to the manufacturer’s instructions. The absorp-
tion at 450  nm was also read by SpectraMax Plus384 

Fig. 1  Construction of G27ΔCagA, G27CagAE and G27CagAW mutants on the basis of H. pylori G27 strain. (A) Schematic representation of the deletion of CagA. 
Two homologous arms (arm1 and arm2) for targeting CagA with a gene number of hp507 were amplified from the genome of H. pylori G27 with two sets 
of primers G27-507-arm1-1/G27-507-arm1-2 and G27-507-arm2-1/G27-507-arm2-2, and ligated into the template plasmid pSJHK4. The gene-targeting 
plasmid pSJHK4-CagA was transformed into H. pylori by natural transformation, and transformants were selected by kanamycin resistance. Black boxes 
indicate upstream and downstream homologous arms, respectively. Arrowheads indicate the arrangements and orientations of genes. (B) Verification 
of genetic recombination by diagnostic PCR. Lane M, DNA molecular weight standard (DL10000); Lane 1 and 2, PCR products amplified using primers 
507-test-1 and Km-test-1 from wild type of H. pylori (WT) and the mutant; Lane 3 and 4, PCR products amplified using primers 507-test-2 and Km-test-2 
from WT and mutant. (C) Schematic representations of CagA-expression shuttle plasmid pCHFHP-CagA. (D) Immunoblotting of CagA in H. pylori WT and 
mutant strains. G27ΔCagA, G27CagAE and G27CagAW represent CagA deleted, CagAE containing and CagAW containing mutant strains, respectively. (E) Immu-
noblotting of CagA in the cell lysate of GES-1 cells infected with H. pylori WT and mutant strains. The groups of ΔCagA, CagAE, CagAW and Control respec-
tively represent GES-1 cells infected with G27ΔCagA, G27CagAE, G27CagAW and without infection. GAPDH was used as an internal control. ns, no significance
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(Molecular Devices), and the concentration of IL-8 was 
calculated based on the standard curve.

Hypoxia analysis and intracellular ROS detection
The hypoxia level of GES-1 cells was analyzed by con-
focal scanning microscopy (Zeiss LSM880 Airyscan, 
Oberkochen, Germany) after treated with the ROS-ID 
Hypoxia/Oxidative stress detection kit (Enzo Life Sci-
ences, Farmingdale, USA) according to the manufac-
turer’s instructions (for fluorescence signal of hypoxia, 
excitation filter: 420 nm, emission filter: 600–700 nm).

RNA extraction and sequence analysis
After 4 hours’ incubation with H. pylori strains, G27CagAW 
or G27CagAE, GES-1 cells were washed twice with PBS to 
remove non-adherent bacteria. Total RNA was extracted 
from GES-1 cells by using the Trizol reagent (Invitro-
gen, Grand Island, USA) with conventional procedure. 
Residual genomic DNA in RNA samples were removed 
by incubation with DNA-free DNase I (Ambion, Aus-
tin, USA) at 37 °C for 30 min. The quantity and purity of 
the harvested RNA were determined by using Qsep 100 
(Bioptic, Taiwan, China) and RNA 1000 Nano LabChip 
Kit (Agilent, Santa Clara, CA, USA). The samples with 
quality number (RQN) greater than 7 was sequentially 
processed with mRNA capture, RNA fragmentation, 
cDNA synthesis, ending-repair, dA-tailing, adapter liga-
tion and magnetic bead purification and separation. The 
cDNA libraries were generated using the VAHTS Univer-
sal V8 RNA-seq Library Prep Kit for Illumina (Vazyme 
Biotech Co., Ltd, Nanjing, China) in accordance with 
the manufacturer’s protocol. Finally, libraries fragment 
distribution were profiled in Qsep 100 and sequenced 
on NovaSeq 6000 platform using paired-end RNA-seq 
approach (Novogene, Beijing, China).

Transcriptome analysis
Fastp software (version 0.23.2) was firstly employed to 
process the raw reads from RNA-seq with default param-
eters to remove unqualified reads [43]. The valid data 
generated was aligned to the reference genome of Homo 
sapiens GRCh38 p.14 using subjunc aligner. The gene-
sample count table was generated by featureCounts [44]. 
R software (version 4.2.1) and the package DESeq2 (ver-
sion 4.2.1) were adopted to analyze mRNAs and genes 
expressed differentially [45], and variance stabilizing 
transformation (VST) [46] was performed to normal-
ize the read counts. The influences of H. pylori infection 
on GES-1 cells were explored by gene set enrichment 
analysis (GSEA) against Molecular Signatures Database 
(MSigDB, version 7.5.1) using clusterProfiler packages 
(version 4.4.2) [47, 48].

Quantitative real-time PCR
To verify the differential expression genes screened from 
transcriptome analysis, qRT-PCR was performed using 
an ABI Prism 7500 Detection System (Applied Biosys-
tems, Foster City, USA) with 2×SYBR Green qPCR Mix 
(Sparkjade, Shandong, China) as the fluorescent detec-
tion dye. First-strand cDNA was synthesized from 1  µg 
of total mRNA, and applied as the template for qRT-PCR 
with gene-specific primers. The PCR thermal cycling 
conditions for all reactions were 94 °C for 3 min, followed 
by 40 cycles of 94 °C for 10 s and 60 °C for 34 s. All reac-
tions were performed for three biological replicates, and 
the data for each sample were calculated relatively to 
the levels of reference gene (GAPDH) by using 2−ΔΔCT 
method [49, 50]. The primer sequences were listed in 
Supplementary Table 1.

Western blotting
Total protein of infected GES-1 cells was extracted in 
RIPA lysis buffer (Solarbio, Beijing, China) and quanti-
fied by bicinchoninic acid (BCA) detection kit (Beyo-
time, Shanghai, China). After separated by SDS-PAGE, 
proteins were electrotransfered to a PVDF membrane 
and sequentially incubated with primary and secondary 
antibodies. Protein blots on PVDF membranes were then 
colorized by an enhanced chemiluminescence reagent 
and imaged by Tanon 5200 Multi chemiluminescent 
imaging system (Shanghai, China). Antibodies used in 
this study include anti-CagA (Santa Cruz Biotechnology, 
Dallas, USA), anti-GAPDH (Proteintech, Wuhan, China) 
as primary antibody and anti-mouse IgG-HRP (Protein-
tech) as secondary antibodies.

Statistics
Statistical analysis was performed by GraphPad Prism 
software version 9. Results are showed as means ± stan-
dard error of the means (SEM). Tests in comparison 
between groups were analyzed to get P value, and differ-
ences were considered statistically significant when when 
P < 0.05.

Results
Construction of CagAE or CagAW harboring mutant strains
To investigate the distinct roles of CagA subtypes in H. 
pylori pathogenesis, we generated H. pylori G27 strains 
expressing either CagAE or CagAW. First, the endog-
enous CagA gene in H. pylori G27 was deleted to cre-
ate a CagA knockout (G27ΔCagA) mutant (Fig.  1A). This 
was achieved by transforming H. pylori with the plasmid 
pSJHK4-CagA, replacing the cagA gene with a selection 
marker kanamycin resistance gene (Km) via double-
crossover homologous recombination. Transformants 
were selected on kanamycin and confirmed by diagnos-
tic PCR. As shown in Fig.  1B, two specific amplicons 
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were observed in the mutant strain, corresponding to 
the regions flanking the deleted cagA gene, which were 
absent in the wild-type strain. This confirmed the suc-
cessful generation of the G27ΔCagA strain.

Next, we transformed the G27CagA strain with plas-
mids expressing either CagAE or CagAW, resulting in the 
G27CagAE and G27CagAW strains, respectively (Fig.  1C). 
Western blot analysis confirmed the expression of CagA 
in both mutant strains, with no detectable CagA in the 
specific G27ΔCagA strain (Fig.  1D). The expression levels 
of CagAE and CagAW were similar, indicating that both 
subtypes were successfully expressed at comparable 
levels.

Since CagA is translocated into host cells during H. 
pylori infection, we also assessed the intracellular lev-
els of CagA in infected GES-1 cells (Fig.  1E). CagA 
was detected in cells infected with either G27CagAW or 
G27CagAE, with no significant difference in the amount of 
CagA between the two strains. As expected, no CagA was 
detected in cells infected with G27ΔCagA. These results 
confirmed that the genetic manipulations did not impair 
the translocation of CagA into host cells. Given the simi-
lar expression and translocation levels of CagA G27CagAW 
and G27CagAE, these strains are suitable for comparing the 
pathogenic differences between the two CagA subtypes.

Phenotypic identification of GES-1 cells infected by 
different CagA mutants
To investigate the pathogenic effects of different CagA 
subtypes (CagAE and CagAW), GES-1 cells were infected 
with the H. pylori strains G27ΔCagA, G27CagAW, and 
G27CagAE. Various phenotypic changes were assessed, 
including cell morphology, viability, IL-8 secretion, cell 
migration, and invasion. The infection groups were 
abbreviated as CagAE, CagAW and ΔCagA, respectively, 
while uninfected GES-1 served as the control.

Previous studies have shown that CagA can induce 
cytoskeletal rearrangement in host cells, resulting in a 
distinct “hummingbird phenotype”, characterized by an 
elongated shape with a length-to-width ratio greater than 
2:1 [51]. In our study, significant numbers of cells with 
this special phenotype were observed in both CagAE and 
CagAW groups, with more elongated cells in the CagAE 
compared to the CagAW and ΔCagA groups (Fig.  2A). 
Quantitative analysis revealed that 24.05 ± 0.68% of cells 
in the CagAE group exhibited the hummingbird pheno-
type, compared to 15.08 ± 1.02% in the CagAW group, 
consistent with previous findings that CagAE induces 
more pronounced morphological changes than CagAW 
[52].

Cell viability was also assessed, and the results are 
presented in Fig. 2B. H. pylori infection led to a signifi-
cant reduction in cell viability across all infected groups, 
regardless of CagA expression. However, CagA-positive 

strains, particularly CagAE, caused a greater decrease 
in viability than CagA-negative strains, indicating that 
CagA contributes to cell damage and that CagAE is more 
cytotoxic than CagAW.

As shown in Fig.  2C, H. pylori infection significantly 
increased IL-8 secretion in GES-1 cells, with CagA-
positive strains inducing higher levels than the ΔCagA 
group, consistent with previous study [53]. Specifically, 
the CagAE group secreted 117.64 ± 1.79 pg/mL of IL-8, 
compared to 70.46 ± 0.99 pg/mL in the CagAW group 
and 28.21 ± 2.35 pg/mL in the ΔCagA group. These find-
ings suggest that CagAE triggers a stronger inflammatory 
response during H. pylori infection.

Transwell assays were conducted to evaluate cell 
migration and invasion (Fig.  2D and E). Infection with 
CagA-positive H. pylori strains enhanced migration and 
invasion of GES-1 cells, with CagAE exerting a more 
potent effect than CagAW.

RNA transcription analysis of GES-1 cells infected by 
different H. pylori mutants
The transcriptional profiles of GES-1 cells infected with 
different H. pylori strains, expressing distinct types of 
CagA were analyzed (Fig.  3A). A total of 762,023,558 
original reads were obtained from 19 RNA samples (4 
independent samples from the ΔCagA group and 5 from 
each of the other groups). After filtering, 505,980,216 
clean reads were retained. The RNA-Seq data has been 
deposited in the NCBI-SRA with accession number 
PRJNA1070825. Principal component analysis (PCA) 
revealed a clear separation among the transcriptomes of 
cells infected by G27CagAE, G27CagAW, G27ΔCagA, and the 
control (uninfected cells), with a total variance of 82.5% 
explained by two axes (PC1 = 80%, PC2 = 2.5%) (Fig. 3B).

Gene Set Enrichment Analysis (GSEA) was used to 
identify altered hallmark gene sets, using cut-off values 
of |Normalized Enrichment Score| (|NES|) > 1, Nomi-
nal p-value (NOM.p.val) < 0.05 and False Discovery Rate 
q-value (FDR.q.val) < 0.25. Compared to the control, 16 
gene sets were significantly altered in the CagAE group, 
14 in the CagAW group, and 10 in the ΔCagA group 
(Fig.  3C-E, Supplementary Tables 2–4). Eight gene sets 
were shared across all infected groups, including the 
TNF-ɑ signaling via NF-κB, hypoxia, inflammatory 
response, IFN-γ response, IL-6/JAK/STAT3 signal-
ing, allograft rejection, IL-2-STAT5 signaling, and UV 
response pathways. These gene sets are predominantly 
associated with inflammation and immune response, 
indicating the main host response to H. pylori infection. 
The NES and FDR.q.val. values showed higher expres-
sion levels of these inflammatory genes in the CagAE 
group compared to the CagAW group (Fig. 3C-E, Supple-
mentary Tables 2–4), consistent with phenotypic assays 
that demonstrated more severe cellular damage in the 
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CagAE-infected cells. Additionally, both CagAE and 
CagAW groups exhibited co-enrichment in pathways 
related to apoptosis, KRAS signaling up, Epithelial-to-
mesenchymal transition (EMT), and complement activa-
tion, underscoring CagA involvement in these processes. 
Notably, the enrichment of these pathways was higher 
in the CagAE group compared to CagAW. CagAE also 
uniquely enriched several additional gene sets, includ-
ing mTORC1 signaling, the Reactive Oxygen Species 
(ROS) pathway, Unfolded Protein Response, and the P53 
pathway.

To further explore the regulatory differences between 
CagAE and CagAW, a direct comparison with the ΔCagA 
group was performed. Three up-regulated gene sets 
- TNF-ɑ signaling via NF-κB, IFN-γ response, and 

inflammatory response- were shared between the CagAE/
ΔCagA group and CagAW/ΔCagA comparisons, indicat-
ing their close association with CagA activity (Fig. 3F-G, 
Supplementary Tables 5–6). However, pathways related 
to hypoxia, UV response, and KRAS signaling were only 
enriched in the CagAE/ΔCagA group comparison, high-
lighting the distinct regulatory effects of CagAE. Interest-
ingly, when directly comparing CagAE and CagAW, the 
hypoxia pathway was the only gene set significantly up-
regulated in the CagAE group (Fig.  3H, Supplementary 
Table 7). These findings suggest that while both CagA 
subtypes activate common inflammatory and immune 
pathways, CagAE exerts additional regulatory effects, 
particularly through the hypoxia pathway, contributing to 
its enhanced pathogenicity.

Fig. 2  Phenotypic identification of GES-1 cells infected with different H. pylori mutant strains. (A) The “hummingbird phenotype” alteration, (B) Cell vi-
ability, (C) IL-8 secretion, (D) Migration and (E) invasion. Left, Representative images; Right, statistical data. Cells with “hummingbird phenotype” were 
indicated by red arrows. Error bars represent means ± SEM., *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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Fig. 3  Identification of significantly differential gene sets in H. pylori infected GES-1 cells from RNA sequencing results. (A) Schematic view of the experi-
mental workflow for transcriptome sequencing in GES-1 cells infected by H. pylori mutants. (B) PCA analysis revealing significant differences in transcrip-
tome levels among four groups. Purple, green, red and blue dots respectively represent Control, ΔCagA, CagAE and CagAW group clusters. (C-H) Scatter 
diagrams of differential gene sets with a cutoff of |NES| > 1, NOM.p.val < 0.05 and FDR.q.val < 0.25. C, CagAE vs. Control group; D, CagAW vs. Control group; 
E, ΔCagA vs. Control group; F, CagAE vs. ΔCagA group; G, CagAW vs. ΔCagA group; H, CagAE vs. CagAW group. X-axis refers to the value of NES; Y-axis refers 
to the value of -log10 (NOM.p.val); The size and color of the bubbles represent the counts of genes enriched in gene sets and FDR.q.val, respectively
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Verification of differentially expressed gene sets
To validate the differential gene expression identified 
in the transcriptome analysis, we focused on the three 
significantly up-regulated gene sets closely related to 
CagA, identified in comparisons between the CagAE/W 
and ΔCagA groups. TNF-ɑ signaling via NF-κB, inflam-
matory response, and IFN-γ response. The significantly 
differentially expressed (SDE) genes in these processes 
are listed in Supplementary Tables 5–6. From these 
gene sets, six genes showing the most pronounced dif-
ferences - INHBA, TNFRSF9, IL-6, SOD2, CXCL8, and 
TRAF1 - were selected as representative markers. A 
heat map of these genes is shown in Fig.  4A. The qRT-
PCR results demonstrated that the transcription levels 
of these genes were up-regulated in GES-1 cells after 
4 hours’ post-infection with CagA-positive H. pylori 
(Fig.  4B), with the effect being most pronounced in the 
presence of CagAE. To further investigate these expres-
sion changes in a more physiologically relevant context, 
we used mouse-derived stomach organoids to simulate 
in vivo infection. As shown in Fig. 4C, the expression of 
INHBA, TNFRSF9, and IL-6 was significantly increased 
following infection, with CagAE exhibiting a stronger 
induction effect than CagAW, consistent with the results 
from the in vitro GES-1 cell infection experiments. These 
findings confirmed that the TNF-ɑ signaling via NF-κB, 
IFN-γ response, and Inflammatory Response pathways 
are closely associated with CagA activity and that CagAE 
exerts a more potent regulatory effect on these pathways 
than CagAW.

In addition, the hypoxia gene set was the only one 
significantly different between the CagAE and CagAW 
groups, based on transcriptome comparisons. The 
enriched genes in this set are listed in Supplemen-
tary Table 7. To verify their transcriptional regulation, 
IGFBP3, STC1, EFNA3 and EFNA1 were selected for 
further analysis in H. pylori-infected cells and stom-
ach organoids. The heat map of these genes is shown in 
Fig. 5A, with corresponding qRT-PCR results in Fig. 5B 
and C. As expected, the transcription levels of these 
genes were higher in the CagAE group compared to the 
CagAW group, both in infected GES-1 cells and in mouse-
derived stomach organoids. These results confirmed the 
stronger regulation of the hypoxia gene set by CagAE 
compared to CagAW, highlighting hypoxia as a key dif-
ferential pathway in the intracellular regulation by CagA.

CagAE caused more severe hypoxia enhancing the 
migration of infected GES-1 cells
The transcriptomic analysis highlighted the up-regulation 
of the hypoxia gene set as a key feature of CagAE-medi-
ated regulation. This prompted us to investigate whether 
CagAE plays a more active role in driving intracellular 
hypoxia. To assess the hypoxic response in infected cells, 

we used a ROS-ID hypoxia/oxidative stress detection kit 
(Enzo Life Sciences). This kit employs a red fluorescent 
dye that responds to nitroreductase activity in hypoxic 
cells by converting the nitro groups to hydroxylamine 
(NHOH) and amino (NH2), thereby releasing the fluo-
rescent signal. As shown in Fig. 6A, red fluorescence was 
notably increased in H. pylori-infected GES-1 cells, with 
the CagAE-positive H. pylori group exhibiting the high-
est fluorescence intensity, indicating a more pronounced 
hypoxic response. Reactive Oxygen Species (ROS) pro-
duction is a critical marker of intracellular hypoxia and is 
closely associated with H. pylori infection. Using the oxi-
dative stress detection reagent, we stained cells for total 
ROS, revealing increased green fluorescence in infected 
GES-1 cells (Fig.  6B). The highest ROS levels were 
observed in the CagAE group, further supporting that 
CagAE induces a stronger hypoxic and oxidative stress 
response compared to CagAW. These findings suggest 
that CagAE is more potent in promoting both hypoxia 
and ROS production in infected cells.

Hypoxia has been linked to enhanced cell migration 
and invasion [54]. We hypothesized that the more severe 
hypoxia induced by CagAE could contribute to greater 
cell migration and invasion. To test this, we blocked 
hypoxic signaling to evaluate changes in CagA-induced 
cell migration. Hypoxia-inducible factor (HIF)-1α, a 
key regulator of the hypoxic response, was inhibited 
using LW6, a compound that promotes HIF-1α degra-
dation. As shown in Fig.  6C, inhibition of HIF-1α sig-
nificantly reduced cell migration in both CagAE and 
CagAW-infected cells, with a 33% decrease in the CagAE 
group and a 28% decrease in the CagAW group. These 
results confirm that hypoxia plays a critical role in 
CagAE-induced enhanced cell migration and imply that 
inhibiting hypoxia could counteract the neoplastic trans-
formation driven by CagAE during H. pylori infection.

Discussion
Several in vivo and in vitro studies have demonstrated 
the strong pathogenic effects of CagAE. Miura et al. 
reported that transgenic mice expressing CagAE devel-
oped more severe neoplastic lesions than those express-
ing CagAW [20]. In cell infection models, CagAE-positive 
strains showed greater inhibition of gap junction inter-
cellular communication in GES-1 cells [55] and induced 
more IL-8 secretion in co-cultured AGS cells [21]. Fu HY 
et al. also found that CagAE more actively promoted cell 
growth than CagAW [56]. Consistent with these findings, 
our study revealed that CagAE induces a higher degree 
of phenotypic changes in infected GES-1 cells, includ-
ing elevated IL-8 secretion, decreased cell viability, a 
greater occurrence of the “hummingbird phenotype”, and 
increased cell migration and invasion. Despite growing 
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evidence of the heightened cytotoxicity of CagAE, the 
underlying mechanisms remain poorly understood.

CagA is delivered into host gastric epithelial cells via 
H. pylori’s type IV secretion system, where it modifies 

intracellular signaling [31, 57]. While many studies have 
investigated the regulatory effects of CagAW on these sig-
nals, few have explored the differences between CagAE 
and CagAW. Fu HY et al. reported that CagAE has a 

Fig. 4  Validation of the significantly differentially expressed genes under infections by CagAE/W harboring strains and CagA deleted strain. (A) The heat-
map shows the significantly upregulated mRNAs. Determination of gene’s expression in H. pylori-infected cells (B) and stomach organoids (C) was per-
formed by qRT-PCR. GAPDH was selected as an internal control for relative quantification. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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stronger effect on ERK pathway activation than CagAW 
[56]. Hayashi et al. demonstrated CagAE binds more 
tightly to SHP2, leading to greater activation of SHP2 and 
enhanced pathogenicity [32]. These studies suggest that 
the differences in intracellular signal regulation between 
CagAE and CagAW may underlie the stronger carcinoge-
nicity of CagAE.

In this study, we performed transcriptomic analysis 
to investigate the intracellular signaling profile of CagA. 
Since CagA acts quickly upon delivery into host cells, 
using a “hit-and-run” strategy to trigger carcinogenesis 

[58], we selected a 4-hour post-infection time point to 
capture early signaling changes. Transcriptomic analysis 
revealed that H. pylori infection predominantly affects 
the signaling pathway related to TNF-ɑ via NF-κB, 
hypoxia, inflammatory response, IFN-γ response, IL-6/
JAK/STAT3 signaling, allograft rejection, IL2-STAT5 sig-
naling, and DNA damage responses. Most of these bio-
logical processes have been previously linked to H. pylori 
infection [34–36].

CagA’s activity was particularly reflected in the upregu-
lation of TNF-ɑ via NF-κB, inflammatory response, and 

Fig. 5  Validation of the significantly differentially expressed genes associated with Hypoxia. (A) The heatmap shows the significantly upregulated mRNAs. 
Transcript levels assessment of genes in infected GES-1 cells (B) and mouse gastric organoids (C) was performed by qRT-PCR. GAPDH was selected as an 
internal control for relative quantification. ns, no significance, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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IFN-γ signaling, with CagAE showing a more pronounced 
enrichment than CagAW. This indicates that CagAE is 
more potent in inducing inflammation and immune 
responses. Numerous studies have reported the associa-
tion between CagA and inflammation [59, 60], particu-
larly the activation of NF-κB by H. pylori infection, which 
leads to increased expression of TNF, CXCL8, and IL-8 
secretion [61, 62]. Our RT-qPCR and ELISA results con-
firmed that CagAE upregulates the expression of these 
inflammatory genes and promotes IL-8 secretion more 
effectively than CagAW. Inflammation triggered by the 
NF-κB pathway is a key driver of CagA-induced gastric 
carcinogenesis [63]. Therefore, it is likely that CagAE’s 
stronger induction of inflammation contributes to its 
greater carcinogenicity.

Abnormal immune responses also play a critical role in 
the H. pylori-related gastric pathology. IFN-γ is a cyto-
kine that modulates immune responses [64] and is highly 
expressed in H. pylori-infected gastric mucosa levels [65]. 
Our findings suggest that CagAE has a stronger regula-
tory effect on IFN-γ signaling, although further studies 
are needed to clarify the mechanisms involved.

Hypoxia is directly related to tumor proliferation, 
migration, and invasion in GC [54, 66]. In this study, 

hypoxia-related genes such as IGFBP3, STC1, EFNA1, 
and EFNA3 were upregulated in response to CagAE, and 
these genes are known to influence the tumor immune 
microenvironment and predict gastric cancer prognosis 
[67]. Although, research on H. pylori has been shown to 
upregulate Hif-1α, which is associated with increased 
invasion, metastasis, and reduced survival in gastric can-
cer patients [68, 69]. The relationship between CagA and 
hypoxia has not been well studied. Noto et al. recently 
reported that HIF-1α mitigates H. pylori-induced gas-
tric injury by attenuating cag-mediated virulence and 
host inflammatory responses, suggesting a connection 
between the HIF-1α pathway and the cag pathogenic-
ity island [70]. Our data show that CagAE induces more 
severe hypoxia and higher ROS production in infected 
GES-1 cells, and blocking HIF-1α reduced cell migration, 
supporting the idea that CagAE promotes cell migration 
by inducing hypoxia during H. pylori infection.

Additionally, our results indicated that CagAE signifi-
cantly upregulates genes involved in the UV response, 
a pathway associated with DNA damage [71]. H. pylori 
has been shown to cause extensive DNA double-strand 
breaks during GC development [72], and CagA contrib-
utes to genomic instability by disrupting the balance 

Fig. 6  Hypoxia analysis in GES-1 cells infected with H. pylori. (A) hypoxia and (B) ROS detection by ROS-ID hypoxia/oxidative stress detection kit. Red 
fluorescence indicates hypoxia level. Green fluorescence represents the degree of ROS production. (C) Cell migration detection of infected GES-1 cells 
with treatment of hypoxia inhibitor LW6. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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between DNA damage and repair [73]. Our findings sug-
gest that CagAE induces more severe DNA damage than 
CagAW, but further studies are needed to confirm this. 
We also found that the oncogenic KRAS pathway was 
enriched in the CagAE group. KRAS signaling has been 
implicated in gastric cancer progression [74]. For exam-
ple, Yin et al. reported that abnormal activation of KRAS 
signaling was triggered in high-risk GC patients [75], 
while Yoon et al. demonstrated that KRAS activation in 
gastric adenocarcinoma cells stimulates EMT, promoting 
migration and invasion [76]. Yet, the connection between 
CagA and KRAS activation has not yet been established 
and warrants further investigation.

In conclusion, our analysis demonstrates that CagAE 
exerts stronger regulatory effects on intracellular sig-
naling pathways than CagAW, particularly in inducing 
hypoxia. These findings help explain the higher oncogenic 
potential of CagAE in H. pylori-induced carcinogenesis.
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