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Abstract

BACKGROUND

Helicobacter pylori (H. pylori) persistently colonizes the human gastric mucosa in
more than 50% of the global population, leading to various gastroduodenal di-
seases ranging from chronic gastritis to gastric carcinoma. Cytotoxin-associated
gene A (CagA) protein, an important oncoprotein, has highly polymorphic Glu-
Pro-Ile-Tyr-Ala segments at the carboxyl terminus, which play crucial roles in
pathogenesis. Our previous study revealed a significant association between
amino acid deletions at positions 893 and 894 and gastric cancer.

AIM

To investigate the impact of amino acid deletions at positions 893 and 894 on
CagA function.

METHODS

We selected a representative HZT strain from a gastric cancer patient with amino
acid deletions at positions 893 and 894. The cagA gene was amplified and mutated
into cagA-NT and cagA-NE (sequence characteristics of strains from nongastric
cancer patients), cloned and inserted into pAdtrack-CMYV, and then transfected
into AGS cells. The expression of cagA and its mutants was examined using real-
time polymerase chain reaction and Western blotting, cell elongation via cell
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counting, F-actin cytoskeleton visualization using fluorescence staining, and interleukin-8 (IL-8) secretion via
enzyme-linked immunosorbent assay.

RESULTS

The results revealed that pAdtrack/cagA induced a more pronounced hummingbird phenotype than pAdtrack/
cagA-NT and pAdtrack/cagA-NE (40.88 + 3.10 vs 32.50 + 3.17, P < 0.001 and 40.88 + 3.10 vs 32.17 + 3.00, P < 0.001) at
12 hours after transfection. At 24 hours, pAdtrack/cagA-NE induced significantly fewer hummingbird phenotypes
than pAdtrack/cagA and pAdtrack/cagA-NT (46.02 + 2.12 vs 53.90 +£ 2.10, P < 0.001 and 46.02 + 2.12 vs 51.15 + 3.74,
P < 0.001). The total amount of F-actin caused by pAdtrack/cagA was significantly lower than that caused by
pAdtrack/cagA-NT and pAdtrack/cagA-NE (27.54 £ 17.37 vs 41.51 £ 11.90, P < 0.001 and 27.54 £ 17.37 vs 41.39 +
14.22, P < 0.001) at 12 hours after transfection. Additionally, pAdtrack/cagA induced higher IL-8 secretion than
pAdtrack/cagA-NT and pAdtrack/cagA-NE at different times after transfection.

CONCLUSION
Amino acid deletions at positions 893 and 894 enhance CagA pathogenicity, which is crucial for revealing the
pathogenic mechanism of CagA and identifying biomarkers of highly pathogenic H. pylori.

Key Words: Cytotoxin-associated gene A; Glu-Pro-Ile-Tyr-Ala; Hummingbird phenotype; Interleukin-8; Helicobacter pylori

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The present study evaluated the impact of amino acid deletions at positions 893 and 894 on cytotoxin-associated
gene A (CagA) protein function. Amino acid deletions at positions 893 and 894 enhance the ability of CagA to induce
hummingbird cells, cytoskeletal rearrangement, and interleukin-8 secretion. This finding is crucial for elucidating the
molecular mechanism of CagA protein pathogenicity and identifying biomarkers of highly pathogenic Helicobacter pylori.
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INTRODUCTION

For the year 2022, GLOBOCAN 2020 estimated approximately 509421 new cancer cases and 400415 cancer deaths attri-
buted to gastric carcinoma[1]. Among those cases, approximately 352955 and 274691 will be male and 156466 and 125724
female, respectively[1]. Gastric carcinoma is the third most common cause of cancer mortality and the fifth leading cause
of malignancy worldwide. In 2020, China had an estimated 478508 new cases, with approximately 373789 deaths[2].
China, with one of the highest mortality and morbidity rates of gastric carcinoma, attributes 90% of cases to Helicobacter
pylori (H. pylori) infection[3].

H. pylori is a microaerophilic, gram-negative bacterium that not only causes chronic gastritis and peptic ulcer disease
but also poses a significant risk for the development of gastric adenocarcinoma and mucosal-associated lymphoid tissue
lymphoma[4,5]. In 1994, the World Health Organization classified H. pylori as a Class I carcinogen, and its eradication is
considered a primary preventive measure for gastric cancer. It is recognized as a modifiable risk factor for this ma-
lignancy[6]. In addition to environmental factors and host immunity, the difference in the pathogenicity of bacterial
virulence factors is the main reason leading to different clinical outcomes[7,8]. H. pylori produces a range of pathogenic
factors, with cytotoxin-associated gene A (CagA) being one of the most significant virulence factors. It is encoded by the
cagA gene at the end of the cag pathogenicity island, and its molecular weight is approximately 120-145 Ku[9,10].
Research has shown that cagA-positive strains cause more severe gastric mucosal injury and inflammation, significantly
increasing the risk of gastric cancer[11,12].

The CagA protein can be transferred into gastric epithelial cells through a type IV secretion system[13,14], which is
located on the inner surface of the host plasma membrane. This protein is subsequently tyrosine-phosphorylated at the
Glu-Pro-Ile-Tyr-Ala (EPIYA) motif at its C-terminus by Src family kinases and Ab1 kinase[15,16]. The C-terminal region
of CagA includes four different EPIYA segments, namely, EPIYA-A, EPIYA-B, EPIYA-C, and EPIYA-D, all of which are
closely linked to clinical outcomes[17]. H. pylori can be categorized into two types on the basis of the different combin-
ations of these four EPIYA segments: East Asian type and Western type[18-20]. CagA can interact with various signaling
proteins through four distinct EPTYA segments, either through a phosphorylation-dependent or phosphorylation-in-
dependent mechanism, affecting cell proliferation, motility, apoptosis, and the inflammatory response[21,22]. Phos-
phorylated CagA binds specifically to and activates src-homology-region-2-domain-containing-phosphatase-2 (SHP-2),
which in turn triggers activation of the extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK/
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MAPK) pathway and the C-terminal src kinase (Csk)[23,24]. The CagA-SHP2 complex, by continuously activating ERK
and dephosphorylating focal adhesion kinase, can cause rearrangements in the cytoskeleton, leading to a unique morpho-
logical change known as the hummingbird phenotype. This phenotype is characterized by elongated, scattered cells[25-
27]. When AGS cells with complete knockout of SHP-2 were infected with H. pylori, the number of hummingbird phe-
notypes was significantly reduced, indicating that SHP-2 plays a crucial role in the morphological changes induced by
CagA[28,29]. Furthermore, phosphorylated CagA can directly bind to phosphatidylinositol 3-kinase (PI3K), SHP-1,
growth factor receptor-bound protein 7 (Grb7), and Ras-GTPase activator protein 1, leading to abnormal activation of
signaling pathways and resulting in cell dysfunction[30]. The aforementioned results were also observed in the inter-
action of unphosphorylated CagA with certain proteins, including hepatocyte growth factor receptor (c-Met), zonulin-1,
and junctional adhesion molecules[31,32]. By disrupting tight junctions and losing cell polarity, the integrity of gastric
epithelial cells is compromised, potentially leading to increased cell migration, proliferation, and transformation[33].

H. pylori can activate noncanonical nuclear factor-kappa B (NF-kB) transcription factor through various mechanisms
and induce secretion of proinflammatory cytokines, such as interleukin-8 (IL-8)[33,34]. Ritter et al[35] reported that the
induction of IL-8 was regulated by cagA-dependent mechanisms. IL-8 is a neutrophil chemokine that is secreted by gastric
epithelial cells. It can induce neutrophil chemotaxis, leading to an inflammatory response in the gastric mucosa. IL-8
plays an important role in the development of gastroduodenal diseases. Higher levels of IL-8 are directly associated with
a poorer prognosis and more aggressive gastric carcinoma.

Owing to variations in the number and type of EPIYA segments, CagA displays diversity in terms of geography,
structure, and function. Therefore, many studies have investigated the correlation between structural polymorphisms of
CagA and clinical outcomes. Our previous study[36] revealed a significant association between the absence of residues
893 and 894 of the CagA protein and strains from gastric cancer patients. In this study, we selected a representative HZT
strain containing amino acid deletions at positions 893 and 894 and created various cagA mutants to investigate the
impact of amino acid deletions at positions 893 and 894 on AGS morphological changes and IL-8 secretion. Our results
provide a theoretical basis for further research into the pathogenic mechanism, risk assessment and eradication treatment
of H. pylori infection.

MATERIALS AND METHODS

Bacterial strains and culture conditions

The HZT strain used in this study was isolated from a gastric mucosa sample of a patient with gastric cancer in Zhejiang
Province. The HZT strain was cultured on Karmali agar plates (Oxoid, England) supplemented with 50 mL/L defi-
brinated sheep blood at 37 °C in a 100 mL/L CO2-humidified atmosphere for 72 hours. The obtained colonies were
identified based on catalase, oxidase, and urease tests, negative Gram staining, and bacterial morphology. The Escherichia
coli (E. coli) strain Trans5a (TransGen Biotech, Beijing, China) used for molecular cloning was cultivated on Luria Bertani
agar plates (LB, Land Bridge, Beijing, China) supplemented with ampicillin (100 mg/L) as necessary and incubated at 37
°C for 24 hours.

DNA extraction and amplification of the cagA gene

Genomic DNA was extracted from the HZT strain using the QIAamp DNA Mini Kit (QIAGEN, Germany). The concen-
tration and purity of the DNA were measured using a NanoDrop-1000 (Thermo Fisher Scientific, United States). The
primers used were designed for amplification of the cagA gene, followed by Sanger sequencing. The sequence of the cagA
forward primer with an endonuclease site of Kpnl (New England Biolabs, United States) was 5-CGCGGTACCAT-
GACTAACGAAACCATCGATCAAACA-3. The sequence of the cagA reverse primer with an endonuclease site of Xhol
(New England Biolabs, United States) was 5-CGCCTCGAGTTAAGATTTCTGGAAACCACTTTTTGT-3'". The 2 x Super
Pfx MasterMix (CWBIO, Beijing, China) was used to amplify the DNA. The DNA with the designed primers was
amplified via polymerase chain reaction (PCR) for 30 cycles. The PCR products were analyzed after electrophoresis on a
1% agarose gel with GelStain and sequenced via Sanger sequencing (Tsingke, Beijing, China).

Site-directed mutagenesis of the cagA gene

After the cagA gene was amplified, sequence alignment analysis revealed that CagA was simultaneously deleted at
positions 893 and 894 (26695 was used as a reference strain). Splicing by overlap extension (SOE) PCR was used to insert
the asparagine-threonine (NT) codon AACACA and the asparagine-glutamate (NE) codon AACGAA at amino acid
deletion positions 893 and 894 of CagA in the HZT strain, respectively, and the cagA genes were mutated into cagA-NT
and cagA-NE (sequence characteristics of strains from nongastric cancer patients). The primers used for site-directed
mutagenesis of the cagA gene are shown in Table 1. C-F and C-R flanking primers were designed with Kpnl and Xhol
endonuclease sites, which were used to amplify the full-length promoter fragment. The two pairs of primers T-F/T-R and
E-F/E-R introduced the desired mutations. The flanking primers and mutation primers were matched to amplify
mutation sites and promoter fragments. The promoter containing the upstream region of the cagA gene was amplified
using the C-F and T-R/E-R primers; the downstream region was amplified using the T-F/E-F and C-R primers; and the
full-length cagA gene was amplified using the C-F and C-R primers. Amplicons containing the upstream region, mutated
sequence, and downstream region of the cagA gene were fused together via SOE PCR. Briefly, in the first SOE PCR,
amplicons containing the upstream region of the cagA gene were spliced to amplicons containing the mutated cagA open
reading frame; in the second SOE PCR, the mutated gene was spliced to the downstream region of cagA. The products of
the two SOE PCRs were purified with the E.Z.N.A.® Gel Extraction Kit (OMEGA, United States) and then spliced together

WJG | https://www.wjgnet.com 4451 November 7,2024 | Volume30 | Issuedl |

Jaishideng®



Xue Z] et al. Amino acid deletions affect CagA function

Table 1 Sequence of primers used for cytotoxin-associated gene A site-directed mutagenesis

Primers The sequence of primers (5’-3’)

CF CGCGAATTCATGACTAACGAAACCATCGATCAAACA

CR CGCCTCGAGTTAAGATTTCTGGAAACCACTTTTTGT

T-F AATAATGGACTCAAAAACAACACAGAACCCATTTATGCTA
T-R TAGCATAAATGGGTTCTGTGTTGTTTTTGAGTCCATTATT
E-F AATAATGGACTCAAAAACAACGAAGAACCCATTTATGCTA
E-R TAGCATAAATGGGTTCTTCGTTGTTTTTGAGTCCATTATT

The bold represent the restriction sites, and the italics represent the mutant codons.

in the third step. The final PCR products were gel purified, and site-directed mutations of the cagA gene were confirmed
via DNA sequencing.

Construction of the eukaryotic expression vector of cagA and its mutated genes

The PCR products of cagA and its mutated genes were gel purified and cloned and inserted into pMD18-T (Takara, Japan)
to construct the vectors pMD18-T/cagA, pMD18-T/cagA-NT and pMD18-T/cagA-NE, followed by sequencing. The
recombinant vectors were digested and inserted into Kpnl- and Xhol-digested pAdtrack-CMV (Nobel Biotech, Shanghai,
China). The conditions of the ligation reaction were carried out according to the manufacturer’s instructions. The ligated
products were subsequently transformed into E. coli Trans5a. The positive colonies were screened on LB plates containing
ampicillin. The recombinant vectors were extracted with the EndoFree Maxi Plasmid Kit (Tiangen, Beijing, China) and
identified via Kpnl/Xhol double digestion, after which the positive eukaryotic expression vectors were sequenced and
termed pAdtrack/cagA, pAdtrack/cagA-NT, and pAdtrack/cagA-NE.

Cell culture and transient transfection

The AGS cell (ATCC CRL1739) was cultured in RPMI-1640 medium (Gibco, Thermo Fisher Scientific, United States)
supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, United States), 100 U/mL of penicillin,
and 100 pg/mL of streptomycin (Solarbio, Beijing, China) at 37 °C in a cell culture incubator containing 50 mL/L CO,. For
transient transfection, AGS cells were cultured in 6-well plates at a density of 5 x 10° cells per well until they reached
approximately 90% confluence. The cells were then transfected with 4 pg of DNA from each plasmid and 4 pL of
Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, United States) per well. Six hours after transfection, the
medium was replaced with antibiotic-free RPMI-1640 medium containing 10% FBS, and the cells were further incubated
for 36 hours. We tested five groups of transfections, including the control group (nontransfected cells), the empty plasmid
group (transfected with only pAdtrack-CMYV), and the experimental groups (transfected with pAdtrack/cagA, pAdtrack/
cagA-NT, and pAdtrack/cagA-NE, respectively). All transfections were conducted in triplicate, and the cells were
collected at 36 hours for mRNA and protein detection.

RNA extraction and RT-PCR

AGS cells were harvested, and total RNA was extracted using the RNeasy Mini Kit (QIAGEN, Germany). cDNA was
synthesized using the QuantiNova Reverse Transcription Kit (QIAGEN, Germany). The forward and reverse primers
used for detecting the cagA gene were 5'-ATGACTAACGAAACCATCGATCAAACA-3" and 5-TTAAGATTTCTG-
GAAACCACTTTTTGT-3, respectively. The forward and reverse primers used for determining the expression of the
internal marker GAPDH gene (product size, 258 bp) were 5’ AGAAGGCTGGGGCTCATTTG3 and 5 AGGGGCCAT-
CCACAGTCTTC3, respectively. The 2 x Super Pfx MasterMix (CWBIO, Beijing, China) was used to amplify the cDNAs.
PCR was performed for 30 cycles, and the products were separated on 1% agarose gels, purified, and sequenced.

Western blot analysis

Protein was extracted using the Mammalian Protein Extraction Kit (CWBIO, Beijing, China). Protein quantification was
performed via a BCA protein quantification kit (TransGen Biotech, Beijing, China). Twenty micrograms of protein were
heated at 100 °C for 10 minutes and then loaded for sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDSPAGE), followed by transfer onto polyvinylidene difluoride (PVDF) membranes (Millipore, United States). The
PVDF membranes were blocked with 1 x TBST (CWBIO, Beijing, China) solution containing Difco skim milk for 2 hours
and then incubated with primary antibodies against mouse anti-CagA (A-10) (1:200, Santa Cruz, United States) and rabbit
anti-GAPDH (1: 2500, Abcam, England) at 4 °C overnight. After the membranes were washed three times with 1 x TBST
for 30 minutes, they were incubated with goat anti-mouse m-IgG2a BP-HRP (1: 4000, Santa Cruz, United States) and goat
anti-rabbit IgG H&L (HRP) (1: 4000, Abcam, England) for 1 hour, followed by repeated washing as described above. The
protein bands were visualized using Western Blot Chemiluminescence HRP Substrate (Takara, Japan) and an ultra-
sensitive quantitative fluorescence gel imager (Bio-Rad, United States). The expression of each protein was quantified
using Image] software (version 1.8.0; Bethesda, United States), normalized to that of GAPDH, and expressed as the fold
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change.

Cell elongation assay

AGS cells (1 x 10°) were cultured in 6-well plates containing RPMI 1640 medium supplemented with 10% FBS for 24
hours, after which the DNA was transfected into the cells as described above. The morphology of the AGS cells was
observed every 6 hours, and 5 random fields were photographed at a magnification of x 100 via a Nikon Ci-L inverted
microscope (Nikon, Japan). At 12 hours and 24 hours after transfection, the number of hummingbird cells was measured
using Image] software, and the hummingbird phenotype was defined as cells with needle-like projections that were > 15
pm long and exhibited a characteristic elongated shape.

Fluorescence staining of the F-actin cytoskeleton

AGS cells were cultivated on glass coverslips (WHB, Shanghai, China) within 6-well plates at a concentration of 1 x 10°
cells per well and incubated at 37 °C in an atmosphere containing 50 mL/L CO, for 24 hours, and the samples were
subjected to fluorescence staining at 12 hours and 24 hours after transfection. Briefly, the cell culture medium was
carefully aspirated, and the cells were washed twice with PBS. Subsequently, the AGS cells that had adhered to the glass
coverslips were first fixed with 4% paraformaldehyde for 10 minutes, followed by permeabilization with 0.5% Triton X-
100 for 5 minutes at room temperature. The samples were subsequently treated with FITC phalloidin (Solarbio, Beijing,
China) and incubated in the dark at room temperature for 30 minutes. Following staining, the coverslips were removed
and inverted onto a slide with mounting medium (with DAPI) (Solarbio, Beijing, China), and the cells were then
photographed at a magnification of x 200 using a confocal laser scanning microscope (Nikon, Japan). The F-actin
cytoskeleton was quantitatively analyzed by detecting the average fluorescence intensity using Image]J software. All the
experiments were conducted in triplicate.

IL-8 detection

At 6 hours, 12 hours, 24 hours, 36 hours, and 48 hours after transfection, the cell culture supernatants were harvested,
centrifuged at 8000 r/ minutes for 10 minutes, and then stored at -80 °C until further use. The concentration of IL-8 was
quantified using a human IL-8 enzyme-linked immunosorbent assay (ELISA) kit (4A Biotech, Beijing, China) according to
the manufacturer’s guidelines.

Statistical analysis

Statistical analyses were conducted using SPSS 20.0 (SPSS, Chicago, IL, United States). Each experiment was performed in
triplicate and repeated at least three times, and the data are presented as the means + SDs. Oneway analysis of variance
was used for multiple comparisons, and the StudentNewmanKeuls method was used to analyze the mean difference
between the two groups. A P value < 0.05 was considered statistically significant.

RESULTS

PCR amplification and site-directed mutagenesis of the cagA gene

The amplified target fragments were approximately 3540 bp in size, which matched the expected size of the target genes
(Figure 1A and B). The codons AACACA and AACGAA, representing asparagine-threonine and asparagine-glutamate,
respectively, were successfully inserted into the deletion sites at positions 893 and 894 of CagA (Figure 1C), and the
corresponding sequences were submitted to the NMDC database under accession numbers NMDCNOOO011FE to
NMDCNOO0011FG.

Construction and identification of recombinant plasmids

The length of pAdtrack-CMV was 9220 bp; when the target genes were amplified, 6 bp of mutant bases were inserted into
the cagA-NT and cagA-NE genes. Therefore, the lengths of the recombinant plasmids pAdtrack/cagA, pAdtrack/cagA-NT,
and pAdtrack/cagA-NE were calculated to be 12760 bp, 12760 bp, and 12760 bp, respectively. After double digestion and
electrophoresis, two fragments were produced. Larger DNA fragments were observed at approximately 9000 bp, corres-
ponding to the pAdtrack-CMV fragment (9220 bp), and smaller DNA fragments appeared at approximately 3540 bp,
which matched cagA and its mutated genes, indicating that the target genes were successfully inserted into pAdtrack-
CMYV (Figure 1D and E). The sequencing results demonstrated that the recombinant plasmids were successfully cons-
tructed, and the mutated bases were successfully inserted into the cagA gene.

Transfection and verification by RT-PCR and Western blot analysis

The efficiency of fluorescent transfection was estimated to be > 80% at 36 hours after transfection, as shown in Figure 2.
Moreover, RT-PCR and Western blot assays demonstrated successful expression of the cagA gene and its mutated
variants in AGS cells across the three experimental groups.

Induction of the AGS cell hummingbird phenotype

Compared with the empty plasmid group, the three experimental groups were capable of inducing hummingbird
phenotype formation in AGS cells. The hummingbird phenotype was observed to be time dependent, first appearing in
AGS cells 6 hours after transfection (Figure 3); by 12-24 hours, it was present in 30%-60% of the cells. Occasionally,
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Figure 1 Identification of cytotoxin-associated gene A and its mutated genes. A: The cytotoxin-associated gene A (cagA) gene was amplified by
polymerase chain reaction (PCR) from the HZT strain. Lane M: DNA marker; lane 1 cagA gene; lane 2 Control; B: The mutated gene was amplified by splicing by
overlap extension (SOE) PCR. Lane M: DNA marker; lane 1 cagA-NT gene; lane 2 cagA-NE gene; lane 3 Control; C: Sanger sequencing results; D: The target genes
were amplified by PCR from eukaryotic expression recombinant plasmids. Lane M: DL8000 DNA marker; lane 1 pAdtrack/cagA; lane 2 pAdtrack/cagA-NT; lane 3
pAdtrack/cagA-NE; E: Double enzyme identification results. Lane M: DL8000 DNA marker; lane 1 pAdtrack/cagA; lane 2 pAdtrack/cagA-NT; lane 3 pAdtrack/cagA-
NE. cagA: Cytotoxin-associated gene A.
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Figure 2 Detection of each plasmid transfection efficiency and expression of each cytotoxin-associated gene A in AGS cells. A: Images
under an ordinary light microscope and fluorescence photos after each cytotoxin-associated gene A (cagA) transfection into AGS (100 x). Scale bar = 100 ym; B: The
mRNA expression levels in AGS cells; C: The protein levels in AGS cells. CagA proteins were quantified using by Western blot analysis.

elongated AGS cells were also observed in the control group, but these were typically <10% and exhibited short, needle-
like protrusions. Compared with those in the empty plasmid group and the control group, the hummingbird phenotypes
induced by the three experimental groups were markedly significantly different at 12 hours and 24 hours after trans-
fection (F = 59.310/236.326, P < 0.001). We found that pAdtrack/cagA induced a significantly (P < 0.01) greater number of
hummingbird phenotypes than pAdtrack/cagA-NT and pAdtrack/cagA-NE at 12 hours. Approximately 40% of the AGS
cells exhibited a hummingbird phenotype following transfection with pAdtrack/cagA, compared with an average of 32%
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Figure 3 Observation of cell morphology at different times after transfection (100 x). Representative micrographs of AGS cells transfected with
pAdtrack/cytotoxin-associated gene A were shown. Scale bar = 100 um. cagA: Cytotoxin-associated gene A.

of those with pAdtrack/cagA-NT and pAdtrack/cagA-NE. We also found that pAdtrack/cagA-NE induced significantly (
P < 0.05) fewer hummingbird phenotypes than pAdtrack/cagA and pAdtrack/cagA-NT at 24 hours. Transfection with
pAdtrack/cagA-NE resulted in only 46% of the AGS cells showing the hummingbird phenotype, whereas the number of
hummingbird cells transfected with pAdtrack/cagA and pAdtrack/cagA-NT exceeded 50% (Figure 4).

Quantification of the F-actin cytoskeleton with FITC phalloidin staining

To determine whether cagA and its mutated genes could trigger actin cytoskeletal rearrangements, the structure and
distribution of the F-actin cytoskeleton were measured. Compared to those in the empty plasmid group and the control
group, the total amount of F-actin introduced by the three experimental groups was significantly different at 12 hours and
24 hours after transfection (F = 13.548/21.478, P < 0.01). At 12 hours, the total amount of F-actin caused by pAdtrack/cagA
was significantly lower than that caused by pAdtrack/cagA-NT and pAdtrack/cagA-NE (P < 0.05). Compared with
pAdtrack/cagA-NE, pAdtrack/cagA-NE resulted in a statistically significant (P < 0.05) increase in the total amount of F-
actin at 24 hours. However, there was no significant difference between pAdtrack/cagA and pAdtrack/cagA-NT
(Figure 5). These results suggested that AGS cells transfected with pAdtrack/cagA presented major F-actin rearrangement
in high abundance at the macrospike protrusions.

Determination of IL-8 secretion

A standard curve of IL-8 was generated according to the manufacturer’s instructions, and IL-8 concentrations were
quantified via ELISA at 6 hours, 12 hours, 24 hours, 36 hours, and 48 hours after transfection. There were notable
significant differences in IL-8 secretion among the groups (P < 0.001). pAdtrack/cagA induced significantly higher levels
of IL-8 secretion than pAdtrack/cagA-NT and pAdtrack/cagA-NE at 6 hours and 24 hours after transfection (P < 0.05). At
12 hours after transfection, pAdtrack/cagA-NE resulted in significantly lower levels of IL-8 than pAdtrack/cagA (P =
0.006) and pAdtrack/cagA-NT (P = 0.04). There were also significant differences among the groups at 36 hours and 48
hours after transfection, with pAdtrack/cagA exhibiting significantly greater IL-8 secretion than pAdtrack/cagA-NT and
pAdtrack/cagA-NE (P < 0.05). The results are shown in Figure 6.

DISCUSSION

A critical pathogenic factor of H. pylori, the CagA protein, has multiple polymorphisms, which play crucial roles in the
pathogenic mechanism of H. pylori. It has been shown that amino acid polymorphisms flanking the EPIY A-A motif result
in functional differences in CagA, but the impact of these polymorphisms on the development and occurrence of
gastrointestinal diseases remains unclear[37]. In this study, we investigated the effects of amino acid deletions at positions
893 and 894, adjacent to the EPIYA-A motif, on the functions of CagA. Our findings indicated that these deletions
significantly enhanced the ability of CagA to induce a hummingbird phenotype, cytoskeletal rearrangement, and IL-8
secretion. This finding is crucial for elucidating the molecular mechanism of CagA protein pathogenicity and identifying
biomarkers of highly pathogenic H. pylori in the Chinese population. Translocation and phosphorylation of the CagA
protein can lead to cytoskeletal rearrangement and hummingbird phenotype formation. CagA proteins with more EPIYA
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Figure 4 Induction of AGS cells hummingbird phenotype. A: The percentage of hummingbird cells at 12 hours and 24 hours after transfection into AGS.
The number of hummingbird cells was quantitated in triplicate in 5 random fields and the results were mean + SD of three independent experiments. Errors bars
represent standard errors of the means. 2P < 0.05, °P < 0.01; B: Representative micrographs of transfected AGS cells as indicated (100 x). 1 and 2 represented cell
morphology at 12 hours and 24 hours after transfection, respectively. Scale bar = 100 um.

motifs become more phosphorylated, leading to an increase in the number of AGS cells exhibiting the hummingbird
phenotype and the length of their cellular protrusions[38]. The phosphorylated EPIYA-C or EPIYA-D segment can
specifically bind to and activate SHP-2, a multifunctional signal transduction protein, which is closely related to the
regulation of cell life activities such as cell proliferation, differentiation, and death[25,39]. East Asian CagA, which
contains the EPIYA-D segment, has a stronger binding ability to SHP-2 and causes more significant cell damage[40].
Western CagA, which contains multiple EPIYA-C segments, has a stronger binding affinity for SHP-2 and induces a
hummingbird phenotype more potently than those with fewer EPIYA-C segments[41]. At present, there is no evidence to
elucidate the mechanism of gastric cancer caused by CagA-SHP2, but it is worth exploring whether the hummingbird
phenotype induced by CagA may be closely related to gastric mucosal carcinogenesis. In addition, the phosphorylated
EPIYA-A or EPIYA-B segment can bind to and interact with Csk, which is a negative regulator of Src kinase. Csk
phosphorylates the carboxyl terminus of Src kinase, leading to the binding of the phosphorylated residues to the SH2
domain of Src kinase, thus retaining Src kinase in an inhibited state and inhibiting the phosphorylation of EPIYA[42].
This, in turn, prevents the CagA protein, which depends on phosphorylation, from functioning properly. CagA proteins
with a greater number of EPIYA-A and EPIYA-B segments can more strongly inhibit Src activity, thereby attenuating
tyrosine phosphorylation-dependent CagA activity and reducing cell damage[40]. These findings further suggest that the
types of EPIYA-A and EPIYA-B segments may influence their interaction with Csk and consequently affect the phos-
phorylation capability of CagA. In addition to SHP-2 and Csk, the CagA EPIYA segments can also interact with other
signaling factors, such as SHP-1 and PI3K, as well as Crk-I, Crk-II, Grb2, and Grb7, leading to morphological changes and
abnormal proliferation[41,42].

Given the hypothesis that amino acid polymorphisms surrounding the EPIYA-A motif affect the virulence and
carcinogenic potential of the CagA protein, we assessed the impact of these polymorphisms on the development of
morphological changes and the induction of IL-8 secretion in AGS cells. Transfection of AGS cells with the recombinants
used in this study demonstrated that both cagA and its mutants were capable of inducing the hummingbird phenotype in
AGS cells and that the induction of this phenotype was time dependent. By counting hummingbird cells, we observed
that pAdtrack/cagA induced a significantly greater percentage of cells to exhibit the hummingbird phenotype and
induced longer protrusions than pAdtrack/cagA-NT and pAdtrack/cagA-NE at 12 hours. The number of hummingbird
cells induced by pAdtrack/cagA-NE was significantly lower than that induced by pAdtrack/cagA and pAdtrack/cagA-
NT at 24 hours. The actin cytoskeleton is a fibrous network that is regulated by the synergistic action of actin-binding
proteins[43]. F-actin is a biologically active form of actin that aggregates to form stress fibers and plays crucial roles in cell
adhesion, apoptosis, and signal transduction[44]. In the present study, FITC-labeled phalloidin was used to stain F-actin,
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Figure 5 Quantification of the F-actin cytoskeleton with FITC phalloidin stain. A: The average fluorescence intensity of F-actin at 12 hours and 24
hours after transfection. The data were mean + SD of three independent experiments. Errors bars represented standard errors of the means. 2P < 0.05, °P < 0.01; B:
Representative micrographs of F-actin cytoskeleton as indicated (400 x). AGS cells were labeled for F-actin using FITC phalloidin and the nucleus was stained with
DAPI. F-actin was shown in green, and the nucleus was labeled with blue. 1 and 2 represented the F-actin cytoskeleton at 12 hours and 24 hours after transfection,
respectively. Scale bar = 25 ym.

and we observed cytoskeletal changes in the host cells, which were characterized by spreading and elongation of the
cellular matrix, leading to the formation of needle-like structures filled with F-actin. Our findings revealed that the
number of stress fibers significantly increased after transfection with different types of cagA. The total amount of F-actin
produced by pAdtrack/cagA was significantly lower than that produced by pAdtrack/cagA-NE (P < 0.05) at 12 hours and
24 hours. These findings suggested that the deletion of amino acids 893 and 894 in CagA enhanced its ability to induce
the hummingbird phenotype and cytoskeletal rearrangement, with stronger pathogenicity. This phenomenon could be
due to the deletion affecting the binding ability of the EPITYA-A segment to Csk, weakening the inhibitory effect of Csk on
Src kinase and ultimately enhancing the functional activity of tyrosine phosphorylation-dependent CagA.

The impact of amino acid deletions at positions 893 and 894 on the induction of IL-8 was also examined. Previous
studies have shown that the translocation of CagA stimulates the inflammatory response, leading to the activation of NF-
kB and the subsequent expression of IL-8[45,46]. IL-8 can promote the proliferation, migration, and survival of endo-
thelial cells, as well as angiogenesis, and enhance the survival of cancer cells[46,47]. Luca et al[48] reported that IL-8 can
enhance the migration and invasion capabilities of cancer cells. Sugimoto et al[49] reported that IL-8 can stimulate
angiogenesis and contribute to the development of gastric cancer. Salih et al[50] demonstrated that CagA plays a crucial
role in inducing IL-8 secretion, and this secretion is dependent on the time of exposure. The EPIYA motif is activated by
phosphorylation and negative feedback inhibition, mediating the phosphorylation and activation of multiple dow-
nstream protein kinases. Ultimately, it promotes the transcription and expression of IL-8 by regulating the regulatory
sequences of the IL-8 gene, such as the promoter and enhancer[51]. The CagA protein can upregulate the expression of
inflammatory factors through multiple signaling pathways. The phosphorylated EPIYA-C and EPIYA-D segments can
bind to SHP-2 and induce its phosphorylation. By regulating the binding of EGF and EGFR, it can induce the downstream
junction protein Grb-2 and ultimately activate NF-xB through the MEK/ERK signaling pathway. Moreover, NF-kB can
bind to a specific kB sequence and participate in the inflammatory response[52]. Multiple cellular signaling pathways
activate NF-xB, enabling it to enter the nucleus and bind to target gene sites, rapidly inducing the transcription of target
genes. This process regulates the expression of genes encoding cytokines, chemokines, and adhesion molecules, leading
to the release of inflammatory mediators.

In our study, we observed that IL-8 expression remained stable between 6 hours and 48 hours after transfection,
peaking between 24 hours and 48 hours. Notably, pAdtrack/cagA induced greater IL-8 secretion compared with
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Figure 6 The secretion of interleukin-8 after transfection into AGS cells. The data were mean + SD of three independent experiments. Errors bars
represented standard errors of the means. 2P < 0.05, °P < 0.01. The solid line was the statistical result between the two groups, and the dashed line was the
statistical result in multiple groups.

pAdtrack/cagA-NT and pAdtrack/cagA-NE at different time points after transfection. In addition, at 12 hours, 36 hours,
and 48 hours, the level of IL-8 induced by pAdtrack/cagA-NT was significantly greater than that induced by pAdtrack/
cagA-NE. These findings indicated that pAdtrack/cagA had the greatest ability to induce IL-8, followed by pAdtrack/
cagA-NT and pAdtrack/cagA-NE. We speculate that the deletion of amino acids at positions 893 and 894 alters the spatial
conformation of the CagA protein, weakening its ability to negatively regulate downstream phosphorylation sites, such
as EPIYA-C or EPIYA-D, through inhibitory tyrosine motifs. This, in turn, promotes the phosphorylation of EPTYA-C or
EPIYA-D, activates downstream protein kinases, and ultimately leads to the expression of the IL-8 gene.

This study presents the novel finding that amino acid deletions at positions 893 and 894 have a significant effect on
CagA function. However, there are certain limitations to this study. The effects of residues 893 and 894 on AGS morpho-
logical changes and IL-8 induction were examined only at the molecular and cellular levels in vitro. Further investigations
of H. pylori infection at the animal and human levels are needed. Moreover, the underlying mechanisms responsible for
this effect have not been explored. Future studies should include the construction of site-directed mutants of H. pylori
strains and the establishment of Mongolian gerbil infection animal models to validate the relationship between the
deletion and H. pylori pathogenicity, as well as to elucidate the involved specific pathogenic mechanism.

CONCLUSION

The amino acid deletions at positions 893 and 894 flanking the EPIYA-A motif have an impact on CagA function.
Specifically, amino acid deletions at positions 893 and 894 significantly enhance the ability of CagA to induce the hu-
mmingbird phenotype, cytoskeletal rearrangement, and IL-8 secretion. These findings are crucial for elucidating the
molecular mechanism of CagA protein pathogenicity and identifying biomarkers of highly pathogenic H. pylori.
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