Am J Cancer Res 2026;16(1):314-337
www.ajcr.us /ISSN:2156-6976/ajcr0170038

Original Article

Increasing autophagy activity suppresses
Helicobacter pylori infection-related gastric
cancer tumorigenesis both in vitro and in vivo
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Abstract: Helicobacter pylori (H. pylori) infection is a major risk factor for gastric cancer (GC). Although autophagy is
involved in H. pylori infection, its role in H. pylori-associated tumorigenesis remains unclear. Here, we investigated
whether enhancing autophagy suppresses GC malignancy under H. pylori infection. Autophagy and mitochondrial
markers were analyzed in GC tissue microarrays and the TCGA-STAD dataset. Functional studies employed H. pylori
(strain 49503)-infected GC cell lines and xenograft models, with autophagy manipulated by pharmacological induc-
tion, Atg5 knockout, gene silencing, or overexpression. Molecular and cellular analyses included Western blotting,
luciferase reporter assays, RNA sequencing, transmission electron microscopy (TEM), mitochondrial function tests,
and additional functional assays. We observed elevated levels of LC3 and p-Drpl in tumor tissues. H. pylori infection
increased autophagy, cell migration, sphere formation, and transient tumor growth, while reducing cell viability and
colony formation; autophagy induction suppressed these malignant features. TEM revealed abundant autophagy-
like vesicles and mitochondrial alterations in infected cells. Mechanistically, H. pylori activated the Erk1/2 and JNK
signaling pathways to induce autophagy while inhibiting other oncogenic signaling pathways. Notably, although H.
pylori induces robust autophagy, further enhancement of this process using autophagy inducers attenuated gastric
cancer malignancy, suggesting that further pharmacological modulation of autophagy warrants evaluation as a
potential therapeutic strategy.
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Introduction

Autophagy is a fundamental cellular degra-
dation pathway responsible for maintaining
homeostasis by recycling damaged organelles
and misfolded proteins. It plays a vital role in
cellular responses to metabolic stress and
nutrient deprivation. It is implicated in various
human diseases, including cancer [1]. In the
context of gastric cancer, Helicobacter pylori
(H. pylori) infection is a well-established risk
factor, especially in individuals with chronic
gastritis or peptic ulcers [2-4]. Strains express-
ing the cytotoxin-associated gene A (CagA) are
particularly associated with increased cancer
risk [5]. Although autophagy is essential for cel-
lular protection and immune regulation, its dys-
regulation during chronic H. pylori infection may
promote bacterial persistence and carcinogen-
esis, indicating a complex role for autophagy in
H. pylori-related gastric cancer [6-9].

Autophagy maintains cellular health by degrad-
ing and recycling intracellular components
through lysosome-mediated pathways [1]. Over
30 autophagy-related genes (Atg), including
Atg5, Atg7, and Beclin-1, are involved in this
tightly regulated process [10]. One of the best-
characterized autophagy markers is LC3, which
is cleaved to form LC3-ll, a component of
autophagosome membranes that reflects au-
tophagy activity [11]. Autophagy plays a dual
role in cancer biology: it can suppress tumor
initiation by preventing the accumulation of
damaged proteins and organelles, but in estab-
lished tumors, it may promote survival, metas-
tasis, and drug resistance under metabolic
stress [1, 12].

Phosphorylated Drpl (p-Drpl) has been mea-
sured to quantify the activity of mitochondrial
fission, a key process that regulates core cellu-
lar functions in cancer, including apoptosis,
autophagy, and metastasis [13-15]. The activi-
ty of the Drpl protein is tightly controlled by its
phosphorylation state [16]. For example, phos-
phorylation at the Serine 616 (Ser616) site
activates Drpl, thereby promoting mitochon-
drial fission, while phosphorylation at other
sites, such as Serine 637 (Ser637), inhibits its
activity [14, 15]. Therefore, measuring p-Drpl
levels can directly reflect the degree of mito-
chondrial fission and, in turn, help determine
the state and fate of cancer cells. Mitochondrial
fission is required to segregate damaged mito-
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chondria for clearance via autophagy, particu-
larly the selective process of mitophagy [15,
16]. In some cancers, enhanced mitochondrial
fission is a mechanism that promotes autopha-
gy, allowing cancer cells to survive under stress
[17]. Drpl phosphorylation is a downstream
event of critical intracellular signaling path-
ways. Measuring changes in p-Drpl helps to
elucidate whether pathways such as AMPK or
MAPK/ERK regulate mitochondrial dynamics to
influence drug responses or the malignant pro-
gression of tumors [15, 18].

H. pylori is the most significant infectious con-
tributor to gastric cancer, classified as a Group
| carcinogen by the WHO. If left untreated, the
infection induces chronic inflammation and can
lead to atrophic gastritis and gastric adenocar-
cinoma [2-5, 19]. H. pylori infection in gastric
cancer is tightly regulated by multiple molecu-
lar signaling pathways controlling autophagy.
The Nod1-NF-kB/MAPK-ERK/FOXO4 pathway
senses bacterial invasion, modulates autopha-
gy-related proteins, and triggers inflammatory
responses while suppressing autophagy and
apoptosis [20]. The PI3K/Akt/mTOR pathway,
particularly activated by the bacterial virulence
factor CagA, inhibits autophagy by increasing
mTOR activity [5]. The AMPK pathway promotes
autophagy by inhibiting mTOR to maintain cel-
lular energy balance. Additionally, the MAPK
pathway, via JNK and ERK, exerts dual regula-
tion where JNK induces autophagy and ERK
can suppress it [21]. Bacterial factors such as
VacA induce autophagy early during infection
but later impair autophagy pathways, leading to
substrate accumulation and DNA damage,
which facilitate cancer progression. Gamma-
glutamyltranspeptidase (HpGGT) disrupts lyso-
somal membrane integrity, further inhibiting
autophagy and exacerbating chronic inflamma-
tion and tumorigenesis [22]. These intertwined
signaling cascades and bacterial factors finely
tune autophagy, influencing gastric cancer
development and cell survival, and present
potential therapeutic targets.

Autophagy also regulates the host defense
against H. pylori through pathways such as
NOD1, which activate innate immunity and
facilitate bacterial clearance [23]. However, H.
pylori counteracts these mechanisms by sup-
pressing autophagic flux, allowing chronic colo-
nization and increased cancer risk [24, 25].
Therefore, the dual roles of autophagy in pro-
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moting both bacterial clearance and persis-
tence make it a complex but promising target in
gastric cancer prevention and therapy [22].

In gastric cancer, autophagy further contrib-
utes to chemotherapy resistance and immune
escape. It regulates PD-L1 expression through
the p62/SQSTM1-NF-kB pathway and can influ-
ence tumor dormancy and metastasis [26, 27].
Chemoresistance may also be mediated via
ROS-NF-kB-HIF-1a signaling, and autophagy
defects have been linked to altered metabolic
phenotypes and tumor dissemination [26].
These findings suggest that autophagy modula-
tors could be adjuncts to improve treatment
outcomes. Compounds such as oleanolic acid
and narciclasine have been shown to induce
autophagy-dependent cell death via the PI3K/
Akt/mTOR pathway [28, 29]. At the same time,
miR-133a-3p and FOXP3 represent additional
therapeutic targets within autophagy regulato-
ry networks [30].

At the epigenetic level, histone modifications,
including methylation and acetylation, play criti-
cal roles in gene expression and chromatin
remodeling, influencing tumor biology [31-33].
Histone methylation, particularly of H3K9, has
been implicated in cancer progression, with
enzymes such as EHMT2 (G9a) emerging as
crucial epigenetic regulators [34-36]. G9a cata-
lyzes H3K9 methylation and represses tran-
scription of autophagy-related genes such as
Beclin-1, thereby reducing autophagic flux
[37]. Inhibiting G9a reduces H3K9me2 levels,
restores autophagy, promotes apoptosis, and
suppresses tumor growth in various cancers,
including gastric, pancreatic, and neuroblasto-
ma [38-42].

In recent years, increasing attention has been
directed toward the interplay between auto-
phagy and cancer immunotherapy. Autophagy
has been recognized as a critical regulator of
tumor immunogenicity, antigen presentation,
and immune checkpoint signaling, thereby
influencing the efficacy of immune-based ther-
apies. Notably, several recent studies pub-
lished within the past two years have demon-
strated that modulation of autophagy pathways
can enhance responses to immune checkpoint
blockade by reshaping the tumor immune
microenvironment, promoting T cell activation,
and improving antigen presentation [43-45].
These findings highlight autophagy as an
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emerging therapeutic target with the potential
to synergize with immunotherapy and improve
clinical outcomes across multiple cancer types.

These studies illustrate how H. pylori infection
and epigenetic dysregulation converge on
autophagy pathways, affecting tumor initiation,
progression, immune evasion, and therapeutic
responses. Understanding these interconnect-
ed processes may help identify novel therapeu-
tic targets and improve clinical outcomes for
gastric cancer patients.

While extensive research has elucidated the
relationship between H. pylori infection and
gastric cancer, the precise molecular mecha-
nisms through which H. pylori regulates autoph-
agy and how this contributes to carcinogenesis
remain poorly understood [6, 20, 46-48].
Specifically, the dual role of autophagy as both
a host defense and a bacterial survival mecha-
nism introduces complexity that has yet to
be fully unraveled. Moreover, although G9a-
mediated epigenetic suppression of autophagy
has been implicated in several cancers [37-42],
its specific involvement in H. pylori-related gas-
tric tumorigenesis remains unclear. There is
also a lack of evidence on how therapeutic
autophagy modulation, either activation or inhi-
bition, can be optimally timed or targeted in H.
pylori-associated gastric cancer. These knowl-
edge gaps necessitate a more comprehensive
understanding of the autophagy-epigenetics-
infection axis.

To address the identified knowledge gap, this
study investigated the molecular crosstalk
among H. pylori infection, autophagy regula-
tion, and gastric cancer development. The first
step involves establishing in vitro gastric epi-
thelial cell models of exposure to H. pylori.
Autophagy flux was monitored, and CRISPR/
Cas9 system was used to dissect the role of
autophagy in modulating H. pylori infection-
induced cellular changes. Parallel transcrip-
tomic profiling (e.g., RNA-seq) was used to iden-
tify gene expression patterns by comparing
wild-type and autophagy deficient cells with
and without H. pylori infection. These datasets
were integrated to explore how H. pylori modu-
lates host autophagy to affect GC tumorigene-
sis. Finally, in vivo validation was conducted to
determine the effects of autophagy modulation
on tumor burden in the presence or absence of
H. pylori infection.

Am J Cancer Res 2026;16(1):314-337



Autophagy suppresses H. pylori-related gastric cancer

Materials and methods
Cell lines and reagents

The human gastric epithelial cell line (GES-1)
and the gastric adenocarcinoma cells (AGS and
MKN45) were purchased from Bioresource
Collection and Research Center (Hsinchu,
Taiwan). Cells were maintained in the RPMI-
1640 medium (HyClone, SH30027.01) with
10% fetal bovine serum (FBS, Gibco, 10437-
028) and Pen/Step (100 Units/mL penicillin +
100 pg/mL Streptomycin, Gibco, 15140-122)
at37°Cina 5% CO, incubator. Amiodarone (AD;
Sigma-Aldrich, A8423), an autophagy inducer,
was purchased from Sigma, USA.

H. pylori strain and infection condition

The H. pylori, including standard strain ATCC
49503 (Hp 49503), was provided by Dr. Deng-
Chyang Wu, Kaohsiung Medical University
Hospital, Kaohsiung, Taiwan, and maintained
on sheep blood agar. H. pylori was collected
and resuspended in PBS. Cells (1x10°) were
seeded in a 6-cm dish without antibiotics over-
night. Medium was replaced with serum- and
antibiotics-free medium. Cells were infected
with H. pylori at various multiplicities of infec-
tion in different experiments.

Cell transfection

Cells (2x10°%) seeded into a six-well plate were
transfected with plasmid pATG5-EGFP (4 pg) by
Lipofectamine™ 3000 following the manufac-
turer’s instructions (Invitrogen, L3000015).

Immunoblotting analysis

The total protein from the cell lysate was col-
lected from the cells after various treatments.
For Western blotting, cells (1x10°) were lysed in
100 ul of RIPA buffer. Lysates (30 ug protein)
were electrophoretically separated by sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to a polyvi-
nylidene difluoride (PVDF) membrane (Millipore,
ISEQ85R). Membrane was blocked with 5%
skimmed milk in PBST [sodium chloride (100
mM), disodium hydrogen phosphate (80 mM),
sodium dihydrogen phosphate (20 mM), Tween
20 (0.2%), pH 7.5] for 1 h. The membrane was
incubated with the primary antibody [LC3,
1:1000, MLB, PM036; EHMT2-G9A, 1:1000,
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abcam, ab185050; NF-kB p65, 1:1000, Cell
Signaling, #8242; ATGb5, 1:1000, abcam,
ab108327; Phospho-NF-kB p65 (Ser536),
1:1000, Cell Signaling, #3033; p44/42 MAPK
(Erk1/2), 1:1000, Cell Signaling, #4695; Phos-
pho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204),
1:1000, Cell Signaling, #4370; Stat3, 1:1000,
Cell Signaling, #9139; Phospho-Stat3 (Tyr705),
1:1000, Cell Signaling, #9145; SAPK/JNK,
1:1000, Cell Signaling, #9252; Phospho-SAPK/
JNK (Thr183/Tyr185), 1:1000, Cell signaling,
#4668; PKA C-a, 1:1000, Cell signaling,
#5842; GAPDH, 1:10000, GeneTex, GTX10-
0118] at 4°C overnight. After washing with
PBST, the membrane was hybridized with an
HRP-conjugated secondary antibody (Thermo
Fisher Scientific, 31460 and 31430) at RT
for 1 h. The membrane was exposed to an
imaging system to detect signals using chemi-
luminescence. Views were quantified by Image)J
software.

Immunofluorescent staining (IFA)

Cells (1x10%/well) were seeded on a slide.
Under different conditions, cells were then fixed
in 4% formaldehyde for 20 min. The slide was
incubated for 30 min in 0.1% Triton X-100 in
PBS. The antibodies were added to the slide
and left overnight at 4°C. The primary antibody
(LC3; 1:50, MBL, M152-3) was visualized using
an appropriate secondary antibody (Thermo
Fisher Scientific, A11001). The fluorescent
change of the cells was investigated under a
confocal microscope (LSM 700; ZEISS). Views
were quantified by ImagelJ software.

CRISPR/Cas9-mediated gene editing

CRISPR/Cas9 RNP electroporation: GC AGS
cells were synchronized with 200 ng/mi
nocodazole for 17 h, followed by Cas9/gRNA
delivery through electroporation. On the day
of electroporation, an equal volume of cRNA
and tracrRNA was mixed to prepare the gRNA
complex solution (150 pmole). Cas9 protein
(30 pmole) and 150 pmole gRNA were mixed
in Opti-MEM™ | Reduced Serum Medium
(ThermoFisher, #31985062) at RT for 15 min
to form Cas9/gRNA ribonucleoprotein (RNP). At
the same time, 1x10° of synchronized cells
were collected by centrifugation and washed
with Opti-MEM twice, then re-suspended in an
optimal volume of Opti-MEM, followed by the
addition of Cas9/gRNA RNP, which was deliv-
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ered into the cell through NEPA21™ Elec-
troporator. Gene editing efficiency was evaluat-
ed by T7E1 digestion and high-resolution melt-
ing (HRM) analysis. The electroporated cells
were transferred immediately to a 24-well plate
containing 1 ml of the corresponding culture
medium and incubated in a 37°C, 5% CO, incu-
bator. After 48 h of recovery, T7E1 and high-
resolution melting were conducted to validate
the gene editing efficiency. In addition, a limited
dilution was carried out by seeding cells at a
density of 1 cell/well. After two weeks of incu-
bation, some single-cell clones were subjected
to HRM-qPCR analysis to check the mutation in
both target genes.

Transmission electron microscope investiga-
tion

Cells were washed with PBS, fixed with
2% paraformaldehyde (Sigma-Aldrich, 818715)
and 2.5% glutaraldehyde (Sigma-Aldrich, 354-
400) in 0.1 M PBS (pH 7.4) at 4°C for 24 h, fol-
lowed by washing with 0.1 M PBS 3 times for
10 min. The samples were then treated with
2% aqueous osmium tetroxide (Sigma-Aldrich,
75633) in 0.1 M PBS at 4°C for 1.5 h, followed
by washing 3 times with 0.1 M PBS for 10 min.
Serial dehydration with different concentra-
tions of ethanol (50-100%) (Merck, 102371)
and washed with 1,2-propylene-oxide (Sigma-
Aldrich, 807027) 2 times for 10 min. The sam-
ples were subsequently incubated in a 1:1 mix-
ture of 1,2-propylene oxide and epoxy resin for
24 h. Finally, samples were embedded in Epoxy
for 24 h. Ultrathin cell sections were then pre-
pared, mounted on copper grids, and stained
with 2% uranyl acetate and lead (ll) citrate tri-
basic trihydrate (Sigma-Aldrich, 15326) for sub-
sequent observation under a transmission
electron microscope (TEM, HT7700, Hitachi
High-Tech Corporation, Tokyo, Japan).

MTT assay

MTT solution (Sigma, M2128) (0.5 mg/ml in
DMEM medium) was added to each well of the
cells (4x10%/well) in a 96-well plate after
diverse treatments at 37°C for 3 h. The medi-
um was replaced with 100 pl of DMSO (Sigma,
D4540). Cell viability was determined by mea-
suring the cell lysate at an optical density of
570 nm wavelength using a 96-well Multiskan™
Sky Microplate Spectrophotometer (Thermo
Fisher Scientific).
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Cell death analysis

Cells seeded in a 96-well plate underwent dif-
ferent treatments. At the end, 50 mL of the cul-
tured medium was mixed with 50 pl reaction
mixture of the Cytotoxicity Detection Kit (Roche,
11644793001) at RT for 10 min. Cells were
cultured in a medium and treated with Triton X,
which was the positive control for 100% cell
death. The absorbance of the solution at 490
nm was measured using a Thermo Scientific™
Multiskan™ Sky Microplate Spectrophotometer.

Focus formation assay

Cells (1x10°%) in the 6 cm culture dish received
different treatments for 7 days to allow colony
formation. These cells were then fixed with 4%
formaldehyde and stained with 0.4% crystal
violet (Sigma, V5265), followed by lysis with
2% SDS solution. Measurements were done
at an optical density of 570 nm wavelength
using a 96-well Multiskan™ Sky Microplate
Spectrophotometer (Thermo Scientific).

Tumor sphere formation assay

AGS cells (5x102 cell) in the 6-well culture-plate
received different treatments and were main-
tained in DMEM/F12 serum-free medium
together with 1x B27 supplement (Gibco,
17504044), 20 ng/mL bFGF (Gibco, 100-
18B-50UG) and 20 ng/mL EGF (Sigma, E4127).
The suspended cells were collected and main-
tained in the ultra-low attachment 6-well plates
(Corning, 3471). Cells formed tumor spheres
after 7 days, and the number of tumor spheres
was counted when the sphere diameter was
greater than 50 uym.

Wound healing assay

Cells (8x10°%) were seeded in a 2-well culture
insert, which was placed in a 12-well plate. The
insert was removed after the cell monolayer
was formed. Cells were treated with/without
amiodarone, followed by H. pylori infection at
MOI of 50 or 75 under serum starvation for 24
h. Each well was washed with 1x PBS to remove
residual cell debris. The wound healing was
observed under a light microscope. Images
were quantified by ImageJ software.

Transwell™ migration assay

A Transwell™ insert with a Millipore membrane
(pore size of 8 ym, Corning, 3422) was used.
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Initially, cells (5x10%/well) after treatment with
5 uM AD for 3 h and H. pylori (MOI=75) infection
for 24 h were seeded in the upper chamber
with 0.1 ml serum-free medium. Normal medi-
um with 10% FBS was added to the lower
chamber as a chemoattractant. Cells were
incubated for 72 h. The cells attached to the
reverse side of the membrane were then fixed
and stained. Five random views were photo-
graphed under an inverted microscope and
quantified using ImageJ software.

Cell mito stress test

The mitochondrial function of AGS cells with or
without H. pylori infection was measured by a
Seahorse XF HS Mini Analyzer (Agilent). A
Seahorse XFp Cell Mito Stress Test Kit (103010-
100, Seahorse Bioscience) was used to evalu-
ate the mitochondrial metabolism according to
the manufacturer’s instructions.

ROS assay

AGS cells (5x10°%) were cultured in a 6-well
plate and allowed to stabilize for 24 h at 37°C
under 5% CO,. Then ROS was stained using
ROS-ID™ total ROS detection kit according to
the manufacturer’s protocol (ENZ-51011, Enzo
Life Sciences). Finally, the Attune NxT Flow
Cytometer (Thermo Fisher Scientific Inc.) was
used to count cells for verification.

Tissue microarray (TMA) of GC specimens

A total of 11 tissue array slides of human gas-
tric cancer specimen sections provided by Dr.
Deng-Chyang Wu (KMUH, Kaohsiung, Taiwan)
were analyzed. The study was conducted
according to the guidelines of the Declaration
of Helsinki and approved by the Ethics Com-
mittee of the Institutional Review Board of
Kaohsiung Medical University Hospital (KMUH-
IRB-20120176). These tissue array slides con-
tained one hundred sixty paired paraffin-
embedded GC specimens at various stages.

Immunohistochemical staining (IHC) of the GC
specimens in the tissue array

Immunohistochemistry (IHC) was performed on
4-um-thick formalin-fixed paraffin-embedded
sections. Polyclonal rabbit anti-LC3 antibody
(1:300, MBL, PM036), anti-p-Drp1 (1:50, Bioss
antibodies, bs-12702R), and anti-Ki-67 anti-
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body (1:250, Sigma-Aldrich, AB9260) were
used as the primary antibodies. The proce-
dures followed the protocol of the Bond-Max
Automated IHC stainer (Leica Biosystems
Newcastle Ltd., Australia). Briefly, tissues were
deparaffinized with xylene and pre-treated
with the Epitope Retrieval Solution 1 (ER1)
(citrate, pH 6.0, 100°C, 20 min) followed by
incubation with the primary antibody at RT for
30 min. Subsequently, the tissues were incu-
bated with polymer for 15 min, followed by
hydroperoxide blocking for 5 min. Tissues were
then developed with 3,3-diaminobenzidine
chromogen for 10 min using the Bond Poly-
mer Refine Detection Kit (Leica Biosystems
Newcastle Ltd, United Kingdom). Finally, the tis-
sues were counterstained with hematoxylin for
5 min.

TMA scoring

LC3 IHC staining of the tissue sections was
scored based on staining intensity and the per-
centage of positive cells. The staining intensity
was scored as follows: O, no dots or barely visi-
ble dots in <5% of the cells; 1, detectable dots
in 5-25% of cells; 2, readily detectable dots in
25-75% of cells; 3, dots in >75% of cells [49].
Percentages <10, 11-25, 26-50, 51-75, and
>75% were scored as 0, 1, 2, 3, and 4, respec-
tively, for p-Drpl (S616). Non-significant brown
(absent), slight brown (weak), moderate brown
(moderate), and deep brown (strong) staining
intensities were scored as O, 1, 2, and 3,
respectively [50]. A total immune reactive stain-
ing score was then obtained by multiplying the
intensity and extension scores, ranging from O
to 12 for p-Drpl. Stained tissues were analyzed
under a light microscope and estimated by an
experienced pathologist.

TCGA database and UALCAN bioinformatic
analysis of gene expression

The gene expression data sets for STAD (stom-
ach adenocarcinoma) and adjacent normal tis-
sue were obtained from The Cancer Genome
Atlas (TCGA) database, containing 415 car-
cinoma and 34 normal samples. UALCAN por-
tal analysis (http://ualcan.path.uab.edu/index.
html) of STAD samples was from the TCGA data-
base. Differential gene expression between
normal and tumor gastric cancer specimens
was compared.
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Xenograft gastric cancer nude mouse model

Male nude mice (5 weeks old) were obtained
from the National Laboratory Animal Center,
Taipei, Taiwan. The mice were maintained in a
pathogen-free facility under isothermal condi-
tions with regular photoperiods in the KMU
Center for Laboratory Animals. The experimen-
tal protocol adhered to the regulations of the
Animal Protection Act of Taiwan and was
approved by the Institutional Animal Care and
Use Committee (IACUC) of the university
(Affidavit of Approval of Animal Use Protocol No.
108186). Mice (n=42, 7 weeks old) were ran-
domly divided into six groups: (i) AGS cells
(n=4); (ii) AGS cells plus Hp 49503 (n=8); (iii)
AGS cells plus AD (autophagy inducer) (n=4);
(iv) AGS cells plus Hp 49503 plus AD (n=8); (v)
AGS-R1 cells (Atg5-/-) (n=4); (vi) AGS-R1 cells
plus Hp 49503 (n=8). In this xenograft mouse
model, male nude mice (7 weeks) were inocu-
lated with cells (2x10° cells in 100 ul of PBS)
subcutaneously on the back of the mice. The
tumor volume was measured according to the
following formula: Tumor volume (mm?3) = length
(mm) x width? (mm?) x0.5. Body weight and
tumor size were measured weekly until the end
of the experiment.

Statistical analysis

All experiments were analyzed using GraphPad
Prism ver. 10.3.1 (GraphPad Software, Inc.,
San Diego, CA, USA). Data were analyzed using
Student’s t-tests, Chi-square test, Fisher’s
exact test, or one-way ANOVA with Tukey’s mul-
tiple comparison test. Statistical significance is
represented as *: P<0.05; **: P<0.01; ***:
P<0.001. All experiments were repeated at
least three times, and all values were present-
ed as mean * SD.

Results

The expression level of autophagy and mito-
chondria fission markers in clinical GC speci-
mens and TCGA STAD database

To determine the status of autophagy activity
and mitochondria function in GC patient, GC
specimens (tumor and adjacent non-tumor tis-
sues) were analyzed. One hundred and sixty
paired GC patient specimens at various clinical
stages were obtained from the tissue array of
KMU hospital, Kaohsiung, Taiwan (Table S1).
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The expression levels of autophagy marker
“LC3” and mitochondria fission marker “phos-
phorylated Drp-1 (p-Drpl)” were assessed by
immunohistochemical (IHC) staining. LC3 and
p-Drpl expression levels were scored based on
previously published methods [49, 50].

Our data showed that GC patient specimens,
either total tumors or from stage | to IV, showed
higher levels of autophagy LC3 and p-Drpl
compared to the adjacent normal tissues of GC
specimens in the tissue array (Figure 1A and
1B). We further analyzed the TCGA database of
gastric cancer (STAD), and found that higher
levels of MAP1LC3B (LC3) and DNM1L (Drp1)
MRNA in tumor tissues as compared to non-
tumor parts (Figure 1C). These findings indicate
that high autophagy activity and mitochondria
dysfunction occurred in GC tumor tissues. To
further explore the clinical relevance, we con-
ducted a multivariate analysis to assess the
associations of LC3 and p-Drpl protein levels
with clinicopathological characteristics in GC
patients. Patients were divided into high-risk
and low-risk groups based on marker expres-
sion levels, followed by Fisher’s exact test anal-
ysis. No significant associations were found
among the expression levels of LC3, p-Drpl
and clinicopathological parameters, including
gender, age, tumor size, lymphatic/vascular
invasion, nerve invasion, or TNM stage (Table
1), which may suggest a role for metabolic
adaptation and mitochondrial dysfunction in
GC tumor cell survival.

The expression of G9a, LC3, and p-Drp1 in
gastric as well as GC cells co-cultured with H.
pylori

G9a, a histone methyltransferase, regulates
DNA methylation and chromatin remodeling
and plays critical roles in tumor cell prolifera-
tion, apoptosis, differentiation, and drug resis-
tance [51]. Notably, G9a acts as a negative
regulator of autophagy through mTOR activa-
tion or Beclin-1 suppression and is frequently
overexpressed in various cancers, including
gastric cancer [51]. Due to its oncogenic prop-
erties, G9a has emerged as a promising thera-
peutic target [52].

To investigate the effects of H. pylori on autoph-
agy and mitochondria function, we infected
normal gastric epithelial GES-1 and gastric can-
cer AGS and MKN45 cell lines with H. pylori
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Figure 1. The expression level of LC3 and p-Drpl in clinical GC specimens and the TCGA STAD database. A. A
representative image to show LC3 and p-Drpl protein expression in the GC specimen tumor part vs. LC3 protein
expression in the adjacent normal tissue in the tissue array sections. Scale bar =20 um (LC3)/50 um (p-Drp1). B.
Quantification of LC3 and p-Drp1 protein levels in tumor vs. non-tumor and non-tumor vs. various stages in 160 GC
specimens. Pathologists classified expression levels based on a score of O to +3 for LC3 and 0 to +12 for p-Drp1.
Error bars represent mean + SEM. Data were analyzed using Student’s t-test or one-way ANOVA. ***: P<0.001. C.
Quantification of MAP1LC3B and DNM1L mRNA levels in normal (n=34) and primary tumor (n=415) tissues using

TCGA STAD database by box-whisker plots.

strain Hp 49503 (CagA*/VacA*, ATCC 49503) at
the multiplicity of infection (MOI) of 75, 100,
and 150. After 24 h of infection, we evaluated
protein levels of G9a, the autophagy LC3, and
the mitochondria fission protein p-Drpl via
Western blotting. We further assessed LC3
puncta number, intensity of p-Drpl, and the
subcellular localization of p-Drpl in AGS cells
under immunofluorescence microscopy. Wes-
tern blot analysis revealed that H. pylori infec-
tion increased LC3-Il levels while decreasing
G9a and p-Drpl expression in three MOI titers
across all three gastric cell lines (Figure 2A-C).
Consistently, AGS cells co-cultured with H. pylo-
ri displayed increased LC3 puncta, but reduced
intensity of p-Drpl and no evident colocaliza-
tion with LC3 under confocal microscopy
(Figure 2D), suggesting that H. pylori infection
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independently induces autophagy and abro-
gates mitochondria fission.

We further investigated the mitochondria respi-
ration rate of AGS cells with or without H. pylori
infection. AGS cells infected with H. pylori
(MOI=25) exhibited increased basal and maxi-
mal mitochondrial respiration by Seahorse
mitochondrial stress test (Figure 2E). Due to
high toxicity of H. pylori, only low MOI (25) of H.
pylori can yield consistent results. The results
imply that H. pylori infection induces the mito-
chondria to produce more ATP and induce
overall metabolic activity. This increase sug-
gests the mitochondria have a greater potential
to generate energy, which indicates a compen-
satory mechanism or a heightened energy
demand. We further measured the intracellular
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Table 1. Correlation of tissue LC3 and p-Drpl protein levels with clinicopathologic parameters of GC

patients

Expression pattern Gender Age Tumor size Lymphatic or vascular invasion Nerve invasion  Stage

LC3f 0.3193 0.1487 0.7796 0.3457 0.9958 0.2338
p-Drplf 0.8167 0.3556  0.4982 0.172 0.6259 0.8494
LC3 & p-Drp1* 0.4125 0.7851 0.1799 0.4271 0.2904 0.5916

1. All the numbers represent P values. 2. High protein expression was defined as greater than the average level in the tumor
tissue. The definition of gender, age, tumor size, lymphatic or vascular invasion, nerve invasion, and stage are the same as

in Table S1. 'Single-factor analysis was conducted using the two-tailed Student’s t-test. Results were obtained by measuring
the levels of LC3 and p-Drpl protein after IHC staining in the tissue array. *Fisher’s exact test was used for the multiple factor
analysis, by which high LC3 and high p-Drp1 expression were defined as the high-risk group, as shown in Figure 1. This method

compared the relationship between high-risk and low-risk groups.

ROS production of AGS cells with or without H.
pylori infection by flow cytometry analysis. In
the control group, 9.15% of ROS-positive (ROS-
FITC+/+) cells were detected. As a positive con-
trol, ROS-positive AGS cells with H,0, treatment
markedly increased to 20.34%. Notably, AGS
cells co-cultured with H. pylori (MOI=25) result-
ed in an elevation of ROS percentage (13.61%)
compared to the control. Co-treatment with the
antioxidant N-acetylcysteine (NAC) reversed
the ROS elevation to 8.95% in H. pylori + NAC
group, comparable to the baseline level (Figure
2F). While increased respiration rate might
seem positive for energy production (Figure
2E), the simultaneous increase in ROS (Figure
2F) suggests that this increased activity leads
to oxidative stress. ROS are byproducts of mito-
chondrial respiration, and their overproduction
can damage cellular components, including the
mitochondria themselves [53].

In summary, H. pylori infection in GC cell lines
disrupts normal mitochondria function and
suppresses G9a expression while promoting
autophagy. The absence of colocalization
between LC3 and p-Drpl further indicates
functional uncoupling of autophagy activity and
mitochondria.

H. pylori infection activates MAPK and NF-kB
signaling pathways to regulate autophagy in
GC cells

To determine signaling pathways related to H.
pylori infection and autophagy activation in
gastric cancer cells, we either enhanced
autophagy activity using the inducer-or knock-
ing out the Atg5 gene via CRISPR-Cas9 system.
We established the stable Atgb knockout
clones including a heterozygous Atghb knockout
clone AGS-C19 and a homozygous knockout

322

clone AGS-R1 confirmed by genome sequenc-
ing. We demonstrated that AGS-R1 did not
show Atgb protein expression (Figure S1A) and
had fewer green puncta number than wild-type
AGS cells in the presence of H. pylori (Figure
S1B). We then examined whether the H. pylori
infection and induction of autophagy activity
affect G9a, autophagy LC3-Il and mitochondria
p-Drpl protein levels at 24 h post-infection. Our
data showed that the H. pylori infection result-
ed in suppression of G9a, Drpl, p-Drpl, and
cyclin D1 (Figure 3A and 3B). Notably, LC3-II
level was increased in H. pylori-infected AGS
and MKN45 cells compared to uninfected con-
trols (Figure 3A, lanes 2 and 3 vs. lane 1; Figure
3B, lane 2 vs. lane 1). Moreover, G9a, Drp1,
p-Drpl, and cyclin D1 were not affected by ami-
odarone-induced autophagy in two cell lines
(Figure 3A and 3B). To further investigate
whether H. pylori infection induces an autopha-
gic degradation process, AGS and MKN45 cells
were pretreated with the autophagosome-lyso-
some fusion blocker “CQ” (50 uM) for 3 h, fol-
lowed by co-culture with H. pylori for an addi-
tional 24 h. The results showed that LC3-II
accumulation was slightly increased in H. pylo-
ri-infected cells in the presence of CQ (Figure
3A, lane 3 vs. 7; Figure 3B, lane 2 vs. 6), indi-
cating that H. pylori infection modulates
autophagy degradation processes. However,
the levels of G9a, p-Drpland cyclin D1 remained
unchanged. In addition, c-Myc protein expres-
sion was also suppressed by H. pyloriin MKN45
cells; however, it is undetectable in AGS cells
(Figure 3B). We further used AGS-R1 cells
(Atg5-/-) to validate the effect of autophagy on
H. pylori infection-related molecules in gastric
cancer cells. We found that the suppression of
G9a, p-Drpl and cyclin D1 by H. pylori was not
affected in this Atg5 knockout cell line (Figure
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Figure 2. The expression of G9a, LC3, and p-Drpl in gastric and GC cells co-cultured with H. pylori. (A) GES-1 and (B)
AGS (C) MKN45 were co-cultured with or without H. pylori at the MOI of 75, 100, and 150 for 24 h. Protein expres-
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sion was detected by Western blotting using specific antibodies. GAPDH was used as the internal control. (D) AGS
cells with or without H. pylori treatment for 24 h was labelled with specific antibodies and visualized under a confo-
cal fluorescent microscope. Scale bar =10 um. Error bars represent mean + SD of three independent experiments.
Data were analyzed by Student’s t-test. ns: no significant; ns: no significant; *: P<0.05; **: P<0.01; ***: P<0.001.
(E) Seahorse mitochondrial Stress Test in the normal and H. pylori-infected groups. The left side shows the Oxygen
Consumption Rate (OCR) profile plot, and the right shows basal and maximal respiration. (F) Flow cytometric analy-
sis of intracellular ROS production in AGS cells revealed differential effects among treatment groups.

A B c AGS AGS-R1
Atgs - - + 4+ - -+ o+
AGS AGS-R1 MKN45 e
Hp (MOl 25 150 - 150 - 150 - 150 Hp & * * --.!
Atg5 -
AD R R ) o
Q - - - o e cQ - - - - o+ 4 1.00 1.24 1.86 211 0.17 0.15 1.73 1.96
o - pEki/2 — -
— Goa - - (Thr202/Tro0s) W M - . . -

1.00 0.79 0.39 2.80 0.62 1.59 0.23 0.81 0.27
AlgS RSN e T as @ es
1.00 0.86 0.49 1.10 0.52 0.77 0.34 0.06 0.04

p-Drp1 .

total
Drp1 W N - e

p-/total 1.00 1.00 0.60 0.78 0.75 0.86 0.68 0.92 0.81
CyclinD1 s ... - —_— —_—

1.00 0.43 0.26 1.03 0.21 0.79 0.18 0.85 0.16

1.00 0.37 0.96 0.38 0.71 0.32

D ey il ey > ey

1.00 1.09 0.89 0.86 0.80 0.76
PPl -— -

total
D -

p-/total 1.00 0.64 0.80 0.56 0.53 0.47
CyclinD1 s e -
100 0.34 1.06 0.23 0.85 0.13

Total Erk1/2 . = . = . 2 T
p/total 1.00 2.73 2.25 2.65 2.18 4.78 1.17 4.13

pPKA =

TotalPKA "™ -— - —— —

p/total 1.00 0.78 1.11 0.83 1.32 1.26 145 1.14
p-STAT3 - . —
Aol Rl Al

Total STAT3

LC3-I — — —

- - - - -
Lc31 - W o
LC3-l - e .- .,

= o -
1.00 6.98 14.3 2.69 26.7 9.31 43.1 1.59 5.55

1.00 6.42 1.36 4.58 5.22 10.09 p-JNK ..
el B )

Total INK . ..- ... -

p-/total 1.00 0.82 1.19 0.48 1.00 0.48 0.99 0.64

GAPDH
c-Myc

1.00 0.51 1.03 0.39 0.43 0.10

GAPDH i s . . o .
p/total 1.00 2.00 1.19 2.13 1.47 2.51 1.34 291

PNFKB -— — .

(Ser536)
NFIB e o - o - - —

p-/total  1.00 0.97 0.90 2.47 0.80 1.59 0.77 4.20

s
LcaH -—— = -

1.00 1.75 1.16 1.89 0.29 1.32 0.33 2.42
GAPDH T ————— — — —

Figure 3. Effect of autophagy, mitophagy, and related signaling pathways on H. pylori-infected GC cells by manipulat-
ing the autophagy activity. For induction of autophagy activity, (A) AGS and (B) MKN45 cells were treated with the
inducer AD (5 pM) for 3 h and the medium was replaced with fresh medium containing or not containing Hp 49503
(MOI=150) for another 24 h. GC cells were pretreated with CQ (50 uM) for 3 h, then co-cultured with Hp 49503 for
24 h. For suppression of autophagy activity, the Atg5 gene level was suppressed using CRISPR/Cas9 knockout Atg5
gene together with Hp 49503 infection for another 24 h in AGS cells. (C) AGS and AGS-R1 were co-cultured with or
without Hp 49503 at the MOI of 150 for 24 h. ATG5 plasmid DNA was transiently transfected into the AGS and AGS-
R1 cells. The expression level of ATG5 protein in these transfected cells was measured using an anti-ATG5 antibody
by immunoblotting. Other protein markers were detected by Western blotting using specific antibodies. GAPDH was

used as the internal control.

3A, lane 3 vs. 9). Altogether, above findings are
consistent with the notion that H. pylori simul-
taneously induces autophagy, disrupts mito-
chondrial fission as well as the expression of
G9a and cyclin D1 via a mechanism indepen-
dent of Atg5-related autophagy.

To further clarify H. pylori infection-related
signaling pathways affected by autophagy in
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GC cells, two sets of RNA-seq data were ana-
lyzed using wild-type AGS and Atg5 knockout
AGS-R1 cells, with or without H. pylori infection,
and were analyzed by the Cufflinks suite.
Differentially Expressed Genes (DEG) were
determined by [log, fold change] >1 and p-val-
ue <0.05. The identified DEGs were subjected
to KEGG pathway enrichment analysis to map
gene expression networks. Comparing the
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DEGs of AGS + H. pylori with the AGS control,
twenty-one signaling pathways were signifi-
cantly enriched (Figure S2). Among them,
mitophagy (hsa04137), Wnt (hsa04310), MAPK
(hsa04010), and PI3K-Akt (hsa04151) path-
ways-related to autophagy signaling transduc-
tion were identified in AGS + H. pylori but not
in AGS-R1 + H. pylori (data not shown). To vali-
date the relationship between autophagy and
these signaling pathways, we used either
knockout or overexpressing Atg5 gene in AGS
cells with or without H. pylori. In wild-type AGS
cells, we observed that H. pylori infection
reduced levels of total Erkl/2, p-PKA, total
PKA, p-STAT3, total STAT3, and total JNK, but
elevated levels of p-Erk1/2, p-JNK, p-NF-kB,
and LC3-Il (Figure 3C, lane 2). These data imply
that H. pylori infection upregulates prolifer-
ation and stress markers (p-Erk1/2 and p-JNK),
proinflammatory immune cell marker (p-NF-«kB),
as well as the autophagy marker LC3-II.
Furthermore, in Atg5 knockout AGS-R1 cells, H.
pylori-induced p-Erk1/2, p-PKA, p-NF-kB, and
p-JNK were further boosted compared to wild-
type AGS cells (Figure 3C, lane 2 vs. lane 6).
However, overexpression of Atg5 did not signifi-
cantly alter H. pylori-related signaling pathways
in either AGS-WT or AGS-R1 cells, except p-NF-
kB (Figure 3C; lane 2 vs. lane 4, and lane 6 vs,
lane 8). These data suggest that loss of autoph-
agy slightly enhances the pro-survival, meta-
bolic, and stress-related signaling pathways
(Erk1/2, JNK, PKA, NF-kB, and JNK).

We further used PathDetect™ trans-reporting
systems (Agilent) to validate the relationships
among H. pylori, autophagy, and related signal-
ing pathways. A total of 6 luciferase reporter
systems were screened in the presence or
absence of H. pylori (MOI=150) infection with
or without induction of autophagy. Our data
showed that H. pylori infection significantly
upregulated NF-kB, Erk1/2 (ELK1), and c-Jun
(JNK) signaling pathways (Figure S3). However,
increasing autophagy activity did not seem to
affect H. pylori-upregulated signaling pathways
(Figure S3). This finding is consistent with the
Western blot result of Figure 3C.

Taken together, H. pylori infection decreases
the expression of c-Myc, G9a, p-Drpl, cyclin
D1, p-PKA, and p-STAT3, while increasing levels
of p-Erk1/2, p-JNK, p-NF-kB, and LC3-Il.
Although H. pylori alters multiple signaling cas-
cades, and some pathways are autophagy-sen-
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sitive (such as Mitophagy, Wnt, MAPK, PI3K-
Akt) (Figure S2), autophagy seems to have no
evident influence on H. pylori-related signaling
pathways. Moreover, p-Drpl is suppressed by
H. pylori infection but not autophagy deficiency
(Figure 3A). These findings suggest that G9a
and the mitochondria fission marker p-Drp1 are
suppressed by H. pylori in an autophagy-inde-
pendent manner, and H. pyloriinfection induced
autophagy in a G9a-independent manner.

In summary, H. pylori triggers two MAPK signal-
ing axes (Erk and JNK) to induce autophagy
while disrupting mitochondrial fission and pos-
sibly resulting in mitophagy.

The ultrastructure of AGS and AGS-R1 cells
with and without H. pylori infection under
transmission electron microscopy

Transmission electron microscopy (TEM) analy-
sis revealed more H. pylori within infected AGS
cells than AGS-R1 cells and uninfected controls
(Figure 4A and 4B). Numerous rod-shaped H.
pylori were also observed outside the AGS cell
membranes (Figure 4C and 4D, white arrow).
Notably, rod-like bacteria particles were detect-
ed closely adhered to the cell membrane, as
indicated by white arrows (Figure 4C). Moreover,
H. pylori particles were also detected within the
single-membrane autophagic-like vesicles (V)
in AGS cells and cytoplasm of AGS-R1 cells
(Figure 4C and 4D, white arrow head). In con-
trast, very few autophagic-like vesicles were in
AGS-R1 cells co-cultured with H. pylori (Figure
4D). These ultrastructural vesicles suggest that
H. pylori-induced autophagic-like vesicles may
facilitate H. pylori replication in wild-type AGS
cells. Moreover, we also observed mitochon-
dria with abnormal morphology in infected AGS
and AGS-R1 cells (Figure 4C and 4D, M), which
is consistent with H. pylori-related suppression
of p-Drp1.

Effect of autophagy on the viability, focus for-
mation, migration, and sphere formation of
AGS and AGS-R1 cells with or without H. pylori
infection

Initially, we investigated whether modulation
of autophagy affects AGS cell viability in the
presence of H. pylori. Autophagy was manipu-
lated using the autophagy inducer (AD) or Atg5
gene knockout system, and cell viability was
assessed by MTT assay. AGS cells were infect-
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Figure 4. The ultrastructure of AGS and AGS-R1 cells with and without H.
pylori infection under transmission electron microscopy. TEM investigation
of the ultrastructure of the uninfected (A) AGS and (B) AGS-R1 cells without
infection, and (C) AGS and (D) AGS-R1 cells were co-cultured with H. pylori
(MOI=150) for 24 h. Adherent (white arrow) and internalized (white arrow-
head) H. pylori are shown. Scale bar =2.5 ym. N: nucleus; V: autophagic-like
vesicle; M: mitochondria.

ed with H. pylori at MOI of 150. Our data showed
an evident reduction in AGS cell viability upon
H. pylori infection compared to uninfected con-
trols (Figure 5A, columns 1 vs. 2). Autophagy
induction by AD further decreased the viability
of H. pylori-infected AGS cells (Figure 5A, col-
umn 2 vs. 4). In contrast, AGS-R1 cells (Atg5
knockout) exhibited only a slight reduction in
the viability with or without H. pylori infection
compared to wild-type AGS cells (Figure 5A,
columns 1 and 2 vs. 5 and 6). Lactate dehydro-
genase (LDH) cytotoxicity assay showed that
H. pylori infection results in significant cytotox-
icity in AGS and AGS-R1 cells (Figure 5B, col-
umns 2 and 6). In contrast, AD treatment
resulted in minimal cytotoxic effect (Figure 5B,
column 3). These results suggest that H. pylori
infection reduces AGS cell viability, and en-
hanced autophagy further exacerbates this
reduction.

We then performed the focus formation assay
to assess the impact of autophagy on other
malignant transformation features, which mea-
sures cancer cells loss of contact inhibition. H.
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pylori (MOI=150) significantly
reduced focus formation in
AGS cells (Figure 5C, columns
1 vs. 2). Autophagy induction
further suppressed the num-
ber of foci in the presence of
H. pylori (Figure 5C, column 2
vs. 4). H. pylori suppression of
focus formation resulted in no
evident change in AGS-R1
cells (Figure 5C, column 2 vs.
6). These findings, consistent
with the MTT results in Figure
5A, indicate that H. pylori
infection suppresses colony
formation in AGS cells, and
this suppression is exacerbat-
ed by enhanced autophagy.

We next examined the impact
of H. pylori infection on cell
migration. Infection of three
GC cell lines with H. pylori
at MOI of 50 and 75 showed
significant increase of their
motility in a dose-dependent
manner (Figure S4A and S4B),
whereas MKN45 cells showed
reduced migration upon H.
pylori infection (Eigure S4C). In AGS cells, pre-
treatment with AD for 3 h followed by H. pylori
infection demonstrated that while H. pylori
increased cell motility, autophagy induction
reduced it. In addition, Atg5 knockout did not
affect cell migration (Figure 5D). Similarly,
Transwell™ assays showed that H. pylori-infect-
ed (MOI=75) AGS cells migrated faster than
uninfected controls, and autophagy activation
significantly suppressed this migration. This
effect was abolished in Atg5 knockout cells
(Figure 5E). These results suggest that H. pylo-
ri-induced motility is suppressed by autophagy
activation.

Finally, we explored the effect of H. pylori infec-
tion and autophagy on tumor-sphere formation,
a stemness marker. AGS cells were infected
with H. pylori (MOI=25) under non-adherent cul-
ture conditions. Tumor-sphere formation was
significantly increased after H. pylori infection
(Figure 5F, column 1 vs. 2). Induction of autoph-
agy by AD suppressed sphere formation (Figure
5F, columns 2 vs. 4). AGS-R1 cells formed fewer
tumor-spheres than wild-type AGS cells, regard-
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Figure 5. Effect of autophagy on the viability, focus formation, migration, and sphere formation of AGS and AGS-R1
cells with or without H. pylori infection. To induce autophagy in AGS cells, AD (5 uM) was added for 3 h, followed
by co-culturing with H. pylori for another 24 h. To block autophagy, the Atg5 gene was knocked out by the CRISPR/
Cas9 system in AGS cells and co-cultured with H. pylori for 24 h. (A) Cell proliferation was determined by MTT assay
using a Multiskan™ Sky Microplate Spectrophotometer at 570 nm wavelength. (B) Cytotoxicity was measured by
subtracting LDH content in remaining viable cells from total LDH in untreated controls. Error bars represent mean
+ SD. Data were analyzed by the Student’s t-test. *: P<0.05; **: P<0.01; ***: P<0.001. (C) AGS cells were treated
with AD (5 uM) for 3 h, and the medium was replaced with fresh medium containing or not containing H. pylori
(MOI=150) for another 24 h. To block autophagy, the Atg5 gene was knocked out by the CRISPR/Cas9 system in
AGS cells and co-cultured with H. pylori for 24 h. Focus formation was measured at day 7 after treatment. The values
shown are the mean + SD of three independent experiments. (D) After seeding AGS or AGS-R1 (Atg5 knockout) cells
(8x10°) in a 12-well plate for 24 h, the cells were pretreated with AD (5 uM) for 3 h, followed by evaluation of AGS
cell migration with or without H. pylori (MOI=75) infection. Representative images of each group at the indicated
time points after gap formation are shown. The white dotted lines represent the wound boundary. Quantification is
shown in the diagram. (E) Transwell™ migration assay was conducted at 72 h after seeding the cells (5x10%) under
the same conditions as in (A). The quantification of 5 randomly selected fields is shown. The values shown are the
mean * SD of three independent experiments. Data were analyzed using the Student’s t-test. *P<0.05, **P<0.01,
***%P<0.001. (F) AGS cells (5000 cells/well) were maintained in DMEM/F12 serum-free medium and supplied with
1x B27, bFGF (20 ng/ml), EGF (20 ng/ml), and insulin (5 yg/ml). The suspended cells were maintained in ultra-low
attachment 6-well plates. After 7 days, the tumor spheres were formed. The number of tumor spheres was counted
when the diameter was greater than 50 um. *: P<0.05; **: P<0.01; ***: P<0.001.

less of infection status (Figure 5E, columns 1
and 2 vs. 5 and 6).

In summary, our findings demonstrated that H.
pylori infection suppressed cell viability and
colony formation, while inducing autophagy
activity, migration, and sphere formation in
GC cells. When autophagy was further en-
hanced by an inducer, all H. pylori-related
malignant features were evidently suppressed.
These results indicate that increasing autopha-
gy activity plays a suppressive role in GC
tumorigenesis.

Effect of AD-induced autophagy on tumor for-
mation in the xenograft gastric cancer nude
mouse model

To validate our in vitro findings, we investigated
the effects of H. pylori infection and enhanced
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autophagy on tumor formation in a gastric can-
cer xenograft mouse model. Mice were divided
into six groups: (i) AGS; (ii) AGS + H. pylori; (iii)
AGS + AD (autophagy inducer); (iv) AGS + H.
pylori + AD; (v) AGS-R1 (Atg5 KO); and (vi) AGS-
R1 + H. pylori. A total of 5x10° AGS cells, with or
without H. pylori infection, were subcutaneous-
ly injected into nude mice. Three days post-
inoculation, mice in the AD-treated groups
received intraperitoneal injections of AD (30
mg/kg) every three days for two months.

Initial tumor growth was detected at three
weeks post-injection in all groups. The largest
tumor volume at this early stage was detected
in the mice injected with AGS cells co-cultured
with H. pylori, followed by AGS + H. pylori + AD
(Figure 6A). At the end of the two-month obser-
vation, no detectable tumors remained in either
the AGS + H. pylori or AGS + H. pylori + AD

Am J Cancer Res 2026;16(1):314-337



Autophagy suppresses H. pylori-related gastric cancer

A o 807 B
* Xk
Eeo- o AGS . . .
(] .
- resvo @ (@ [
- < -
1 o
S 204 T AGS-R1 d -
2 ]
3
- 0-
o -
- - & + - = AcsRi+Hp [ N ..,
Hp - + - + - +
AGS AGSR1
C 80+ * D __ 100+
@ e
E 601 E 8
—
) g 604
© 40 2 -
E N S 404
(<] -
g 204 g 20-
- =
=]
0- 0
AD - - + + - - AD - - + - -
Hp - + - + - + Hp - + - -+
AGS AGSR1
Ki67 LC3
50- . 100-
© 40 v g 804 * %
g . =
< 304 < 601
s |- 2 +
@ 20 % 40
9 0 o
o . o
5 10- ™ 20
< e
o—T— o—
AGS + + - AGS + + -
AGSR1 - -+ AGSR1 - - o+
AD - + = AD - + =

Figure 6. Effect of increased autophagy activity on the tumor formation of wild-type and Atg5 knockout AGS cells
in the xenograft GC nude mouse model. AGS cells (2x10° cells in 100 ul of PBS) were inoculated subcutaneously
into the 7-week-old nude mice. (A) Tumor size was measured from the surface of the mouse body three weeks
after cell injection. Two months later, all the mice were sacrificed, and (B) the photograph of the excised tumors,
(C) tumor weight, and (D) volume were measured two months after AGS cell inoculation. Statistical significance be-
tween groups was determined with the Student’s t-test. *P<0.05. (E) Representative IHC images showed Ki67 and
LC3 protein expression levels in subcutaneous tumor tissues. Scale bar =50 um. Magnification: 20X. Quantitative
analysis of the IHC staining intensity using ImageJ software. The values shown are expressed as the mean + SD.
*P<0.05.

groups (Figure 6B), indicating spontaneous
tumor regression of AGS cells upon H. pylori
infection. Among the groups with persistent
tumor growth, the AGS group exhibited the
highest tumor volume and weight, followed
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by the AGS + AD group. Notably, the AGS-R1
group showed markedly reduced tumor size
compared with the AGS group. However, H.
pylori suppression of tumor formation in the
AGS + H. pylori group was counteracted in the
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AGS-R1 + H. pylori group (Figure 6C and 6D).
Immunohistochemical analysis revealed that
the proliferation marker Ki67 was expressed at
the highest level in the AGS group, followed by
the AGS + AD and AGS-R1 groups, consistent
with their observed tumorigenicity (Figure 6E).
The autophagy marker LC3 was expressed
most strongly in the AGS + AD group. In con-
trast, the lowest levels were observed in the
AGS-R1 group, consistent with Atg5 gene
knockout.

Taken together, our in vivo results indicate
that both H. pylori infection and enhanced
autophagy suppress sustained tumor growth,
which is consistent with our in vitro findings
regarding malignant phenotypes. While H. pylo-
ri infection may transiently promote early tumor
initiation, long-term tumor progression is ulti-
mately restrained.

Discussion

Mitochondrial function plays dual roles during
cancer development, including energy me-
tabolism, oxidative stress, and tumorigenesis.
Cancer cells rapidly proliferate and commonly
reprogram their metabolism from mitochondri-
al oxidative phosphorylation (OXPHOS) to aero-
bic glycolysis (Warburg effect) [54]. Moreover,
mitochondrial dysfunction also results in oxida-
tive stress through reactive oxygen species
(ROS) accumulation, which promotes tumori-
genesis through stabilizing HIF-o« and inducing
DNA damage [54, 55].

Mitochondrial dynamics, especially Drpl-me-
diated fission, is closely related to cancer cell
survival and autophagy. Phosphorylation of
Drplat serine 616 (p-Drp-1) induces the mito-
chondrial fission, which is an early and critical
event of apoptosis [14, 15]. Notably, increased
mitochondrial fission promotes autophagy,
which supports cancer cell survival depending
on the context [15, 17]. Thus, determining the
role of p-Drpl-mediated fission is crucial for
understanding the balance between cell death
and survival.

DDX5 is essential for mitochondrial respiration
and growth of Small Cell Lung Cancer (SCLC)
[13]. It promotes GC proliferation via the mTOR
signaling pathway. Given DDX5’s established
role in mitochondrial respiration in SCLC, its
influence on gastric cancer warrants further
investigation.
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Nonetheless, H. pylori-mediated mitochondrial
regulation in GC tumorigenesis has rarely been
reported.

In this study, we investigated the interplay
among H. pylori infection, autophagy activity,
and mitochondria function in gastric cancer.
We reveal three key findings. First, H. pylori
induces autophagy while simultaneously dis-
rupting mitochondrial fission. Second, autopha-
gy induction suppresses H. pylori-induced GC
malignancy both in vitro and in vivo. Third, H.
pylori activates multiple signaling pathways to
regulate GC progression, including the Erk1/2
and JNK MAPK pathways to induce autoph-
agy, while modulating NF-kB and PI3K/Akt-
related signaling to influence immune and pro-
liferative responses. These signaling pathways
act together to balance survival and death of
GC cells (Figures 7 and S2, S3). In addition, we
integrated in vitro and in vivo data to clarify the
role of autophagy activation in the context of H.
pylori infection in various GC malignant fea-
tures. Moreover, G9a mediates H3K9me2, a
repressive histone mark, to downregulate
autophagy-related genes, including Beclin-1
[51], which supports the postulation that H.
pylori induces autophagy through G9a-related
epigenetic regulation of autophagy-related
genes. The abrogation of mitochondrial fission
caused by decreased p-Drp1, related to mitoph-
agy, an important mediator of mitochondrial
quality control in cardiomyocytes, has been
reported [56].

Our mitochondria activity and ROS data sug-
gest that H. pylori infection pushes the GC cells’
mitochondria to work harder, possibly in an
attempt to meet an increased energy demand
or to compensate for some other cellular stress
induced by the infection. However, this over-
drive is inefficient or dysregulated, leading to
an increase in harmful reactive oxygen species.
This can be interpreted as a form of mitochon-
drial dysfunction or stress response, where the
increased metabolic output is coupled with
heightened oxidative damage (Figure 2E and
2F). This speculation is consistent with what is
known about H. pylori infection, which is often
associated with oxidative stress and mitochon-
drial dysfunction in gastric cells, contributing to
gastric inflammation and potentially cancer
development [53].

While H. pylori infection simultaneously triggers
pro-tumorigenic features (transient tumor for-
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signaling components, and labels highlight key pathway interactions described in this study. Some of the images

were created at https://BioRender.com.

mation, migration and sphere formation) and
autophagy activation, the infection-induced au-
tophagy alone appears insufficient to restrain
tumor progression. This observation suggests
that H. pylori-driven tumorigenesis also involves
autophagy-independent mechanisms, includ-
ing chronic inflammation, ROS-induced DNA
damage, and dysregulation of host signaling
pathways [24, 57]. In contrast, pharmacologi-
cal enhancement of autophagy led to pro-
nounced tumor-suppressive effects, under-
scoring autophagy as a protective mechanism
that can counteract H. pylori-induced oncogen-
ic signaling.
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While increased LC3-ll accumulation and au-
tophagy-related vesicle formation were ob-
served following H. pylori infection, these find-
ings do not fully distinguish between enhanced
autophagic flux and impaired autophagosome
degradation. Our preliminary data showed that
H. pylori infection in GC cells resulted in a tem-
poral increase in LC3-1l levels from O to 24 h;
however, no subsequent LC3-Il degradation
was observed, suggesting a potential impair-
ment in autophagy progression. In contrast,
chloroquine-mediated fusion blockade experi-
ments indicated that H. pylori induces partial
autophagic flux (Figure 3A, lane 3 vs. 7; Figure
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3B, lane 2 vs. 6). Together, these observations
underscore the need for further investigation to
more precisely characterize autophagic flux in
the context of H. pylori infection. Moreover,
our mitochondrial respiration and ROS analy-
ses suggest that H. pylori-induced metabolic
stress leads to elevated oxidative stress, which
may promote DNA damage and genomic insta-
bility. Enhanced autophagy may counteract
these effects by facilitating mitochondrial qual-
ity control and limiting excessive ROS accumu-
lation, thereby contributing to tumor-suppres-
sive outcomes.

The increased expression of LC3 and p-Drpl in
patient tumor tissues implies the importance
of the abnormal autophagy activity and mito-
chondrial dynamics in GC. Furthermore, our
observation that H. pylori infection increases
autophagy activity and suppresses GC cell
tumorigenesis supports the findings of Courtois
et al., who reported increased autophagy
through mTORC1 inhibition and ULK1 upregula-
tion in response to H. pylori infection [58].
Our previous studies showed that autophago-
somes selectively degrade oncogenic mole-
cules, including miR-224 and cyclin D1 in liver
cancer cells to suppress tumorigenesis [59],
which parallels the downregulation of cyclin D1
observed in H. pylori-infected GC cells, accom-
panied by the increased autophagy activity
(Figure 3A and 3B).

We have reported that 1) Ha-ras@!2-related
tumorigenesis is suppressed by an Erkl/2-
BNIP3-mediated autophagy activation [60]; 2)
DENV infection-induced IRE1a-JNK signaling
pathway increases autophagy activity through
phosphorylation of JNK and downstream mole-
cule Bcl-2, which then dissociates from Be-
clin 1 to result in autophagy activation [61].
These findings support a model in which H.
pylori-mediated activation of the Erk1/2 and
JNK pathways promotes autophagy induction,
whereas enhanced autophagy does not exert
reciprocal effects on ELK1 or c-Jun activity
(Figures 7 and S3).

In addition, our RNA-seq and protein analyses
demonstrate the involvement of multiple sig-
naling pathways previously implicated in H.
pylori-related GC, including the MAPK, PI3K-
Akt-mTOR, Wnt/B-catenin, and JAK-STAT path-
ways [22].
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H. pylori has been classified as a Group 1 car-
cinogen by the WHO since 1994, and chronic
infection increases the risk of gastric cancer
[62]. It has been reported that H. pylori infec-
tion induces chronic gastritis, DNA damage
through reactive oxygen species, and dysregu-
lation of host signaling pathways, all of which
contribute to gastric carcinogenesis [63].
Although H. pylori infection transiently promot-
ed tumor formation and enhanced migration
and stemness, it concurrently suppressed
oncogenic drivers such as G9a, c-Myc, and
cyclin D1, ultimately resulting in reduced cell
viability in vitro and tumor regression in vivo.
This discrepancy may be due to a stage-depen-
dent process in which early infection promotes
malignant traits through inflammation, ROS-
mediated DNA damage, and host signaling dys-
regulation [57], whereas prolonged infection
activates stress responses such as autophagy
and apoptosis that counteract tumor progres-
sion. Thus, the tumorigenic potential of H. pylori
likely arises from a dynamic balance between
transient pro-tumorigenic effects and long-term
tumor-suppressive mechanisms, highlighting
the need to delineate the spatial and temporal
contributions of the tumor microenvironment
during H. pylori infection.

Previous studies have reported that H. pylori-
induced autophagy can be subverted by the
bacterium to facilitate intracellular survival
rather than tumor suppression [22]. In con-
trast, when autophagy was further pharmaco-
logically enhanced beyond basal levels, we
observed robust suppression of H. pylori-relat-
ed malignant traits, suggesting that sufficiently
elevated autophagy activity exerts a tumor-sup-
pressive effect.

This study integrates in vitro and in vivo data to
clarify the autophagic response to H. pylori
infection in gastric cancer. However, our study
has several limitations. One limitation of the
present in vivo study is the use of immunodefi-
cient nude mice, which lack functional T lym-
phocytes. While this model is well suited for
evaluating tumor-intrinsic effects of autophagy
modulation on gastric cancer growth, it does
not fully capture the contribution of adaptive
immunity or tumor-immune microenvironment
interactions. Autophagy has been shown to
influence antigen presentation, immune cell
recruitment, and inflammatory signaling, all of
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which may critically shape tumor progression
in the context of H. pylori infection [22, 64].
Therefore, future studies employing immuno-
competent mouse models, such as H. pylori-
infected C57BL/6 mice or syngeneic gastric
cancer models, will be essential to clarify how
autophagy regulates immune surveillance,
immune evasion, and tumor-host interactions
during gastric carcinogenesis. Another limita-
tion is the lack of temporal and stage-specific
analyses of autophagy during different phases
of H. pylori infection and gastric cancer pro-
gression. Autophagy is a highly dynamic pro-
cess that may exert distinct effects during early
infection, chronic inflammation, tumor initia-
tion, and advanced malignancy in vivo. Our find-
ings therefore represent a specific time point of
autophagy regulation rather than a longitudinal
assessment. Future studies incorporating time-
course analyses and stratification by tumor
grade or infection duration will be critical to
fully elucidate the context-dependent roles of
autophagy in gastric carcinogenesis.

Although we demonstrated a tumor-suppres-
sive effect by increasing autophagy activity, the
underlying mechanisms - specifically whether
tumor suppression is mediated through apop-
tosis or reduced DNA replication - remain to be
clarified. Moreover, although our data suggest
the role of autophagy in modulating immune
pathways such as NF-kB and STAT3 pathways,
these were not functionally validated in immu-
nocompetent models. Additionally, although
patient tissue analyses showed higher autoph-
agy LC3 and mitochondria marker p-Drpl
expression in tumors, their predictive or prog-
nostic value was not evaluated through survival
analysis. Although increased LC3 and p-Drpl
expression were consistently observed in gas-
tric cancer tissues, exploratory Kaplan-Meier
survival analyses did not demonstrate statisti-
cally significant differences, likely due to limited
long-term follow-up data and insufficient statis-
tical power of the patient cohort; therefore,
these results were not presented in the Results
section. Nevertheless, accumulating evidence
suggests that dysregulated autophagy and
mitochondrial dynamics are closely associated
with patient prognosis in multiple solid tumors,
including gastric cancer. Elevated autophagy
activity has been linked to tumor adaptation to
metabolic stress, while altered Drpl-mediated
mitochondrial fission has been implicated in
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tumor aggressiveness and therapy resistance
[65-67]. Our findings support the clinical rele-
vance of LC3 and p-Drp1 as potential biomark-
ers reflecting metabolic and stress-adaptive
states in H. pylori-associated gastric cancer.
Future large-scale studies integrating survival
data will be necessary to determine their prog-
nostic value and therapeutic utility.

Amiodarone, a clinically approved anti-arrhyth-
mic agent, was employed in this study as a
pharmacological tool to further interrogate the
functional role of autophagy in H. pylori-associ-
ated gastric cancer [68]. Importantly, amioda-
rone was used as a proof-of-concept autophagy
modulator rather than as an immediately trans-
latable anticancer drug. Its established clinical
use and well-characterized pharmacological
profile provide a framework for considering
drug repurposing strategies targeting autopha-
gy-related pathways [69]. Nevertheless, the
clinical applicability of amiodarone in oncology
is constrained by its known dose-dependent
toxicities, including pulmonary, hepatic, and
thyroid adverse effects [70, 71]. These safety
concerns underscore the necessity for careful
dose optimization, treatment scheduling, and
patient selection in any future oncological
application. Therefore, the findings of the pres-
ent study should be interpreted as mechanistic
evidence supporting autophagy modulation,
rather than direct clinical endorsement of amio-
darone as a therapeutic agent. In addition,
autophagy has been implicated in modulating
responses to both chemotherapy and im-
munotherapy [21, 72]. Pharmacological modu-
lation of autophagy may enhance chemosensi-
tivity or influence tumor immune responses,
suggesting that amiodarone or related autoph-
agy-targeting strategies could potentially be
explored in combination with standard gastric
cancer therapies. However, such combination
approaches remain speculative and will require
comprehensive preclinical and clinical evalua-
tion to assess efficacy and safety.

In conclusion, our findings provide compelling
evidence that H. pylori infection induces
autophagy and impairs mitochondrial function
in gastric cancer cells. Enhanced autophagy
activity suppresses malignant transformation
both in vitro and in vivo. The H. pylori-mediated
downregulation of c-Myc, G9a, and cyclin D1,
together with activation of signaling pathways
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such as p-Erk1/2 and p-JNK, promotes autoph-
agy and collectively suggests that autophagy
exerts broad regulatory effects in H. pylori-
associated gastric cancer tumorigenesis. Fu-
ture studies will focus on genome-wide epigen-
etic profiling of G9a and the preclinical and
clinical evaluation of autophagy inducer-based
combination therapies to further validate our
findings and facilitate their translation into pre-
cision medicine strategies.
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Supplementary material and method
RNA sequencing (RNA-Seq) and data analysis

Total RNAs were isolated from AGS cells and Hp 49503-infected AGS cells. RNA extraction and sequenc-
ing services were provided by Phalanx Biotech Group, Hsinchu, Taiwan.

Illumina TruSeq Stranded mRNA sequencing was performed by Phalanx Biotech following the standard
Illumina kit protocol (Ilumina, San Diego, CA). Briefly, polyA mRNA from an input of 500 ng high-quality
total RNA (RIN value >8) was purified, fragmented, and first- and second-strand cDNA synthesized.
Barcoded linkers were ligated to generate indexed libraries. The libraries were quantified using the
Promega QuantiFluor dsDNA System on a Quantus Fluorometer (Promega, Madison, WI). The size and
purity of the libraries were analyzed using the High Sensitivity D1000 Screen Tape on an Agilent 2100
TapeStation instrument. The libraries were pooled and run on an lllumina sequencer using paired-end
150 bp Rapid Run format to generate 20 million reads per sample. After the reads were aligned to the
genome (Ensembl Homo sapiens. GRCh38.104), Cufflinks was used on the resulting alignment files to
generate a transcriptome assembly for each condition. Cufflink, a part of the Cuffdiffs package, took the
aligned reads and merged assemblies from two or more conditions to estimate the expression levels by
calculating the number of RNA-Seq Fragments Per Kilobase of transcript per total Million (FPKM) frag-
ments methods mapped. Cuffdiff tests the statistical significance of observed changes and identifies
differentially regulated genes at the transcriptional or post-transcriptional level. The number of differen-
tially expressed genes for each comparison is calculated based on the experimental design. Standard
selection criteria to identify differentially expressed genes are as follows: Log, fold change (FC) 21 or <-1
and p-value <0.05. KEGG pathways enrichment analysis was performed using the differentially
expressed gene lists as input.

Table S1. The number of GC patients and the definition of GC patient parameters

Parameters Definition Number
Gender

Male 100

Female 60
Age (year)

Range 24-91

Mean 64.4

<64 81

>64 79
TNM stage

Stage 1-2 74

Stage 3-4 86
Tumor size

Range 1.5-999

Median 48

<48 86

>48 74
Lymphatic or vascular invasion

Yes 87

No 73
Nerve invasion

Yes 94

No 66
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Figure S1. Screening for Atg5 gene knockout AGS cell lines. Screening for Atg5 gene knockout AGS clones by the
CRISPR-Cas9 system. A. Clone AGS-C19 was the heterologous recombination, and the other clones (AGS-R1, R2,
R4) were the homologous recombination. Atg5 protein expression in the cells was detected by Western blotting us-
ing anti-Atgh antibody. GAPDH was used as the internal control. B. AGS and AGS-R1 cells with or without Hp 49503
treatment for 24 h were labelled with specific antibodies and visualized under a confocal fluorescent microscope.
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Figure S2. Bubble plot of KEGG pathway enrichment analysis of DEGs. Bubble plots showed differential expression
profile-correlated pathways and functions of AGS vs. AGS co-cultured with H. pylori. “Gene Number” indicates the
number of DEGs enriched in the pathway. “GeneRatio” means the ratio of enriched DEGs to background genes.
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Figure S3. The signaling pathways related to H. pylori infection and autophagy induction in GC cells. AGS cells trans-
fected with (A) pNFkB-Luc plasmid. Another reporter plasmid, pFR-Luc, was co-transfected with the (B) pFA2-Elk1
and (C) pFA2-cJun plasmids. Twenty-four hours after transfection, AGS cells were treated with AD (5 uM) for 3 h,
followed by removal of AD, and co-culture with H. pylori for another 24 h. Luciferase activities were measured from
the cell lysates of transfected samples. Values shown are means of three experiments subtracted from the blank
control.
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Figure S4. The effect of Hp 49503 infection on cell migration by wound healing assay. A wound healing assay was
used at O h and 24 h after seeding the cells to clarify the effect of Hp 49503 infection on cell mobility. The rep-
resentative images of (A) GES-1, (B) AGS, and (C) MKN45 cell migration under Hp 49503 co-culturing conditions
were evaluated at O h and 24 h by wound healing assay. The white dotted lines represent the migration boundary.
Quantification is shown in the diagram. Error bars represent mean + SD.



