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Helicobacter pylori (H. pylori) infection is a well-established risk factor for gastric cancer, primarily due to its virulence factor, cytotoxin-
associated gene A (CagA). Although PD-L1/PD-1-mediated immune evasion is critical in cancer development, the impact of CagA on
PD-L1 regulation remains unclear. This study revealed that H. pylori CagA upregulated squalene epoxidase (SQLE) expression, a key
enzyme in the cholesterol biosynthesis pathway. Elevated SQLE activity increased cellular palmitoyl-CoA levels, enhancing PD-L1
palmitoylation while decreasing its ubiquitination. This ultimately increases PD-L1 stability, suppressing T cell activity and facilitating
immune evasion in gastric cancer. In summary, our findings highlight the crucial role of the CagA-SQLE-PD-L1 axis in gastric cancer
progression, suggesting potential therapeutic strategies for targeting CagA-positive gastric cancer.
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INTRODUCTION
Gastric cancer is a major global health concern, ranking fifth in
both incidence and mortality among cancers [1]. Gastric cancer is
frequently diagnosed at advanced stages, resulting in poor
prognosis. Despite chemotherapy’s status as a standard treatment,
current agents yield a median survival time of only 8 months [2].
H. pylori infection is classified as a Group I carcinogen for gastric
cancer by the World Health Organization [3]. Its role in the
immune microenvironment is gaining attention, as H. pylori
infection induces local inflammation and creates an immune-
suppressive milieu [4]. Clinical retrospective studies have shown
that H. pylori infection weakens the efficacy of immunotherapy in
gastric cancer and non-small cell lung cancer [5–7]. Understanding
the molecular mechanisms underlying H. pylori-induced immune
tolerance is essential for optimizing gastric cancer treatment
regimens.
Programmed death ligand 1 (PD-L1) serves as a crucial

immune checkpoint by binding to programmed death 1 (PD-1)
on T cells, resulting in decreased T cell activation [8]. CagA is a
key virulence factor of H. pylori and contributes to the
carcinogenic process by being injected into gastric epithelial
cells via integrin receptors [9]. CagA upregulates PD-L1
transcription via the sonic hedgehog and p53-miR-34a path-
ways [10, 11]. In addition to transcriptional regulation, PD-L1
undergoes various post-translational modifications that affect
its stability [12]. However, the influence of H. pylori CagA on
PD-L1 stability remains unclear.
Transcriptome sequencing data revealed a substantial increase

in squalene epoxidase (SQLE) expression in CagA-positive gastric
cancer cells. SQLE catalyzes the conversion of squalene to (S)-2,3-
oxidosqualene, a pivotal step in cholesterol biosynthesis [13].

It plays a significant role in various tumors, including colorectal
cancer, pancreatic cancer, hepatocellular carcinoma, prostate
cancer, and glioblastoma [14–18]. SQLE promotes hepatocellular
carcinoma [19] and pancreatic cancer [14] through TGF-β/SMAD
and Src/PI3K/Akt signaling pathways. It also represents a critical
therapeutic target in advanced prostate cancer [20] and in
colorectal cancer patients with p53 and c-MYC mutations [21].
However, the specific role of SQLE in gastric cancer remains to be
elucidated. Studies have indicated that cholesterol can stabilize
PD-L1 levels and prevent degradation by directly interacting with
its transmembrane domain [22]. Given that SQLE plays a critical
role in maintaining cholesterol levels, we hypothesized that SQLE
may influence PD-L1 expression in gastric cancer.
The Hippo tumor suppressor pathway is crucial for maintain-

ing tissue homeostasis and modulating immune responses [23].
YAP1 (Yes-Associated Protein 1) serves as a key downstream
effector of this pathway [24]. Once phosphorylated, YAP1 binds
to cytoskeletal proteins, resulting in its cytoplasmic sequestra-
tion [25, 26]. Conversely, unphosphorylated YAP1 translocated to
the nucleus and promoted downstream oncogenes expression
[27]. Previous study demonstrated that H. pylori CagA enhanced
YAP1 protein expression and nuclear translocation, thereby
promoting epithelial-mesenchymal transition and exerting
oncogenic effects [26].
This study aims to elucidate the mechanisms through which

H. pylori CagA modulates SQLE expression and assesses the
contributions of CagA and SQLE to gastric cancer progression.
Additionally, our findings indicate that CagA and SQLE enhance
PD-L1 palmitoylation levels, leading to increased PD-L1 stability
and suppression of T cell function, ultimately facilitating immune
evasion in gastric cancer.
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MATERIALS AND METHODS
Public transcriptome and RNA-sequencing analysis
Gastric cancer-related cohort data were obtained from the Gene
Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA)
databases. RNA-sequencing analysis was conducted on gastric cancer
cells transfected with CagA at BGI (Shenzhen, China). GO pathway analysis
was utilized to identify the most relevant pathways.

Cell culture and transfection
Human and mouse gastric cancer cell lines, AGS (iCell-h016) and MFC (iCell-
m035), were purchased from iCell Bioscience Inc. (Shanghai, China). Jurkat T
cell lines were obtained from the laboratory stock. All cell lines have
undergone STR identification within the last six months. AGS and MFC cell lines
were cultivated in D/F-12 K medium and RPMI 1640 (Gibco, Waltham, MA,
USA). These media formulations were augmented with 10% fetal bovine serum
(FBS, Gibco), and the cell cultures were maintained in a 37 °C incubator under
5% CO2. Jurkat T cell lines were cultivated in RPMI 1640 (Gibco, Waltham, MA,
USA) with 10% FBS, and maintained in a 37 °C incubator under 5% CO2. The
universal mycoplasma detection kit (C0297S, Beyotime Biotechnology) was
used to assess mycoplasma contamination at bi-monthly intervals.
The CagA-pcDNA 3.1 plasmid was purchased from Novobio Science

(Shanghai, China), and the CagA sequence fragment was cloned into the
p3 x Flag-CMV-10 vector. SQLE overexpression plasmids, HA-PD-L1 wild-
type and the C272A mutant plasmids were procured from Youbio
(Changsha, China). The HA-Ub plasmid was obtained from the laboratory
stock. Short hairpin RNA (sh-RNA) targeting SQLE, and small interfering
RNA (si-RNA) targeting YAP1 were purchased from GenePharma (Shanghai,
China). The sequences of sh-SQLE and si-YAP1 used for transfection are
shown in Table S1. Transfection was carried out with Lipofectamine 2000
(11668019, Thermo Fisher Scientific) or Megatran 2.0 (TT210003, Origene).

H. pylori culture and infection
H. pylori strain 26695 was sourced from laboratory stock. The H. pylori strains
were cultured at 37 °C in a microaerophilic atmosphere on a Columbia agar
plate (Oxoid Ltd, Basingstoke, UK) which contained 10% sheep’s blood.
In H. pylori infection assays, AGS and MFC cells were cultured in six-well

plates containing antibiotic-free medium for 24 h and subsequently
infected with H. pylori at a multiplicity of infection (MOI) of 15. 24 h later,
cells were collected for subsequent experiments.

Nucleic acid gel electrophoresis
PCR assay and gel electrophoresis were performed to identify H. pylori
strains. The primer sequences used were shown in Table S1. The PCR
reaction system (20 μL) included 2 × PCR Master Mix 10 μL, 0.75 μL
upstream primer, 0.75 μL downstream primer, 2 μL bacteria solution, and
6.5 μL with ddH2O. The reaction condition was as follows. 23 s rRNA: 95 °C
2min; 4 °C 30 s, 60 °C 30 s, 72 °C 30 s, 40 cycles; 72 °C 5 min; 4 °C
maintained. CagA: 95 °C 2min; 94 °C 30 s, 54 °C 30 s, 72 °C 30 s, 40 cycles;
72 °C 5min; 4 °C maintained. Vacuolating cytotoxin A (VacA): 95 °C 2min;
94 °C 30 s, 55 °C 30 s, 72 °C 30 s, 40 cycles; 72 °C 5min; 4 °C maintained. At
the end of the reaction, 1% gel electrophoresis was performed. The size of
the amplified target fragment was 490 bp (23s rRNA), 350 bp (CagA), and
250 bp (VacA). The experiment was repeated 3 times at least.

Reagents
Verteporfin (HY-B0146), cycloheximide (CHX, HY-12320), MG132 (HY-13259),
and methyl-β-cyclodextrin (MCD, HY-101461) were obtained from MedChem-
Express. Palmitoyl coenzyme A (Pal-CoA, P9716) and cholesterol (C8667) were
purchased from Merck Sigma. 2-bromopalmitate (2-BP, E0120) was obtained
from Selleck.

Cholesterol concentration determination
The total cholesterol assay kit (RL7528-100T) based on the COD-PAP single
reagent colorimetric method was procured from BioRoYee (Beijing, China)
and utilized to detect total cholesterol in transfected gastric cancer cells.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (qPCR)
Total RNA was extracted from cells with the TRIzol reagent (15596018,
Thermo Fisher Scientific), and reverse transcription reactions were
performed with the PrimeScript™ RT Master Mix (RR036A, TaKaRa). qPCR
was performed using Fast SYBR Green Master Mix (A25742, Thermo Fisher

Scientific). ACTB and GAPDH served as internal controls. Quantification was
calculated using the 2−ΔΔCt method. The synthesis of primers was
entrusted to Sangon Biotech (Shanghai, China), and the corresponding
primer sequences can be found in Table S1.

Protein extraction and western blotting (WB)
Cells were lysed in RIPA Lysis Buffer (P0013C, Beyotime Biotechnology)
supplemented with protease and phosphatase inhibitors. Protein concentra-
tions were measured with the BCA reagent (BL521A, Biosharp). The protein
lysate was separated by sodium dodecyl sulfate (SDS)-PAGE gel and then
transferred to a polyvinylidene difluoride membrane. After blocking with non-
fat milk for 2 h at room temperature, the membranes were incubated
overnight at 4 °C with the following primary antibodies: anti-SQLE (1:1000,
12544-1-AP, Proteintech), anti-PD-L1 (1:4000, 66248-1-Ig, Proteintech), anti-
YAP1 (1:1000, A26076, ABclonal), anti-Vinculin (1:20000, 26520-1-AP, Protein-
tech), anti-Flag (1:1000, F1804, Merck Sigma), anti-phosphor-YAP1-S127 (1:200,
AP0489, ABclonal), anti-phosphor-YAP1-S128 (1:3000, AP1187, ABclonal), anti-
β-Tubulin (1:2000, AF1216, Beyotime), anti-HA (1:2000, TA180218, Origene),
anti-CagA (1:200, sc-28368, Santa Cruz Biotechnolog), anti-LAG3 (1:1000,
16616-1-AP, Proteintech), anti-TIM3 (1:1000, 60355-1-Ig, Proteintech), and anti-
CTLA-4 (1:5000, A22865, ABclonal). After washing, the membranes were
stained with secondary antibodies for 1.5 h at room temperature. Protein
bands were detected using the ChemiDoc XRS+ system (Bio-rad, USA).

Cell counting kit-8 (CCK-8) assay
Transfected gastric cancer cells were planted into 96-well plates at a
density of 1 × 103 cells per well, with 4-6 replicate wells per group. At
specified time points, the medium was replaced with 100 μl fresh culture
medium containing 10 μl CCK-8 solution (C0039, Beyotime Biotechnology),
incubated at 37 °C for 2 h. Then the absorbance at 450 nm was detected.

Colony formation assay
Transfected cells were seeded into 3.5 cm dishes at a density of 500 cells
per dish. The experiment was terminated upon visible clone formation.
Cells were fixed with methanol and stained with 0.5% crystal violet
solution for 15min. Colonies were counted and images were acquired.
Colonies with a cell count exceeding 50 were considered significant.

Wound healing assay
Transfected cells were seeded in six-well plates and allowed to reach
confluence. Subsequently, wounds were created in the monolayers using
sterile plastic implements. After phosphate buffer saline (PBS) wash, the
cells were cultured in medium containing 0.5% FBS. Cellular migration was
evaluated by capturing images at 0, 12, 24, 36, and 48 h. The wound area
was analyzed using ImageJ software.

Transwell assay
Transwell assay was performed in a 24-well Transwell insert with an 8 μm
pore size (353097, Falcon Corning). Transfected gastric cancer cells were
seeded into the upper chambers without FBS at a density of 2.5 × 104,
while the lower chambers were filled with 750 µL of cell culture medium
supplemented with 10% FBS. After incubation at 37 °C for 36 h, the non-
migratory gastric cancer cells remaining inside the upper chambers were
removed with cotton swabs, while the cells on the lower surface of the
membrane were fixed, stained, and then counted under a light
microscope. Cell counting was performed using ImageJ software.

T cell-mediated tumor cell killing assay
Transfected AGS cells adhered to plates overnight before co-incubating
with Jurkat T cells for 48 h at a ratio of 1:10 (AGS cells: T cells). Following
PBS washes to remove Jurkat T cells and debris, live gastric cancer cells
were stained with 0.5% crystal violet and quantified using a spectro-
photometer at OD 570 nm.

T cell activity assays
Transfected AGS cells were seeded on the glass bottom, light-resistant 3.5 cm
dishes for 48 h, subjected to staining with the live-cell fluorescent dye DiD
perchlorate (HY-D1028, MedChemExpress), and co-cultured with Jurkat
T cells labeled with the Green CMFDA (HY-126561, MedChemExpress) at a
ratio of 1:10. Continuous imaging was performed using a high-resolution
imaging system (DeltaVision Ultra) to track the activity status of living cells.
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Immunohistochemistry (IHC) staining
IHC was performed following the standard protocol: after xylene and graded
ethanol treatment, the sections were subjected to antigen retrieval by boiling
in either an EDTA solution (pH = 8.0) or a citrate solution. Then the sections
were blocked and incubated with the following antibodies: anti-H. pylori (ZA-
0127, Origene), anti-CagA (1:100, sc-28368, Santa Cruz), anti-SQLE (1:50, 12544-
1-AP, Proteintech), and anti-PD-L1 (1:5000, 66248-1-Ig, Proteintech) respec-
tively, overnight at 4 °C in a humidified chamber, subsequently incubated with
HRP-conjugated secondary antibodies for 2 h. Immunodetection was
visualized with diaminobenzidine (DAB) for 3-5min, then the sections were
counterstained with hematoxylin. The use of patient pathological tissue
sections was approved by the Medical Ethical Committee of the Beijing
Friendship Hospital Affiliated to the Capital Medical University (2018-P2-058).

Co-immunoprecipitation (Co-IP) assay
Cells were lysed in IP buffer (P0013, Beyotime Biotechnology) containing
protease and phosphatase inhibitors on ice for 25min, followed by
centrifugation at 12,000 rpm for 15min at 4 °C to remove insoluble
materials. 3 μg of the indicated antibody was added into the supernatant
and incubated at 4 °C overnight. Then, Protein A/G beads (P2108, Beyotime
Biotechnology) were added and incubated for 2 h at room temperature.
The beads were washed with IP buffer three times and eluted by boiling
with SDS buffer. The precipitated components were detected by WB.

Click-iT assay
Transfected cells were incubated with 100 μM of Click-iT palmitic acid-azide
(HY-151656, MedChemExpress) for 6 h. After incubation, cells were lysed
with the lysis buffer containing 1% SDS in 50mM Tris-HCl, pH 8.0, with
protease and phosphatase inhibitors, then left on ice for 15min. Click-iT
Protein Reaction Buffer Kit (C10276, Thermo Fisher Scientific) was used to
catalyze the reaction of protein samples with biotin-alkyne. Subsequently,
the biotin alkyne-azide-palmitic protein complex was pulled down using
washed streptavidin (3419, Cell Signaling Technology). The resulting pellets
were then analyzed by immunoblotting to detect PD-L1 expressions.

Elisa assay
The human palmitoyl Coenzyme A ELISA kit (JLCA7899) was procured from
Jingkang (Shanghai, China) and utilized to detect palmitoyl-CoA.

Animal studies
All mice used in this study were supplied by and maintained under specific
pathogen-free conditions at Capital Medical University (Beijing, China). Six-
week-old male BALB/c nude mice and C57BL/6 mice were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd and used for
tumorigenesis. The mice were randomly divided into 3 groups (n= 5)
respectively. BALB/c nude mice and C57BL/6 mice were subcutaneously
injected with equal amounts of stably transfected MFC cells (3.5 × 106) to
initiate tumorigenesis. Tumor volume was measured using the formula:
length × width2/2. The mice were sacrificed 12 days after inoculation. The
tumor volume and weight were measured and analyzed. The animal
experiments conducted in this project were approved and reviewed by the
Animal Experiments and Experimental Animal Welfare Committee of
Capital Medical University (AEEI-2023-098).

Statistical analysis
Results are expressed as mean ± SD based on a minimum of three
independent experiments. The sample size was determined based on
preliminary data showing the variance within and between groups. Statistical
analyses were conducted using GraphPad Prism version 8 and ImageJ version
1.37c. For multi-group comparisons, analysis of variance (ANOVA) was
employed, while the two-sided student t-tests were utilized for pairwise
comparisons. Statistical significance was established at a P-value less than 0.05.

RESULTS
H. pylori CagA overexpression correlates with elevated SQLE
expression
CagA, a significant virulence factor of H. pylori, plays a crucial role
in the initiation and progression of gastric cancer [28]. To further
investigate its contribution, we identified differentially expressed
genes in gastric cancer compared to normal tissues utilizing

publicly available databases. Cross-referencing these genes with
those regulated by CagA in gastric cancer cell lines (Table S2)
revealed 79 up-regulated genes and 14 down-regulated genes
(Fig. 1A). Subsequent enrichment analysis indicates that the sterol
biosynthetic process pathway, as depicted in Fig. 1B, displays the
most pronounced variation. Within this pathway, the roles of
farnesyl diphosphate synthase (FDPS), isopentenyl-diphosphate
delta isomerase 1 (IDI1), and SQLE in gastric cancer remain largely
unexplored. To gain deeper insights, we conducted qPCR
experiments to measure their expression levels in CagA-
overexpressed gastric cancer cells (Fig. 1C) and analyzed their
expression based on TCGA public database (Fig. 1D). Notably,
SQLE exhibited the most significant difference, suggesting its
potential role as a downstream gene of CagA and its pivotal role in
gastric cancer progression.
To further confirm the influence of CagA on SQLE expression,

we overexpressed Flag-CagA in the gastric cancer cell line AGS
and observed a significant increase in both SQLE protein and
mRNA levels compared to control cells (Figs. 1E and S1A). Similar
results were observed in MFC cells (Fig. S1B, C). Moreover, we
conducted co-culture experiments using H. pylori 26695 strains
(CagA-positive or CagA-negative) with gastric cancer cells (Fig.
S1D, E). qPCR and WB assays demonstrated that gastric cancer
cells co-cultured with CagA-positive H. pylori strains exhibited
elevated expression of SQLE (Fig. S1F–J). Conversely, no changes
were observed in gastric cancer cells co-cultured with CagA-
negative H. pylori (Fig. S1K–N). Thus, we conclude that CagA can
indeed promote SQLE expression in gastric cancer.
Furthermore, to substantiate the involvement of SQLE in

regulating cholesterol metabolism, we established an SQLE-
knockdown AGS cell line (Fig. S1O–Q) and evaluated intracellular
total cholesterol levels after SQLE overexpression or knockdown.
Our results demonstrated a positive correlation between SQLE
expression levels and intracellular total cholesterol (Fig. 1F),
indicating the participation of SQLE in cholesterol metabolism.

CagA induces SQLE expression via a YAP1-mediated
mechanism
Research indicates a strong association between H. pylori infection
and the Hippo-YAP1 pathway in gastric cancer [26]. Thus, we
investigated the effect of CagA on YAP1 expression. We observed
that CagA overexpression in AGS and MFC cell lines led to variable
increases in both mRNA (Fig. 2A, B) and protein (Figs. 2C, D and S2A)
levels of YAP1. Furthermore, we noted that CagA overexpression
resulted in elevated expression of cancer-promoting phosphory-
lated-YAP1 (S128) and decreased expression of cancer-inhibiting
phosphorylated-YAP1 (S127) (Figs. 2C, D and S2A). These findings
suggest that CagA overexpression in gastric cancer influences YAP1-
mediated signaling axis.
To investigate whether CagA regulates SQLE expression via

YAP1, we conducted YAP1 knockdown experiments, observing
a simultaneous decrease in SQLE expression at both mRNA
(Fig. 2E, F) and protein levels (Figs. 2G and S2B). Treatment with
si-YAP1 (Figs. 2G and S2B) and the YAP1 inhibitor verteporfin
(Figs. 2H and S2C) effectively suppressed SQLE expression.
However, subsequent overexpression of CagA did not further
enhance the elevation of SQLE. These findings suggest that CagA
modulates SQLE expression through YAP1.

CagA and SQLE promote the proliferation and migration of
gastric cancer
Next, we investigated the potential impact of CagA and SQLE on
the malignant characteristics of gastric cancer. CCK-8 assays
demonstrated that the overexpression of CagA (Fig. 3A, B) and
SQLE (Fig. 3C, D) could enhance gastric cancer cell proliferation.
Furthermore, we established an SQLE-knockdown MFC cell line
(Fig. S3A–C) and observed that inhibiting SQLE reduced cell
proliferation (Fig. 3E, F). Consistent results were obtained in colony
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Fig. 1 SQLE was highly expressed in gastric cancer cells overexpressing CagA. A Key gene screening: gastric cancer-related differential
genes were obtained from GEO and TCGA public databases and intersected with vector vs CagA. B GO analysis of 93 differentially expressed
genes. C mRNA levels of FDPS, IDI1, and SQLE were examined after CagA overexpression in AGS. D mRNA levels of FDPS, IDI1, and SQLE in
tumor and normal tissues were analyzed using TCGA database. E WB was performed to quantify SQLE protein level after Flag-CagA
overexpression in AGS. Vinculin was used as an internal control. F COD-PAP single reagent colorimetric was used to detect the content of
intracellular total cholesterol after SQLE overexpression or knockdown in AGS. Data are presented as mean ± SD. **** P < 0.0001; *** P < 0.001;
** P < 0.01; * P < 0.05; ns P > 0.05.
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formation assays (Fig. S3D–F). These findings underscore the role
of CagA and SQLE in promoting gastric cancer cell proliferation.
Furthermore, transwell and wound healing assays were

conducted to assess the migration ability of gastric cancer cells.
The results indicated that the migration ability of AGS and MFC
cells was enhanced in the CagA (Figs. 3G and S3G-H) and SQLE
(Figs. 3H and S3I-J) overexpression groups compared to the vector
group. Conversely, migration ability decreased following SQLE
knockdown (Figs. 3I and S3K). These findings collectively suggest
that H. pylori CagA and SQLE play a role in mediating gastric
cancer proliferation and migration.

CagA enhances PD-L1 expression via SQLE
Recent research has demonstrated that cholesterol binds to the
PD-L1 molecule CRAC motif, enhancing PD-L1 stability by
inhibiting ubiquitination [22]. Thus, our study aims to explore the

regulatory role of SQLE in PD-L1 levels. qPCR results revealed that
altering SQLE expression did not significantly impact PD-L1 mRNA
levels (Fig. 4A–C). However, a positive correlation was observed
between PD-L1 protein levels and SQLE (Figs. 4D–G and S4A). CagA
overexpression similarly facilitated PD-L1 protein expression
(Fig. 4H–I). Furthermore, the CagA-positive H. pylori strain
upregulated PD-L1 protein levels (Fig. S4B), while the CagA-
negative strain had no effect on PD-L1 expression levels (Fig. S4C).
Notably, downregulating SQLE hindered CagA-induced PD-L1
expression (Fig. 4J), suggesting a potential regulatory pathway of
CagA on PD-L1 via SQLE.
The relationship among H. pylori, CagA, SQLE, and PD-L1

expression was further confirmed in clinical pathological speci-
mens through IHC analysis, demonstrating a positive correlation
(Fig. 4K). In conclusion, our findings suggest that H. pylori CagA
promotes PD-L1 expression through SQLE in gastric cancer.

Fig. 2 H. pylori CagA regulates SQLE expression through YAP1. mRNA levels of YAP1 were examined after CagA overexpression in AGS (A)
and MFC (B). WB was performed to quantify the protein levels of YAP1 and p-YAP1 after Flag-CagA overexpression in AGS (C) and MFC (D).
β-Tubulin was used as an internal control. mRNA levels of YAP1 and SQLE were evaluated after YAP1 knockdown in AGS (E) and MFC (F). G WB
was employed to detect SQLE protein levels in AGS cells after transfection with si-YAP1 for 24 h and overexpression of Flag-CagA for 48 h.
β-Tubulin was used as an internal control. H WB was employed to assess SQLE protein level following treatment with the YAP1 inhibitor
verteporfin (10mM, 24 h) and Flag-CagA overexpression for 48 h in AGS cells. β-Tubulin was used as an internal control. Data are presented as
mean ± SD. **** P < 0.0001; *** P < 0.001; ** P < 0.01; * P < 0.05; ns P > 0.05.
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Fig. 3 CagA and SQLE promote gastric cancer progression. The proliferation of AGS (A) and MFC (B) cells following CagA overexpression
was assessed using the CCK-8 assays. CCK-8 assays were used to examine the proliferation of AGS (C) and MFC (D) cells after SQLE
overexpression. CCK-8 assays were used to evaluate the proliferation of AGS (E) and MFC (F) cells after SQLE knockdown. G Left, transwell
assays were used to determine the migration of AGS and MFC after CagA overexpression. Right, quantitative analysis results of it (n= 3). Scale
bar = 100 μm. H Left, transwell assays were used to detect the migration of AGS and MFC after SQLE overexpression. Right, quantitative
analysis results of it (n= 3). Scale bar = 100 μm. I Left, transwell assays were used to identify the migration of AGS and MFC after SQLE
knockdown. Right, quantitative analysis results of it (n= 3). Scale bar = 100 μm. Data are presented as mean ± SD. **** P < 0.0001; *** P < 0.001;
** P < 0.01; * P < 0.05; ns P > 0.05.
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Fig. 4 H. pylori CagA promotes PD-L1 expression through SQLE. A qPCR was used to detect the mRNA levels of SQLE and CD274 in AGS after
SQLE overexpression. qPCR was performed to examine the mRNA levels of SQLE and CD274 in AGS (B) and MFC (C) after SQLE knockdown. D WB
was used to identify PD-L1 protein levels after SQLE overexpression in AGS. Vinculin was used as an internal control. E WB was used to identify
PD-L1 protein levels after SQLE knockdown in AGS, using vinculin as an internal control. F WB was used to identify PD-L1 protein levels after SQLE
overexpression in MFC, using β-Tubulin as an internal control. G WB was used to identify PD-L1 protein levels after SQLE knockdown in MFC.
Vinculin was used as an internal control. WB was used to detect PD-L1 protein levels after Flag-CagA overexpression in AGS (H) and MFC (I) cells.
Vinculin was used as an internal control. JWBwas used to detect PD-L1 protein levels after Flag-CagA overexpression in SQLE knockdown AGS cells.
Vinculin was used as an internal control. K IHC staining images for H. pylori, CagA, SQLE, and PD-L1 in gastric cancer patients. Scale bar = 100 μm.
Data are presented as mean ± SD. **** P < 0.0001; *** P< 0.001; ** P< 0.01; * P< 0.05; ns P > 0.05.
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SQLE promotes PD-L1 palmitoylation and inhibits its
ubiquitination
Our findings indicated that CagA regulated PD-L1 expression at the
protein level, while mRNA levels remained unaffected. To elucidate
the mechanism of CagA-mediated PD-L1 regulation, we employed
the protein synthesis inhibitor CHX. Our results showed that PD-L1

expression gradually declined upon CHX treatment in the vector
group yet remained stable in the CagA overexpression group (Fig. 5A).
Similar trends were observed with the SQLE overexpression (Fig. 5B),
indicating a potential role for CagA in stabilizing PD-L1 structure.
Moreover, we investigated the impact of SQLE on PD-L1

ubiquitination. Treatment with the proteasome inhibitor MG132
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yielded comparable PD-L1 expression levels between control
and SQLE overexpression groups (Fig. 5C). Further analysis
revealed a significant decrease in PD-L1 ubiquitination levels
upon SQLE overexpression (Fig. 5D), suggesting SQLE stabilizes
PD-L1 by inhibiting ubiquitination. To explore the mechanisms
by which SQLE affects PD-L1 ubiquitination levels, we initially
assessed the potential interaction between SQLE and PD-L1.
Co-IP results indicated that SQLE does not interact with PD-L1
(Fig. S5A, B).
During cholesterol synthesis, various coenzyme A derivatives

are generated. Hence, we performed a metabolomic analysis on
gastric cancer cells overexpressing SQLE. The LC-MS/MS analysis
revealed an elevated concentration of Pal-CoA, the substrate for
palmitoylation, in cells overexpressing SQLE (Fig. 5E). We next
investigated the effect of Pal-CoA on PD-L1 palmitoylation.
Increasing Pal-CoA concentration by adding Pal-CoA-lithium (Fig.
S5C) led to a concentration-dependent increase in PD-L1
expression (Fig. 5F). Additionally, following Pal-CoA addition,
Click-iT assay showed that PD-L1 palmitoylation markedly
increased (Fig. S5D, E) and its ubiquitination significantly
decreased (Fig. S5F). After inhibiting palmitoylation with the
palmitoylation inhibitor 2-BP, PD-L1 ubiquitination levels
increased in both the control group and Pal-CoA group.
Furthermore, the inhibitory effect of Pal-CoA on PD-L1 ubiquitina-
tion was diminished (Fig. S5G), indicating that Pal-CoA enhances
PD-L1 palmitoylation and suppresses its ubiquitination. These
results suggest that Pal-CoA plays an important role in PD-L1 post-
translational modifications.
Subsequently, we investigated the effect of SQLE on PD-L1

palmitoylation. Treating cells overexpressing SQLE with 2-BP resulted
in decreased PD-L1 expression levels (Fig. 5G). Co-treatment with
2-BP and CHX in cells overexpressing SQLE showed reduced protein
stability of PD-L1 following palmitoylation inhibition (Fig. 5H). Click-iT
assay revealed higher palmitoylation upon SQLE overexpression
compared to the vector group (Fig. 5I). Additionally, SQLE reduced
PD-L1 ubiquitination levels. However, when PD-L1 palmitoylation
was inhibited with 2-BP, the inhibitory effect of SQLE on PD-L1
ubiquitination was significantly diminished (Fig. S5H), indicating that
SQLE promotes PD-L1 palmitoylation to inhibit its ubiquitination.
SQLE inhibition led to decreased PD-L1 expression levels. However,
when additional Pal-CoA was supplied, the effect of SQLE on PD-L1
expression was significantly reduced (Figs. 5J and S5I), suggesting
that SQLE promotes PD-L1 expression through Pal-CoA. Furthermore,
previous studies have identified Cys272 as the palmitoylation site of
PD-L1 [29]. We also utilized a non-palmitoylatable mutant, PD-L1-
C272A, and found that when Cys272 was mutated to alanine, PD-L1
palmitoylation was undetectable (Fig. S5J). This suggests that Cys272
is likely the only site of palmitoylation on PD-L1, with SQLE
promoting PD-L1 palmitoylation at this residue.

Similarly, CagA overexpression increased PD-L1 palmitoylation
level (Fig. 5K) and decreased its ubiquitination level (Fig. 5L).
Furthermore, upon separately inhibiting ubiquitination and palmi-
toylation, CagA failed to promote PD-L1 expression (Fig. 5M). CagA
overexpression reduced PD-L1 ubiquitination levels. However, when
inhibiting palmitoylation with 2-BP, the effect of CagA on PD-L1
ubiquitination was significantly diminished (Fig. 5N). These findings
collectively suggest that CagA and SQLE enhance PD-L1 stability by
promoting its palmitoylation.
Cholesterol interacts directly with the transmembrane domain

of PD-L1, preventing its degradation and stabilizing its levels [22].
In gastric cells, cholesterol supplementation increased PD-L1
levels, while treatment with the cholesterol-depleting agent MCD
significantly reduced them (Fig. S5K, L). Cholesterol addition led to
a marked decrease in PD-L1 ubiquitination, whereas MCD
significantly increased it (Fig. S5M, N). However, Click-iT assays
showed that cholesterol has a minimal effect on PD-L1
palmitoylation (Fig. S5O-P). Furthermore, SQLE promoted PD-L1
expression even when treated with MCD (Fig. S5Q). Therefore, we
propose that SQLE influences PD-L1 stability by promoting
cholesterol synthesis and increasing intracellular Pal-CoA, thereby
enhancing PD-L1 palmitoylation and inhibiting its ubiquitination.

CagA and SQLE diminished the tumor-killing capacity and
activity of T cells
Previous findings have established that CagA enhances PD-L1
expression in gastric cancer cells. Here, we further investigated its
influence on T-cell function and activity. Crystal violet staining and
absorbance assays were conducted to assess T-cell tumor-killing
efficacy. Co-culture of T cells with gastric cancer cells over-
expressing CagA (Fig. 6A) and SQLE (Fig. 6B) demonstrated a
decrease in T-cell tumor-killing function compared to the control
group. These findings indicate that overexpression of CagA and
SQLE compromises T-cell-mediated tumor-killing activity.
Additionally, we evaluated T-cell activity and exhaustion. High-

resolution live-cell imaging revealed inhibition of Jurkat T cell
activity when co-cultured with AGS cells overexpressing CagA and
SQLE while there were no significant changes in the activity of
AGS cells (Fig. 6C, D). Moreover, co-culture with AGS cells
overexpressing CagA and SQLE resulted in increased expression
of T cell exhaustion markers, including LAG3, TIM3, and CTLA-4
(Fig. 6E). Thus, it can be inferred that CagA and SQLE impact T-cell
activity and function.

CagA and SQLE promote gastric cancer proliferation and
attenuate T cell-mediated tumor killing
To further validate the impact of CagA and SQLE on gastric cancer
progression, equal numbers of MFC cells were injected into both
BALB/c nude mice and C57BL/6 mice. Tumors overexpressing

Fig. 5 SQLE promotes PD-L1 palmitoylation and inhibits its ubiquitination. Left, CHX-chase assays were used to evaluate PD-L1
degradation in AGS cells overexpressing Flag-CagA (A) and Flag-SQLE (B), using vinculin as a control. Right, quantitative analysis results of it
(n= 3). C WB was performed to detect PD-L1 protein levels in MFC cells overexpressing SQLE after MG132 (10 μM for 4 h) incubation, using
vinculin as a control. D Co-IP was used to detect PD-L1 ubiquitination after MG132 (10 μM for 6 h) incubation in MFC cells overexpressing
SQLE. E LC-MS/MS was used to detect palmitoyl-CoA content in MFC cells overexpressing SQLE. FWB was used to examine the protein level of
PD-L1 in AGS after the use of Pal-CoA (0 to 10 μM for 48 h), using β-Tubulin as an internal control. G WB was used to identify PD-L1 protein
levels in MFC cells overexpressing SQLE after 2-BP (100 μM for 24 h) incubation, using β-Tubulin as an internal control. H CHX-chase assay was
used to demonstrate the 2-BP (100 μM for 24 h) effect on PD-L1 degradation in MFC cells overexpressing Flag-SQLE, using β-Tubulin as an
internal control. I Click-iT reaction was used to detect PD-L1 palmitoylation in MFC cells overexpressing SQLE. Click-iT palmitate azide (100 μM
for 6 h) and MG132 (10 μM for 6 h) were added before the samples were collected. J WB was used to detect PD-L1 protein levels after Pal-CoA
(10 μM for 48 h) incubation in SQLE knockdown AGS cells, using β-Tubulin as a control. K Click-iT reaction was used to detect PD-L1
palmitoylation in MFC cells overexpressing Flag-CagA. Click-iT palmitate azide (100 μM for 6 h) and MG132 (10 μM for 6 h) were added before
the samples were collected. L Co-IP was used to detect PD-L1 ubiquitination after MG132 (10 μM for 6 h) incubation in MFC
cells overexpressing Flag-CagA. M WB was used to identify PD-L1 protein levels in MFC cells overexpressing Flag-CagA after the use of
MG132 (10 μM for 6 h) or 2-BP (100 μM for 24 h), using β-Tubulin as a control. N Co-IP was used to identify PD-L1 ubiquitination after 2-BP
(100 μM for 24 h) and MG132 (10 μM for 6 h) incubation in MFC cells overexpressing Flag-CagA. Data are presented as mean ± SD.
**** P < 0.0001; *** P < 0.001; ** P < 0.01; * P < 0.05; ns P > 0.05.
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Fig. 6 CagA and SQLE overexpression led to decreased T cell activity. Left, T cell-mediated cancer cell-killing assay results. AGS cells
overexpressing CagA (A) and SQLE (B) co-cultured with Jurkat T cells for 48 h were subjected to crystal violet staining. The ratio of Jurkat T cell
to AGS cell is 10:1. Right, the OD value of live cells in each well was determined at a wavelength of 570 nm. C A high-resolution live-cell
imaging was performed to follow up the activity of Jurkat T cells co-cultured with AGS cells overexpressing CagA and SQLE; living tumor cells:
red (DiD perchlorate); living Jurkat T cells: green (Green CMFDA). Scale bar = 100 μm. D The statistical analysis plot according to the AGS cell
and Jurkat T cell signaling intensity was shown. Scale bar = 100 μm. E WB was used to detect the protein level of Jurkat T cell exhaustion
markers (LAG3, TIM3, and CTLA-4) after co-culturing with AGS cells overexpressing CagA and SQLE. Vinculin was used as an internal control.
Data are presented as mean ± SD. **** P < 0.0001; *** P < 0.001; ** P < 0.01; * P < 0.05; ns P > 0.05.

S. Liu et al.

10

Cell Death and Disease           (2025) 16:17 



CagA and SQLE exhibited significantly accelerated proliferation
compared to the vector control group (Fig. 7A). After inoculation,
the tumor volume was regularly measured (Fig. 7B). Interestingly,
control cells exhibited a higher proliferation rate in BALB/c nude
mice than in C57BL/6 mice due to the immune system’s inhibitory
effect. However, upon CagA and SQLE were overexpressed,
no significant difference in tumor volume (Fig. 7C) and weight
(Fig. 7D) was observed between BALB/c nude mice and C57BL/6
mice. This suggests that CagA and SQLE mitigate the cytotoxic
effect of T cells on gastric cancer cells in vivo, promoting immune
evasion in gastric cancer. Overall, these findings underscore the
pivotal roles of the CagA-SQLE-PD-L1 axis in gastric cancer
progression and immune evasion, highlighting their potential
roles as therapeutic targets in gastric cancer treatment.

DISCUSSION
H. pylori infection significantly contributes to the onset and
progression of gastric cancer. CagA, a primary virulence factor of
H. pylori, can be injected into gastric epithelial cells via the type IV
secretion system [30]. Once internalized, CagA triggers signaling
pathways such as PLCγ-MAPK, PI3K-Akt, and Wnt/β-catenin, leading
to cellular mutations, epigenetic alterations, and epithelial-
mesenchymal transition [31]. However, current research predomi-
nantly focuses on H. pylori’s impact on intracellular signaling
pathways, neglecting its influence on gastric cancer cell metabolism.
A recent study has shown that H. pylori CagA enhance ether lipid

synthesis, thereby increasing lipid peroxidation and susceptibility to
ferroptosis in gastric cancer cells. In our study, we compared the
transcriptome data of gastric cancer cell lines overexpressing CagA
with those of the control cells, revealing differential gene expression
enrichment in the sterol biosynthesis pathway. Further investigation
uncovered that CagA transcriptionally upregulates SQLE, a crucial
enzyme in cholesterol metabolism, leading to elevated cholesterol
levels in gastric cancer cells. These findings suggest CagA-positive H.
pylori infection’s involvement in metabolic reprogramming of gastric
cancer.
SQLE exerts a tumorigenic effect in most tumors, with few

exceptions. In colorectal cancer, SQLE aids tumor progression by
regulating the cell cycle, inhibiting apoptosis, and inducing
dysbiosis of the intestinal microbiota [16]. Conversely, it impedes
epithelial-mesenchymal transition, thereby attenuating metastasis
[17]. In pancreatic cancer, hepatocellular carcinoma, and prostate
cancer, SQLE drives tumorigenesis through mechanisms such as
activating the PI3K and TGF-β pathways, stimulating cholesterol
ester synthesis, and upregulating NADP+ [14, 15, 18]. However,
SQLE exhibits inhibitory effects on tumor invasion and migration
in glioblastoma [32]. Terbinafine, an SQLE inhibitor approved for
antifungal therapy, is being investigated for its potential in cancer
treatment, showing promising anti-tumor efficacy [18, 33]. Our
study identified elevated SQLE expression in CagA-positive
gastric cancer. We also investigated the mechanisms underlying
CagA-induced transcriptional upregulation of SQLE, implicating
YAP1 in this process. Furthermore, our findings clarified the crucial

Fig. 7 CagA and SQLE promote gastric cancer proliferation and mediate T-cell tumor-killing activity decline. A BALB/c nude mice and
C57BL/6 mice were subcutaneously injected with equal amounts of stably transfected MFC cells (n= 5). B Statistical plot of mice tumor
growth curve was shown. C The tumor volume of BALB/c nude mice and C57BL/6 mice was measured. D The tumor weight of BALB/c nude
mice and C57BL/6 mice was measured. Data are presented as mean ± SD. **** P < 0.0001; *** P < 0.001; ** P < 0.01; * P < 0.05; ns P > 0.05.
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pro-carcinogenic role of SQLE in gastric cancer progression,
promoting tumor proliferation, migration, and immune
evasion. Whether Terbinafine can be used for the treatment of
CagA-positive gastric cancer warrants further investigation.
Activation of PD-1/PD-L1 signaling negatively regulates T cell-

mediated immune responses [34]. Despite the approval of several
PD-1/PD-L1 monoclonal antibodies for the treatment of various
cancers, only 20% to 40% proportion of patients exhibit
responsiveness, with fewer achieving long-term remission. Nota-
bly, the response rates have not substantially improved, even
among patients with PD-L1-positive tumors [35]. Existing
antibody-based therapies function by obstructing the conforma-
tion of PD-L1 on the cell surface. However, recent research
indicates that PD-L1 undergoes palmitoylation modifications and
can be sequestered within recycling endosomes, potentially
returning to the cell membrane [29, 36]. Consequently, investigat-
ing the post-translational modifications and stability of PD-L1
holds significance for a more comprehensive understanding of
immune evasion mechanisms in CagA-positive cells.
Various Coenzyme A derivatives are generated during choles-

terol synthesis and metabolism. Our study revealed elevated levels
of palmitoyl-CoA, a crucial substrate for palmitoylation, in SQLE-
expressing cells. SQLE facilitates the production of Pal-CoA,
thereby promoting PD-L1 palmitoylation. Further analysis sug-
gests that H. pylori CagA impacts PD-L1 post-translational
modifications through SQLE, enhancing PD-L1 palmitoylation
while reducing ubiquitination. These concurrent actions inhibit
PD-L1 degradation via the proteasomal pathway, thus stabilizing
its expression. However, this study did not further investigate the
sources of Pal-CoA in cells with high SQLE expression, nor did it
examine the effects of elevated Pal-CoA levels on the palmitoyla-
tion and stability of other downstream proteins. These aspects will
be addressed in future research.
Our results align with previous studies indicating that

cholesterol stabilizes PD-L1 levels by inhibiting its ubiquitina-
tion [22]. We found that the regulation of PD-L1 by SQLE is not
solely dependent on cholesterol, as SQLE also increased PD-L1
expression when treated with the cholesterol depletion reagent
MCD. Moreover, some studies have suggested a link between
cholesterol and protein palmitoylation. Membrane cholesterol is
crucial for regulating the influx of exogenous palmitic acid into
the cell, as palmitic acid serves as a precursor for Pal-CoA [37].
Cholesterol binds to the LS3 segment in the linker region of
Fzd5, facilitating its palmitoylation at the C538 site in pancreatic
cancer cells [38]. However, our findings indicate that cholesterol
has only a minor effect on PD-L1 palmitoylation in gastric
cancer. This does not exclude the possibility of other
cholesterol-dependent regulations in gastric cancer, which
require further investigation.
Our findings indicate that PD-L1 undergoes intracellular

stabilization and, when necessary, can be transported to the cell
membrane, thereby assisting CagA-positive gastric cancer cells in
evading T cell immune surveillance. This sheds light on how
H. pylori infection compromises the efficacy of PD-L1-targeted
immune therapy in gastric cancer.

CONCLUSIONS
Our investigation elucidated that H. pylori CagA induces an
upregulation of SQLE, promoting the progression of gastric
cancer, as well as leading to an augmentation of PD-L1
palmitoylation and a decrease in ubiquitination, consequently
inhibiting T cell activity and facilitating immune evasion. These
findings offer new insights into the post-translational regulation of
PD-L1 by CagA and uncover novel mechanisms of immune
evasion within gastric cancer. Consequently, our study provides
insights into innovative therapeutic strategies targeting CagA-
positive gastric cancer.

DATA AVAILABILITY
The datasets used and/or analysed during the current study are available from the
corresponding author on reasonable request.

REFERENCES
1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global

cancer statistics 2022: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. Ca-Cancer J Clin. 2024;74:229–63.

2. Sitarz R, Skierucha M, Mielko J, Offerhaus GJA, Maciejewski R, Polkowski WP.
Gastric cancer: epidemiology, prevention, classification, and treatment. Cancer
Manag Res. 2018;10:239–48.

3. Correa P, Houghton J. Carcinogenesis of Helicobacter pylori. Gastroenterology.
2007;133:659–72.

4. Shaopeng Z, Yang Z, Yuan F, Chen H, Zhengjun Q. Regulation of regulatory T cells
and tumor-associated macrophages in gastric cancer tumor microenvironment.
Cancer Med. 2024;13:e6959.

5. Oster P, Vaillant L, Riva E, McMillan B, Begka C, Truntzer C, et al. Helicobacter
pylori infection has a detrimental impact on the efficacy of cancer immu-
notherapies. Gut. 2022;71:457–66.

6. Che H, Xiong Q, Ma J, Chen S, Wu H, Xu H, et al. Association of Helicobacter pylori
infection with survival outcomes in advanced gastric cancer patients treated with
immune checkpoint inhibitors. BMC Cancer. 2022;22:904.

7. Magahis PT, Maron SB, Cowzer D, King S, Schattner M, Janjigian Y, et al. Impact of
Helicobacter pylori infection status on outcomes among patients with advanced
gastric cancer treated with immune checkpoint inhibitors. J Immunother Cancer.
2023;11:e007699.

8. Liu J, Chen Z, Li Y, Zhao W, Wu J, Zhang Z. PD-1/PD-L1 Checkpoint Inhibitors in
Tumor Immunotherapy. Front Pharmacol. 2021;12:731798.

9. Kwok T, Zabler D, Urman S, Rohde M, Hartig R, Wessler S, et al. Helicobacter
exploits integrin for type IV secretion and kinase activation. Nature.
2007;449:862–6.

10. Holokai L, Chakrabarti J, Broda T, Chang J, Hawkins JA, Sundaram N, et al.
Increased programmed death-ligand 1 is an early epithelial cell response to
Helicobacter pylori infection. PLoS Pathog. 2019;15:e1007468.

11. Wang J, Deng R, Chen S, Deng S, Hu Q, Xu B, et al. Helicobacter pylori CagA
promotes immune evasion of gastric cancer by upregulating PD-L1 level in
exosomes. iScience. 2023;26:108414.

12. Lee TA, Tsai EY, Liu SH, Hsu Hung SD, Chang SJ, Chao CH, et al. Post-translational
Modification of PD-1: Potential Targets for Cancer Immunotherapy. Cancer Res.
2024;84:800–7.

13. Zou Y, Zhang H, Bi F, Tang Q, Xu H. Targeting the key cholesterol biosynthesis
enzyme squalene monooxygenasefor cancer therapy. Front Oncol. 2022;12:
938502.

14. Xu R, Song J, Ruze R, Chen Y, Yin X, Wang C, et al. SQLE promotes pancreatic
cancer growth by attenuating ER stress and activating lipid rafts-regulated Src/
PI3K/Akt signaling pathway. Cell Death Dis. 2023;14:497.

15. Shangguan X, Ma Z, Yu M, Ding J, Xue W, Qi J. Squalene Epoxidase Metabolic
Dependency Is a Targetable Vulnerability in Castration-Resistant Prostate Cancer.
Cancer Res. 2022;82:3032–44.

16. Li C, Wang Y, Liu D, Wong CC, Coker OO, Zhang X, et al. Squalene epoxidase
drives cancer cell proliferation and promotes gut dysbiosis to accelerate color-
ectal carcinogenesis. Gut. 2022;71:2253–65.

17. Jun SY, Brown AJ, Chua NK, Yoon JY, Lee JJ, Yang JO, et al. Reduction of Squalene
Epoxidase by Cholesterol Accumulation Accelerates Colorectal Cancer Progres-
sion and Metastasis. Gastroenterology. 2021;160:1194–207.e28.

18. Liu D, Wong CC, Fu L, Chen H, Zhao L, Li C, et al. Squalene epoxidase drives
NAFLD-induced hepatocellular carcinoma and is a pharmaceutical target. Sci
Transl Med. 2018;10:eaap9840.

19. Zhang Z, Wu W, Jiao H, Chen Y, Ji X, Cao J, et al. Squalene epoxidase promotes
hepatocellular carcinoma development by activating STRAP transcription and
TGF-β/SMAD signalling. Br J Pharmacol. 2023;180:1562–81.

20. Kalogirou C, Linxweiler J, Schmucker P, Snaebjornsson MT, Schmitz W, Wach S,
et al. MiR-205-driven downregulation of cholesterol biosynthesis through SQLE-
inhibition identifies therapeutic vulnerability in aggressive prostate cancer. Nat
Commun. 2021;12:5066.

21. Du Y, Rokavec M, Hermeking H. Squalene epoxidase/SQLE is a candidate target
for treatment of colorectal cancers with p53 mutation and elevated c-MYC
expression. Int J Biol Sci. 2023;19:4103–22.

22. Wang Q, Cao Y, Shen L, Xiao T, Cao R, Wei S, et al. Regulation of PD-L1 through
direct binding of cholesterol to CRAC motifs. Sci Adv. 2022;8:eabq4722.

23. Yu FX, Zhao B, Guan KL. Hippo pathway in organ size control, tissue homeostasis,
and cancer. Cell. 2015;163:811–28.

24. Piccolo S, Dupont S, Cordenonsi M. The biology of YAP/TAZ: hippo signaling and
beyond. Physiol Rev. 2014;94:1287–312.

S. Liu et al.

12

Cell Death and Disease           (2025) 16:17 



25. Molina-Castro SE, Tiffon C, Giraud J, Boeuf H, Sifre E, Giese A, et al. The hippo
kinase LATS2 controls Helicobacter pylori-induced epithelial-mesenchymal tran-
sition and intestinal metaplasia in gastric mucosa. Cell Mol Gastroenterol Hepatol.
2020;9:257–76.

26. Li N, Feng Y, Hu Y, He C, Xie C, Ouyang Y, et al. Helicobacter pylori CagA promotes
epithelial mesenchymal transition in gastric carcinogenesis via triggering onco-
genic YAP pathway. J Exp Clin Cancer Res. 2018;37:1–15.

27. Moroishi T, Hansen CG, Guan KL. The emerging roles of YAP and TAZ in cancer.
Nat Rev Cancer. 2015;15:73–9.

28. Polk DB, Peek RM Jr. Helicobacter pylori: gastric cancer and beyond. Nat Rev
Cancer. 2010;10:403–14.

29. Yao H, Lan J, Li C, Shi H, Brosseau JP, Wang H, et al. Inhibiting PD-L1 palmitoy-
lation enhances T-cell immune responses against tumours. Nat Biomed Eng.
2019;3:306–17.

30. Ekström AM, Held M, Hansson LE, Engstrand L, Nyrén O. Helicobacter pylori in
gastric cancer established by CagA immunoblot as a marker of past infection.
Gastroenterology. 2001;121:784–91.

31. Raghwan, Chowdhury R. Host cell contact induces fur-dependent expression of
virulence factors CagA and VacA in Helicobacter pylori. Helicobacter.
2014;19:17–25.

32. Yao L, Li J, Zhang X, Zhou L, Hu K. Downregulated ferroptosis-related gene SQLE
facilitates temozolomide chemoresistance, and invasion and affects immune
regulation in glioblastoma. CNS Neurosci Ther. 2022;28:2104–15.

33. Hu LP, Huang W, Wang X, Xu C, Qin WT, Li D, et al. Terbinafine prevents colorectal
cancer growth by inducing dNTP starvation and reducing immune suppression.
Mol Ther. 2022;30:3284–99.

34. Akinleye A, Rasool Z. Immune checkpoint inhibitors of PD-L1 as cancer ther-
apeutics. J Hematol Oncol. 2019;12:92.

35. Doroshow DB, Bhalla S, Beasley MB, Sholl LM, Kerr KM, Gnjatic S, et al. PD-L1 as a
biomarker of response to immune-checkpoint inhibitors. Nat Rev Clin Oncol.
2021;18:345–62.

36. Burr ML, Sparbier CE, Chan YC, Williamson JC, Woods K, Beavis PA, et al. CMTM6
maintains the expression of PD-L1 and regulates anti-tumour immunity. Nature.
2017;549:101–5.

37. Kim YC, Lee SE, Kim SK, Jang HD, Hwang I, Jin S, et al. Toll-like receptor mediated
inflammation requires FASN-dependent MYD88 palmitoylation. Nat Chem Biol.
2019;15:907–16.

38. Zheng S, Lin J, Pang Z, Zhang H, Wang Y, Ma L, et al. Aberrant Cholesterol
Metabolism and Wnt/β-Catenin Signaling Coalesce via Frizzled5 in Supporting
Cancer Growth. Adv Sci. 2022;9:e2200750.

ACKNOWLEDGEMENTS
We acknowledge Dr. Jing Ning from Peking University Third Hospital for her guidance
and valuable suggestions on this research. This work was supported by National
Natural Science Foundation of China [82070575], [82103198], and [82472860], Beijing
Hospitals Authority “Dengfeng” talent training plan [DFL20220101], Capital’s Funds
for Health Improvement and Research [2020-2-2026], Beijing Hospitals Authority
Clinical Technology Innovation Project [XMLX202131], Beijing Hospitals Authority
Youth Programme [QML20230104].

AUTHOR CONTRIBUTIONS
SFL and NZ participated in the project design and wrote the manuscript; XJ, and SYY
conducted in vitro experiments and analyzed the data; SFL and ZZ conducted in vivo
experiments and analyzed the data; NZ and PL supervised the project, revised the
manuscript and provided financial support for the project.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The use of patient pathological tissue sections was approved by the Medical Ethical
Committee of the Beijing Friendship Hospital Affiliated to the Capital Medical
University (2018-P2-058). The animal experiments conducted in this project were
approved and reviewed by the Animal Experiments and Experimental Animal Welfare
Committee of Capital Medical University (AEEI-2023-098).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-024-07318-w.

Correspondence and requests for materials should be addressed to Nan Zhang or
Peng Li.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

S. Liu et al.

13

Cell Death and Disease           (2025) 16:17 

https://doi.org/10.1038/s41419-024-07318-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Helicobacter pylori CagA promotes gastric cancer immune escape by upregulating SQLE
	Introduction
	Materials and methods
	Public transcriptome and RNA-sequencing analysis
	Cell culture and transfection
	H. pylori culture and infection
	Nucleic acid gel electrophoresis
	Reagents
	Cholesterol concentration determination
	RNA extraction and reverse transcription-quantitative polymerase chain reaction (qPCR)
	Protein extraction and western blotting (WB)
	Cell counting kit-8 (CCK-8) assay
	Colony formation assay
	Wound healing assay
	Transwell assay
	T cell-mediated tumor cell killing assay
	T cell activity assays
	Immunohistochemistry (IHC) staining
	Co-immunoprecipitation (Co-IP) assay
	Click-iT assay
	Elisa assay
	Animal studies
	Statistical analysis

	Results
	H. pylori CagA overexpression correlates with elevated SQLE expression
	CagA induces SQLE expression via a YAP1-mediated mechanism
	CagA and SQLE promote the proliferation and migration of gastric cancer
	CagA enhances PD-L1 expression via SQLE
	SQLE promotes PD-L1 palmitoylation and inhibits its ubiquitination
	CagA and SQLE diminished the tumor-killing capacity and activity of T cells
	CagA and SQLE promote gastric cancer proliferation and attenuate T cell-mediated tumor killing

	Discussion
	Conclusions
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




