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ABSTRACT

Helicobacter-mediated gastric cancer development and progression
through YAP/TAZ signal regulation

Helicobacter pylori, a gastric pathogen, increases the risk of gastric cancer by inducing chronic
inflammatory signaling pathways in gastric epithelial cells. H. pylori cytotoxin-associated protein A
(CagA) plays a critical role in the development of human gastric cancer. Overexpression of
YAP/TAZ, a component of Hippo signaling, and dysregulation of the pathway reportedly induces
tumorigenesis and promotes cell proliferation and resistance to apoptosis. However, the role of
YAP/TAZ in Helicobacter-mediated gastric carcinogenesis has not been fully investigated. We have
found that Y AP contributes more to the development of human gastric cancer than does TAZ based
on a single-cell analysis of human gastric tissue and a publicly available database (The Cancer
Genome Atlas). YAP overexpression induces expression of CDX2, a marker of intestinal epithelial
metaplasia, and confers cell motility through intracellular rearrangement of the binding protein ZO-
1. OTUB2, a deubiquitinating enzyme, inhibits YAP degradation and influences its nuclear
translocation and gastric carcinogenesis. To further investigate the contribution of YAP/TAZ to
chief cell transdifferentiation during Helicobacter-mediated gastric spasmolytic polypeptide-
expressing metaplasia (SPEM), we infected Mist1-creERT2 r¢/+; YAP / TAZ I/l knockout mice
with H. felis. The knockout mice exhibited a remarkable resistance to chief-cell differentiation,
oxyntic atrophy, inflammatory changes and development of SPEM in response to H. felis infection.
Administration of recombinant OTUB2 to wild-type mice promoted metaplastic changes, whereas
pretreatment of mice infected with H. felis with an OTUB2 inhibitor effectively prevented these
changes. YAP/TAZ therefore appears to play a pivotal role in the development and progression of
Helicobacter-mediated gastric cancer, and OTUB?2 acts as a hovel regulator of YAP by upregulating
its expression in response to Helicobacter infection. These findings provide new insights into the

role of YAP/TAZ signaling in gastric cancer development and progression.

Key words : Gastric cancer, Metaplasia, Helicobacter, YAP, TAZ, ZO-1, OTUB2, CagA



I. INTRODUCTION

Gastric cancer is the third leading cause of cancer-related deaths worldwide.!* The
molecular mechanisms underlying gastric cancer development remain poorly understood.
The colonization of the human stomach by Helicobacter pylori and its role in causing
gastric cancer are examples of the complex relationships among human cells, microbes,
and the microenvironment. Specifically, cytotoxin-associated protein A (CagA), an
oncoprotein injected into gastric epithelial cells via the type IV secretory system, disrupts
the signal transduction in host cells through phosphorylation in the cytoplasm and releases
proinflammatory cytokines such as interleukin (IL)-8. Through this process, H. pylori may
play an important role in inducing the formation, growth, proliferation, and metastasis of
gastric cancer.

The development of gastric cancer progresses through several stages, including chronic
superficial gastritis, atrophic gastritis, metaplasia (spasmolytic polypeptide-expressing
metaplasia [SPEM] and intestinal metaplasia [IM]), dysplasia, and cancer.* Metaplasia
refers to the reversible transformation of one differentiated cell type into another in
response to chronic injury or inflammation. Helicobacter-induced chronic gastric mucosal
damage and inflammation lead to pathological changes that initially manifest as metaplastic
changes, such as IM.> IM is the process by which the gastric mucosa transforms into a
structure resembling the intestinal epithelium. IM involves the transformation of various
gastric epithelial cells into forms that exhibit characteristics of the intestinal epithelium,
and it is considered an important precursor to gastric cancer. Specifically, gastric epithelial
cells express CDX2, a marker of the intestinal epithelium, and transform into a phenotype
resembling the intestinal epithelium.®® This change promotes IM formation and can act as
a potential risk factor for gastric cancer development. SPEM refers to the transformation
of gastric chief cells into cells that express spasmolytic polypeptide. SPEM is considered a
precursor to IM, and SPEM cells can gradually evolve into IM, making it an important
intermediate step in gastric cancer development.’ In chronic inflammation, such as in

atrophic gastritis, the loss of parietal cells, which secrete gastric acid, increases gastric pH.



This environmental change promotes the growth of anaerobic bacteria and induces
metaplastic changes, such as SPEM, in the gastric mucosa. SPEM cells express a
spasmolytic polypeptide and can be identified by the expression of specific markers, such
as GSII, MUC6, TFF2, and CD44v9.%!!

The Hippo signaling pathway regulates cell proliferation and survival in various species,
ranging from fruit flies to mammals, and is overexpressed in most lumen malignancies.
The core of the Hippo signaling pathway comprises the kinase cascades MST1/2 and
LATS1/2 and two downstream effectors, the transcriptional coactivator yes-associated
protein (YAP) and WW domain—containing transcription regulator protein 1 (TAZ).!>!3 In
normal cells, the phosphorylation of the Hippo signaling pathway regulates cell survival
by degrading YAP through cytoplasmic retention or ubiquitination. However, when YAP
translocates to the nucleus because of the action of deubiquitination enzymes or the
dysregulation of the Hippo signaling pathway, it acts as a coactivator by binding to
sequence-specific transcription factors containing TEAD domains, promoting the
expression of genes important for cell proliferation, apoptosis, and migration, such as
CTGF, CYR61, and ANKRDI1.'*1¢ Recent evidence indicates that the activation of

1718 and

YAP/TAZ through deubiquitination can promote cancer stemness and metastasis
suggests that YAP/TAZ mediates the Hippo signaling pathway and crosstalk with various
intracellular signals. Specifically, polyubiquitin chains linked through lysine 63 (K63) play
a nondegradative role."” The deubiquitinating enzyme OTUB2 can be poly-SUMOylated
at lysine 233 by ubiquitin-like small ubiquitin-related modifier (SUMO) proteins, and
deubiquitinated YAP promotes tumor growth, invasion, and metastasis.'”*

Intercellular junctions are critical structural components that connect cells, primarily tight
junctions and adherens junctions.?' Tight junctions are located at the apical end of cell—cell
connections and play a key role in the organization of epithelial polarity and maintaining
barrier function. These junctions are predominantly composed of proteins such as claudin,
occludin, and zonula occludens protein 1 (ZO-1).2* ZO-1, essential for tight junction

integrity, directly interacts with actin filaments and stably localizes at cell—cell contact



points, maintaining intercellular adhesion.?® The disruption of tight junctions is commonly
observed in various cancers, including gastric cancer, and is considered a critical
mechanism that drives tumor cell invasion and metastasis. In gastric cancer, low ZO-1
expression impairs mucosal healing, promoting the spread and invasion of cancer cells.
Furthermore, diminished transcription and expression of ZO-1 in patients with
inflammatory bowel disease can lead to functional impairment of the intestinal mucosa,
worsening disease progression.?* The colocalization of ZO-1 and YAP at the cell membrane
is crucial for tight junction assembly, functioning as a barrier that regulates the movements
of electrolytes and water.?!">* The interaction between ZO-1 and YAP may influence the
phenotypic characteristics of cancer cells, promoting tumor progression and metastasis. In
addition to its structural role, ZO-1 suppresses tumor metastasis and regulates cell
proliferation and migration, playing a pivotal role in cancer development.?226-27

In mouse models, H. felis was reported to be more suitable than H. pylori for studying the
influence of gastric inflammation on tumorigenesis.?® H. felis, which does not express CagA
or VacA, induces chronic infection and inflammation in well-characterized mouse
models.” It can induce gastric mucosal lesions similar to human tissue changes. To
determine the possible contribution of YAP/TAZ to chief-cell transdifferentiation during H.
felis-mediated gastric mucosal changes, YAP/TAZ was deleted in chief cells using the
tamoxifen/Cre-loxP system. In this study, H. felis-mediated gastric carcinogenesis was
induced in YAP/TAZ-knockout and wild-type (WT) mice, and the role of YAP in the

development of gastric preneoplastic metaplasia was elucidated.

In our previous study, we reported a single-cell transcriptome analysis that classified
specific cell types within the gastric glands.>° In the present study, the expressions of
YAP/TAZ and related genes at the single-cell level in gastric tissues were confirmed, and
deubiquitination genes were identified through the transcriptome analysis of H. pylori-
infected AGS cells. The main aim of this study was to elucidate the mechanisms underlying

gastric cancer development and progression, with a focus on the role of H. pylori in



mediating YAP signaling in gastric cell lines, patient-derived organoids, and mouse models.
Additionally, we aimed to investigate how precursor states, such as metaplasia, contribute
to gastric cancer progression and identify biomarkers that regulate YAP signaling in gastric

cancer.



II. MATERIALS AND METHODS

1. Human sample and prognosis analysis

Tissue specimens, including normal, IM, and gastric cancer tissues, were obtained from
patients with gastric cancer at Severance Hospital (IRB nos. 4-2011-0149 and 4-2013-
0880). All patient samples were collected with informed consent. Furthermore, the overall
survival duration and mRNA levels of patients with gastric cancer were evaluated based on
the expression levels of YAP, TAZ, and OTUB2 from publicly available data using the
Gene Expression Profiling Interactive Analysis platform (http://gepia2.cancer-pku.cn).
The expression levels of YAP, TAZ, and OTUB2 in various tumors and their adjacent
tissues were evaluated through analysis of the TIMER2.0 database
(http://timer.cistrome.org).

2. Cell culture and bacteria

AGS (CRL-1739, ATCC, USA), AGS-LUC2 (CRL-1739-LUC2, ATCC), MKN74 (80104,
KCLB, Korea), N87 (CRL-5822, ATCC), KATOIII (HTB-10, ATCC) gastric cancer cells,
Caco-2 (HTB-37, ATCC) colon cancer cells, and HEK293T (CRL-11268, ATCC) kidney
cells were cultured in RPMI-1640 medium (SH30027.01, HyClone, USA) or Dulbecco’s
Modified Eagle Medium (SH30243.01, HyClone), supplemented with 10% fetal bovine
serum (FBS, Thermo Fisher Scientific, MA, USA) and 1% penicillin—streptomycin sulfate
(Thermo Fisher Scientific). All cultures were maintained in a 37°C incubator with 5% COs,.
H. pylori strains 60190 (CagA+, 49503, ATCC), ACagA (CagA-), and H. felis (49179,
ATCC) were cultured on agar plates containing 10% horse serum at 37°C under a
microaerobic atmosphere maintained with the Campy Container system (BBL, USA). H.
pylori ACagA strains were kindly donated by Professor M. Hatakeyama (University of
Tokyo, Japan). For infection, the bacteria were harvested in Dulbecco’s phosphate-buffered
saline (PBS, pH 7.4) and added to the host cells at a multiplicity of infection (MOI) of 100,
with an optical density at 600 nm (OD600). As a control, PBS was added to the cells and

incubated for the same period.



3. Mouse preparation

In this study, 8-10-week-old C57BL/6] mice were used in all experiments. Mistl-
creERT2 ©'¢/*mice were generated through standard embryonic stem cell targeting, and
the complete Mist1 coding region was replaced by the CreERT2 coding region. In Mistl1-
creERT2 Cre/+; YAP /L. TAZ /Tl mice, Cre recombinase was activated by subcutaneous
injection of tamoxifen (5 mgin 0.1 mL of corn oil) every other day for a total of three doses.
During the experiments, the mice were housed in a temperature-controlled room on a 12-h
light/dark cycle and had free access to regular mouse chow and water. The care,
maintenance, and treatment of the animals followed protocols approved by the Institutional
Animal Care and Use Committee of the Department of Experimental Animal Science at
Yonsei University (IACUC-2022-0314). YAP /1 ; TAZ I/l mjce were purchased from
The Jackson Laboratory (030532, Jax, USA), and Mistl-creERT2 mice were donated by

Professor Ki Tack Nam (Yonsei University, South Korea).

4. Establishment of gastric organoids

Gastric organoid samples were collected from patients diagnosed with and treated for
gastric cancer at the Yonsei University Severance Hospital between 2018 and 2022, and
stomach tissue samples were provided by the Yonsei University College of Medicine
Severance Hospital after obtaining prior approval from the Ethics Committee (IRB No. 4-
2018-0676). To process the gastric tissues obtained through gastroscopy, the biopsied tissue
samples were first washed three times with Dulbecco’s PBS and then reacted in a
dissociation buffer at room temperature for 15 min, followed by vigorous pipetting using a
1-mL tip to separate any clumped tissue into smaller fragments. Thereafter, the tissue was
washed three additional times with Dulbecco’s PBS, and the remaining pellet was passed
through a strainer to obtain small-sized cells. To form organoids, small-sized stomach cells
were combined with Matrigel at a ratio of 10 glands per 20 pL. The mixture was then

dispensed into 48-well plates, where it was cured in an incubator at 37°C for 10 min. After



curing, the prepared culture medium was added, and this medium was changed every 3
days. The culture medium consisted of advanced DMEM/F12 supplemented with penicillin,
streptomycin, 10 mmol/L HEPES (Invitrogen, MA, USA), Glutamax (Invitrogen), 1xB27
(Invitrogen), and 1 mM N-acetylcysteine (Sigma-Aldrich, MO, USA), along with various
growth factors, including epidermal growth factor (EGF) at 50 ng/mL (Invitrogen), Noggin
conditioned medium at 10%, R-spondinl conditioned medium at 10%, Wnt conditioned
medium at 50%, FGF10 at 200 ng/mL (Peprotech, NJ, USA), gastrin at 1 nM (Tocris, UK),
and TGFpBi at 2 uM (A-83-01, Sigma-Aldrich), as well as the optional ingredient of
nicotinamide at 10 mM (Sigma-Aldrich), and 10 uM RHOKi (Y-27632, Sigma-Aldrich)
was added after dispensing the Matrigel. The gastric organoid culture protocol was
established based on a published study.*!

To convert the organoids to a 2D format, approximately 2 x 10°to 2.5 x 10° cells, derived
either directly from freshly isolated glands or from 3D organoids, were seeded into
collagen-coated Transwell inserts (15 pg/cm?) and placed in 24-well plates containing 200
uL of culture medium. The space between the filters and wells was filled with 400 pL of
the culture medium. This setup was maintained at 37°C in a humidified incubator with 5%
COs;. On day 3, air-liquid interface cultures were initiated by removing the medium above
the cells from the well inserts, and 500 pL of the medium beneath the filter was changed
twice a week. The composition of the 2D organoid (mucosoid) medium was similar to that
of the 3D organoid medium, containing advanced DMEM/F12 supplemented with
penicillin, streptomycin, 10 mmol/L HEPES (Invitrogen), Glutamax (Invitrogen), 1xB27
(Invitrogen), and 1 mM N-acetylcysteine (Sigma-Aldrich), supplemented with growth
factors, including EGF at 20 ng/mL (Invitrogen), Noggin at 150 ng/mL (Peprotech), 25%
R-spondinl conditioned medium, 50% Wnt conditioned medium, FGF10 at 150 ng/mL
(Peprotech), gastrin at 10 nM (Tocris), TGFBi at 1 uM (A-83-01, Sigma-Aldrich), and
nicotinamide at 10 mM (Sigma), with 7.5 uM RHOKi (Y-27632, Sigma-Aldrich) added
and removed after 3 days. The 2D organoid culture protocol was established based on

published study.??> H. pylori infection in 2D organoids was initiated on day 7 of 2D organoid



generation, with bacterial counts determined by measuring the optical density at 600 nm
(MOI = 1:200). The infections were conducted on filters using 30 uL. of PBS for 2 h to 3
days.

5. H. felis-infected mouse models

YAP V. TAZ V/flcontrol mice and Mistl-creERT2 €re/+: YAP /1. TAZ /1 knockout
mice were used to establish the SPEM model with H. felis infection. H. felis was cultured
under microaerobic conditions in a Brucella broth (211088, BD Biosciences, USA)
containing 10% FBS (Cytiva, MA, USA) at 37°C using the Campy Container system (BBL,
USA). Eight-week-old mice fasted for 12 h and were treated with 200 uL of H. felis (5 %
10 8 colony-forming units/mL) three times at 2-day intervals. The mice were sacrificed at
8 weeks postinfection, and stomach samples were harvested and fixed in 4%
paraformaldehyde for histopathological analysis. Hematoxylin—eosin staining for

YAP/TAZ or in situ hybridization was performed on paraffin-embedded tissues.

6. Bioinformatic analysis

QuantSeq 3’ mRNA-Seq Library Prep Kit FWD was used for transcriptome profiling of
AGS gastric cancer cell lines. To identify differentially expressed genes (DEGs) between
the groups, raw data were compiled, standardized, and analyzed using the gene-level robust
multiaverage approach. The null hypothesis was that there was no difference between the
groups, and significant DEGs were determined using independent t-tests and fold-change
in expression level. Gene enrichment and functional annotation analysis for the significant
probe list were performed using Gene Ontology (www.geneontology.org). Data analyses
and visualization of the DEGs were performed with EXDEGA (Ebiogen, South Korea). As
directed by the manufacturer, GSEA was performed using gene set files, expression dataset
files, and GSEA v4.0.3 (Broad Institute, MA, USA). The GSEA browser provided the gene
sets for download. The QuantSeq 3" mRNAseq transcriptome dataset for this study was
deposited in the Gene Expression Omnibus (GEO) database (GSE275727).



7. Single-cell analysis of the RNA-seq data of human gastric cancer

For the analysis of the expression levels in human gastric cancer, public scRNA-seq data
(GSE150290) were used to reanalyze samples from the normal tissues of five patients
without cancer and paired cancerous and adjacent tissues from 24 patients with gastric
cancer. In summary, a gene-count matrix was constructed from the fastq files mapped to
the GRCh38 reference genome using the Cell Ranger software (v7.0.0) provided by 10x
Genomics. Following the previous approach, low-quality cells were filtered based on the
following criteria: RNA counts >20,000, RNA feature counts <200 or >2,000, and
mitochondrial gene and hemoglobin gene percentages >30% and 10%. The remaining cells
were normalized and clustered using the unsupervised clustering method through the
FindClusters function (resolution = 0.3) in the Seurat R package (v5.0.0). Clusters were
annotated by manually inspecting DEGs compared with previously defined cell type
markers. The single-cell analysis consisted of the GSE150290 data previously deposited
by our research team in the GEO database. Single-cell quality control and data

preprocessing were performed in the same manner as in our previous study.*

8. Western blotting

Cells were collected and resuspended in RIPA buffer, which contained 25 mmol/L Tris-ClI
(pH 7.4), 0.15 mol/L NaCl, 1% NP40, 0.1% sodium dodecyl sulfate (SDS), 1% sodium
deoxycholate, and 1 mmol/L EDTA, along with a cocktail of protease and phosphatase
inhibitors (P3300, GenDEPOT, USA). The protein concentrations in the lysates were
measured, and an SDS sample buffer consisting of 62.5 mM Tris-Cl (pH 6.8), 2% SDS, 10%
glycerol, B-mercaptoethanol, and 0.002% bromophenol blue was added. The samples were
then heated at 95°C for 5 min. Proteins were separated by SDS—polyacrylamide gel
electrophoresis (PAGE) using 7% or 10% gels and subsequently transferred to Immobilon-
FL polyvinylidene fluoride membranes (IPFL00010, Merck Millipore, MA, USA). Primary

antibodies were incubated overnight at 4°C with gentle agitation, and the signal was



developed using SuperSignal West Pico PLUS Chemiluminescent Substrate (34580,
Thermo Fisher Scientific) in the dark. Specific antibodies are listed in Supplementary

Material 1.

9. Cell fractionation

AGS cells were infected with H. pylori 60190 (CagA-positive) and H. pylori ACagA
(CagA-negative). Following the manufacturer’s instructions, nuclear-cytoplasmic
fractionation was performed 5 h following infection using the NE-PER Nuclear and

Cytoplasmic Extraction Reagent Kit (78833, Thermo Fisher Scientific).

10. RNA extraction and reverse-transcription quantitative PCR

RNA was extracted from the tissues, cells, and organoids using the QIAzol lysis reagent
(QIAGEN 79306) following the manufacturer’s instructions. cDNA was synthesized with
1 pg of RNA using Maxime RT PreMix (25081, Intronbio, Korea). Quantitative PCR
amplification was conducted with SYBR Green (CMQSR1000, Cosmogenetech, Korea)
according to the manufacturer’s guidelines. The specific primers utilized in this study are

detailed in Supplementary Material 1.

11. ELISA

IL-8 levels were quantified using a direct-sandwich ELISA method, with each test sample
analyzed in quintuplicate. Human CXCL8/IL-8 was obtained using the DuoSET (DY208-
05, R&D Systems, MN, USA) and the DuoSET Ancillary Reagent Kit (DY008, R&D
Systems). Optical absorbance was measured at 450 nm with a VersaMax microplate reader,

and the lower sensitivity limit of this ELISA was 20 pg/mL.
12. Scanning and transmission electron microscopy

For scanning electron microscopy (SEM), 2D organoid specimens were fixed for 24 h in

Karnovsky’s fixative, which consists of 2% glutaraldehyde and 2% paraformaldehyde in a

10



0.1 M phosphate buffer (pH 7.4). Subsequently, the specimens were washed twice for 30
min each in a 0.1 M phosphate buffer. A Critical Point Dryer (LEICA EM CPD300) was
used to process the specimens after they had been postfixed with 1% OsO4 for 2 h and
dehydrated in a sequence of increasing ethanol concentrations (from 50% to 100%). An ion
sputter coater (LEICA EM ACE600) was used to coat the specimens with platinum, and a
field-emission scanning electron microscope (MERLIN, ZEISS) was used for observation.
For transmission electron microscopy (TEM), 2D organoid specimens were post-fixed with
1% Os04 in a 0.1 M phosphate buffer for 2 h after being fixed for 12 h in 2% glutaraldehyde
and 2% paraformaldehyde dissolved in a 0.1 M phosphate buffer (pH 7.4). The samples
were then dehydrated using increasing ethanol concentrations (50%, 60%, 70%, 80%, 90%,
95%, and 100%) and infiltrated with propylene oxide for 10 min at each concentration.
Afterward, they were polymerized using a Poly/Bed 812 kit (Polysciences) at 65°C for 12
h in an electron microscope oven (TD-700, DOSAKA, Japan). Using a diamond knife, the
resultant blocks were placed on an ultramicrotome and sliced into semi-thin sections
measuring 200 nm. These sections were then stained with toluidine blue and examined
under an optical microscope. An ultramicrotome was then used to cut the regions of interest
into 80-nm thin sections, which were then placed on copper grids, double-stained with 3%
uranyl acetate for 30 min and 3% lead citrate for 7 min, and imaged using a Megaview III
CCD camera (Soft Imaging System, Germany) and a transmission electron microscope

(JEM-1011, JEOL, Japan) set to an acceleration voltage of 80 kV.

13. Transepithelial electrical resistance (TEER)

To measure the TEER according to the 2D organoid cell density, the electrical resistance
values of the cell layer and culture medium portions were measured using EVOM2 (WPI,
UK). To obtain the resistance of an actual 2D organoid epithelium, the blank resistance

must be measured and then subtracted from the overall resistance reading.

14. Small-interfering RNA (siRNA) transfection
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Bioneer Co. Ltd. created the control and YAP siRNAs. These were the siRNA duplexes:
The first YAP siRNA sense strand is CAG AAG AUC AAA GCU ACU U=TT(1-AS). The
first antisense strand is AAG UAG CUU UGA UCU G=TT(1-AA). The second sense
strand is AGA ACC GUU UCC CAG ACU A =tt(3-AS). The second antisense strand is
UAG UCU GGG AAA CGG UUC U=tt(3-AA). The siRNA for OTUB2 was purchased as
a premade product from Santa Cruz (sc-76016). Using Lipofectamine RNAiMax, 20 nM
siRNA was transfected into AGS and MKN74 cells in accordance with the manufacturer’s

instructions (13778-150, Invitrogen).

15. Plasmid transfection

Following the manufacturer’s instructions, Lipofectamine 2000 (11668-019, Invitrogen)
was used to transfect AGS and MKN74 cells with each construct. Sample of pEGFP-C3-
hYAP1 (#17843) was bought from Addgene. Full-length structures of CagA (AF202923)
and EPIYA PR mutants were supplied by Professor M. Hatakeyama of the University of
Tokyo (Japan). The media were swapped out for a new medium 6 h after transfection. Cells

were used 24 h after transfection for every assay.

16. Electroporation
YAP-EGFP vector and YAP siRNA were delivered to gastric organoids by electroporation

of NEPA21 (Nepagene, Japan) according to the manufacturer’s instructions.

17. YAP-TEAD luciferase assay

Cells were transduced at an MOI of 5 using a commercial lentiviral construct incorporating
a luciferase reporter for TEAD activity (TEAD Luciferase Reporter Lentivirus, 79833, BPS
Bioscience, USA). A commercial kit (Steady-Glo Luciferase Assay System, E2510,
Promega, USA) was used to assess luciferase activity, which was then normalized to the

cell number.
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18. Ubiquitination and SUMOylation assay

AGS cells were transfected with His-Ub for 24 h and then infected with H. pylori 60190
and ACagA for 5 h. YAP and OTUB2 were immunoprecipitated using Protein A/G PLUS
agarose beads, and the immunoprecipitates were subsequently separated on 10% SDS—
PAGE gels. Deubiquitinated YAP and SUMOylated OTUB2 were detected using an anti-
Ub antibody (sc-8017, Santa Cruz, USA) and anti-SUMO2/3.

19. Lentiviral transduction and generation of stable cell lines

Premade lentiviral short-hairpin RNA (shRNA) constructs and a negative control
consisting of a construct identical to the vector system (pLKO.1) were purchased from
Addgene (shYAP#1, 42540; shYAP#2, 42541; shControl, 8453). Lentiviral particles were
produced in vitro using a 3rd Generation Packaging System Mix (LV053, abm, USA) and
lentipectin (G074, abm). According to the manufacturer’s protocol, cell supernatants were
harvested 48 h after transfection in HEK293T cells and used to infect cells or stored at
—80°C. Puromycin (2 pg/mL) was used for 48 h after lentiviral infection to select AGS and
MKN74 cells that stably expressed the shRNA constructs. A Western blot was used to

identify and validate the positive clones.

20. Xenograft mouse model

5x 10° AGS-shRNA (YAP#1, YAP#2, and control cells) and 8 X 10°MKN74-shRNA
(YAP#1, YAP#2, and control cells) were subcutaneously injected into each mouse’s hind
limbs for the in vivo xenograft study. The mice were raised at the Yonsei University College
of Medicine in a pathogen-free animal facility. All studies followed the protocols
authorized by the Institutional Animal Care and Use Committee (IACUC no. 2023-0047).
Every 3-5 days, the tumor size was measured with calipers, and the formula (length x
width 2)/2 was used to determine its volume. Tumors were removed for photography when
the mice were slaughtered 60—110 days post-injection. Each group’s tumor tissues were

stored in liquid nitrogen. For immunohistochemistry and hematoxylin and eosin (H&E)

13



staining, portions of the tissue were preserved in 10% formaldehyde.

21. Immunostaining and in situ hybridization

Formalin-fixed paraffin-embedded (FFPE) slides were deparaffinized and then rehydrated
in a declining graded sequence of ethanol (100%, 90%, and 70%) for immunostaining. A
cooker was used to incubate the slides at high pressure after they were submerged in an
antigen-retrieval solution (S169984-2, Dako, Denmark). To inhibit endogenous peroxidase
activity, the slides were treated in 3% hydrogen peroxide for 30 min after cooling on ice
for 1 h. After two PBS washes, the slides were incubated for 1-2 h at room temperature in
a humidity chamber with serum-free protein blocks (X0909, Dako). The mouse tissue was
treated with a mouse-on-mouse (vector) reagent before antibody application. Primary
antibodies were incubated on the tissues for an entire night at 4°C. After three PBS washes,
the specimens were incubated for 15 min at room temperature in either HRP-conjugated
anti-mouse secondary antibodies (Dako) or HRP-conjugated anti-rabbit secondary
antibodies (Dako). Mayer hematoxylin (Dako) was employed for nuclear staining in the
immunohistochemical analysis, whereas diaminobenzidine was used for signal expression.
For immunofluorescence, Texas Red dye (Invitrogen) and fluorescein isothiocyanate (FITC,
Invitrogen)-, Cy3 (Invitrogen)-, and Cy5 (Invitrogen)-conjugated secondary antibodies
were used to detect each primary antibody derived from various species. 6-diamino-2-
phenylindole (DAPI, Sigma, Japan) was used for nuclear staining. The LSM 770 (Zeiss,
Germany) and EVOS-MS5000 (Thermo Fisher Scientific) microscopes were used for
confocal and immunofluorescence imaging, respectively.

H. felis-specific probes and an RNAscope 2.5 HD detection kit were acquired from
Advanced Cell Diagnostics (ACD, USA) and utilized in accordance with the
manufacturer’s instructions for in situ hybridization. Briefly, a ready-to-use protease,
hydrogen peroxide, and a target retrieval solution were used as pretreatments for the
deparaffinized FFPE slides. In a HybEZ oven (ACD, USA), prewarmed probes were placed
on slides and incubated for 2 h at 40°C. After signal amplification, Fast Red dye
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development was conducted. Counterstaining was performed with Mayer hematoxylin.

22. Intraperitoneal injection of recombinant OTUB2 into WT mice

To investigate the effects of exogenous recombinant OTUB2 (rOTUB2, 13177-HO7E,
Sino Biological) on SPEM development in WT mice, rOTUB2 was administered
intraperitoneally at doses of 2 ug/100 uL every other day for 7 days. Stomach samples were
collected from the mice 8 weeks after the last injection. The control mice were treated with
the same PBS volume.

23. Injection of OTUB?2 inhibitors to control metaplastic changes in H. felis-infected
mice

The effects of the OTUB2 inhibitor (LN5P45, HY-149482, Medchem) on H. felis-
mediated SPEM were assessed. The concentration of the OTUB?2 inhibitor for in vivo
studies was determined based on its in vitro IC50 value of 2.3 uM. Owing to variations in
bioavailability, metabolism, and distribution, the drug dose required in mouse experiments
can differ significantly from that used in cell line studies, necessitating 10- to 100-fold
higher doses in vivo.** Consequently, 2.5 mg/100 pL of LN5P45, approximately 40 times
the IC50, was intraperitoneally administered to the mice. WT mice were pretreated with
the OTUB?2 inhibitor every other day for 7 days before infection with H. felis, followed by

an 8-week infection duration.

24. Statistical analysis
Statistical analyses were performed using GraphPad Prism version 10.3.1 (GraphPad
Software Inc., La Jolla, CA). Significance was determined using a two-tailed unpaired
Student’s t-test for comparisons between two groups, or a one-way or two-way analysis
of variance with Tukey’s multiple comparisons for comparisons involving multiple

groups. All data are presented as means £ SEM. P < (.05 was considered significant.
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III. RESULT

1. YAP/TAZ expression in human gastric cancer

The GEPIA tool was used to measure YAP/TAZ (mRNA) expression in tumors and
adjacent normal tissues of gastric cancer (STAD). YAP was significantly increased in tumor
tissues compared with normal tissues, whereas TAZ was not (Figure 1A). Furthermore,
YAP/TAZ expression in various tumors was confirmed by analyzing the TIMER 2.0
database. Similarly, YAP was significantly upregulated in gastric cancer, whereas TAZ
(WWTR1) was not (Supplementary Figure 1A). To analyze the expression levels of
YAP/TAZ in human gastric cancer, public scRNA-sequencing data (GSE150290) were
used to reanalyze samples from normal tissues of five patients without cancer patients and
paired cancerous and adjacent tissues from 24 patients with gastric cancer. A t-distributed
stochastic neighbor embedding (t-SNE) plot from human gastric single-cell analysis
showed higher concentrations of YAP- and TAZ-positive cells in patients with IM,
intestinal gastric cancer (IGC), and diffuse gastric cancer (DGC) compared with those with
chronic superficial gastritis (CSG) (Figure 1B—1E). The intensity of YAP expression was
higher than that of TAZ in gland mucous cells, pit mucous cells, and chief cells as the
gastric cancer progressed. Conversely, TAZ was expressed at higher levels in the
endothelial cells (Figure 1F). Accordingly, YAP may play a relatively more important role
than TAZ in epithelial metaplasia and gastric carcinogenesis. Immunohistochemical
staining showed a progressive increase in YAP- and TAZ-positive cells from IM to gastric
cancer, with minimal YAP/TAZ expression in the CSG. A strong YAP/TAZ expression was
detected in the nucleus of gastric cancer cells (Figure 1G), signifying that YAP/TAZ may
function as an intranuclear signaling molecule. Furthermore, the expression of the tight
junction protein ZO-1 was significantly and progressively decreased from CSG to gastric
cancer, and this decrease was negatively correlated with the expansion of YAP-positive
cells in gastric lesions (Figure 1H). Western blotting confirmed the basal expression level
of YAP/TAZ in various gastric cancer cell lines (AGS, N87, KATOIIl, MKN45, and
MKN74), colorectal cancer cell line (Caco2), and kidney epithelial cells (293T) (Figure 11).
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YAP/TAZ expression was significantly increased in AGS and MKN74 cells upon H. pylori
infection (Figure 1J). Based on these results, AGS and MKN74 cells were used for the next
in vitro experiments. The experimental data for MKN74 cells are presented in

Supplementary Figure 6.
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Figure 1. Expression of YAP/TAZ in human gastric cancer tissues and gastric cell lines.
(A) Analysis of YAP/TAZ expression in gastric cancer (STAD) and adjacent normal tissues
using the Gene Expression Profiling Interactive Analysis Database (Tumor: 408, Normal:
211). Statistical analysis was performed using the Mann—Whitney U test: *P <0.05. GEPIA:
http://gepia.cancer-pku.cn/. (B) t-SNE map of 48,670 single cells filtered from adjacent
noncancerous and cancerous tissues. (C) t-SNE map showing the distribution of single cells
in chronic superficial gastritis (CSG), intestinal metaplasia (IM), intestinal-type gastric
cancer (IGC), and diffuse-type gastric cancer (DGC) tissues. (D) t-SNE plot showing
YAP/TAZ gene expression in 10 gastric epithelial cell types established by single-cell
transcriptomic analysis. (E) Proportions of gastric cell types in CSG, IM, IGC, and DGC.
(F) Dot plot showing YAP/TAZ expression according to the gastric lesion cell types (the
color indicates expression intensity, and the dot size indicates the total amount of each cell
type). (G) Immunohistochemical image of YAP and TAZ in human gastric tissues,
including CSG, IM, IGC, and DGC. Scale bar = 100 um. (H) Immunofluorescence images
of YAP and ZO-1 in patient gastric tissues, including CSG, IM, IGC, and DGC. Scale bar
=250 pum. (I) Representative Western blot data demonstrating basal expression levels of
Hippo signaling pathway-related genes (YAP/TAZ/LATS2) in gastric cancer cell lines
(AGS, N87, KATOIII, MKN45, and MKN74), colorectal cancer cells (Caco2), and kidney
epithelial cells (293T). (J) YAP/TAZ protein levels in gastric cancer cell lines (AGS,
MKN74, N87, and KATOIII) infected with H. pylori 60190 for 5 h. Graph showing fold
changes in YAP protein expression in H. pylori 60190 compared with the control (n =5 per
group). Statistical analysis was performed using a two-tailed unpaired Student’s t-test: *P
<0.05; **P < 0.01; ***P < 0.001. All data are presented as means = SEM. CSG, chronic
superficial gastritis; DGC, diffuse type gastric cancer; IGC, intestinal type gastric cancer;

IM, intestinal metaplasia; GMC, gland mucous cell; PMC, pit mucous cell
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2. CagA-positive H. pylori induces changes in the Hippo signaling pathway, K-63
deubiquitination, and inflammatory gene expression in gastric cancer cells

When AGS cells were infected with H. pylori (Figure 2A) or transfected with a CagA
expression vector (Figure 2B), the expression of YAP/TAZ proteins increased. In AGS cells
infected with H. pylori 60190 (a CagA-positive strain), the expression of YAP proteins
peaked at 5 h. Transcriptome analysis revealed differences in the expression patterns of
Hippo signaling pathway genes (Gene Ontology: 0035329) in AGS cells, depending on the
presence or absence of H. pylori infection (60190, ACagA) (Figure 2C). In H. pylori 60190-
infected AGS cells, the expression levels of YAP, WWTRI, LATS2, SAV1, STK4, and
TEAD1 were higher than those in uninfected AGS cells or cells infected with H. pylori
ACagA (a CagA-negative strain). Gene set enrichment analysis (GSEA) revealed that the
gene sets associated with YAP signaling and gastric cancer were positively enriched in H.
pylori-infected AGS cells (Figure 2D and Supplementary Figure 3). To determine whether
the increase in YAP expression is linked to the inhibition of protein degradation, GSEA was
performed on K63-linked deubiquitination gene sets, which showed a higher enrichment
score (ES) in H. pylori 60190 compared with H. pylori ACagA (Figure 2E). Additionally,
the ES of the CXCR chemokine receptor-binding gene set was positively enriched in H.
pylori 60190, with the expression of the proinflammatory mediator CXCL8 (IL-8 or
chemokine ligand 8) being the highest among them (Figure 2F). Furthermore, IL-8
production in H. pylori 60190-infected AGS cells was significantly increased at 8 h
compared with both uninfected cells and those infected with H. pylori ACagA, as confirmed
by enzyme-linked immunosorbent assay (ELISA) (Figure 2G).
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infected with H. pylori (60190, ACagA) for the indicated periods, and YAP/TAZ expression
was confirmed by Western blotting of harvested cell lysates. (B) AGS cells were transfected
with HA-tagged CagA WT and CagA mutant expression vectors for 24 h. CagA PR
indicates a tyrosine-phosphorylation mutant in the EPIYA motif. (C) Heatmap showing
differentially expressed genes involved in the Hippo signaling pathway-related Gene
Ontology terms (G0O:0035329) in AGS cells infected with H. pylori for 5 h. (D) GSEA plot
for YAP signaling gene signature. (60190 vs. ACagA). (E) GSEA plot for the K63-linked
deubiquitination. (60190 vs. ACagA). (F) GSEA plot for the CXCR chemokine receptor-
binding gene set (60190 vs. A CagA). (G) ELISA results for IL-8 production in AGS cells
infected with H. pylori 60190 and ACagA (n = 4 per group). Statistical analysis was
performed using two-way analysis of variance with Tukey’s multiple comparisons: *P <

0.05; **P < 0.01; ***P < 0.001. All data are presented as mean £ SEM.

3. H. pylori infection induces YAP nuclear translocation and ZO-1 downregulation,
promoting metaplastic changes through CDX2 overexpression

Nuclear-cytoplasmic fractionation analysis was performed to identify YAP-related changes
in the subcellular locations. In H. pylori 60190-infected AGS cells, YAP expression levels
were higher in the nucleus than in the cytoplasm, whereas p-YAP was primarily expressed
in the cytoplasm (Figure 3A). Quantitative analysis of the fluorescence images also showed
that a significant number of YAP proteins translocated to the nucleus in H. pylori 60190-
infected AGS cells (Figure 3B). In H. pylori 60190-infected AGS cells, YAP nuclear
expression was observed at 5 h. Although some YAP nuclear expression was observed in
H. pylori ACagA infection, it was less prominent than that in H. pylori 60190 infection
(Supplementary Figure 4C). This proposes that YAP overexpression and nuclear
translocation are CagA-dependent. Intercellular junctions are crucial structural connections
between cells, primarily tight and adherens junctions. Most tight junctions are formed by
proteins such as claudin, occludin, and ZO-1.2!">* Western blot analysis revealed that the

expression of these proteins decreased during H. pylori infection, signifying potential
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structural changes in the tight junctions (Supplementary Figures 4D and 6A). Notably, YAP
proteins play a significant regulatory role in both tight junctions and intercellular
junctions.?***3 Quantitative reverse-transcription polymerase chain reaction (PCR)
amplification (Figure 3C and Supplementary Figure 4B) and Western blot analysis (Figure
3D and Supplementary Figure 4A) showed that CagA-mediated YAP nuclear translocation
was associated with ZO-1 downregulation and CDX2 overexpression. YAP overexpression
led to a reduction in ZO-1 expression at the sites of cell adhesion (Figure 3E). The
expression of CDX2, an intestinal-specific transcription factor, plays an important role in
the progression of IM to dysplasia and gastric cancer.®® Expectedly, CDX2 expression was
significantly increased in H. pylori 60190-infected AGS cells (Figure 3F). This proposes
that CagA delivery disrupts the epithelial barrier function and induce metaplastic changes
in the epithelial cell lineage. The proteasome inhibitor MG132 prevented YAP degradation,

leading to its accumulation and further reduction in ZO-1 (Supplementary Figure 4E).

4. YAP downregulation suppresses H. pylori-induced changes in tight junctions and
CDX2 expression

As the transcriptional coactivator YAP localizes to the nucleus, it induces the expression of
TEAD luciferase reporter genes. The TEAD luciferase reporter was activated in H. pylori
60190-infected AGS, whereas TEAD luciferase activity did not increase in YAP-knockout
AGS cells (shYAP#1 and shYAP#2) (Supplementary Figure 5SA). Western blot analysis
confirmed the suppression of protein changes in CDX2 and ZO-1 in infected YAP-
knockout AGS cells (Figure 3G). Immunofluorescence staining showed restored ZO-1
expression (Figure 3H) and suppressed CDX2 expression (Figure 3I) in YAP-knockout
cells. Conversely, in AGS cells overexpressing YAP through the p-EGFP-C3-hYAP1 vector,
the expression of ZO-1 was suppressed (Supplementary Figure 4F and 4G). Metaplastic
cells do not easily progress to dysplasia in the absence of inflammatory responses.*® In this
study, YAP downregulation significantly reduced the H. pylori-mediated production of IL-
8 (Supplementary Figure 5B), proposing that YAP expression in gastric epithelial cells is
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associated with H. pylori-mediated inflammatory responses and promote metaplasia
development. Furthermore, the effect of YAP downregulation on gastric tumorigenesis was
assessed using AGS and MKN74 xenograft mouse models. Tumor growth and weight
change were significantly reduced in YAP-deficient xenograft mice (Figure 3J and
Supplementary Figures 5 and 6). The light intensity detected by the in vivo imaging system
was correlated with the xenograft size (Figure 3K). YAP expression in the xenograft was
reconfirmed through DAB staining (Figure 3L and Supplementary Figures 5C). Moreover,
in tumors with inhibited YAP expression, CDX2 expression was reduced, and ZO-1

expression was increased (Supplementary Figure 5D).
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Figure 3. Tight junction disruption and intestinal metaplasia are associated with YAP

nuclear translocation. (A) AGS cells were infected with H. pylori 60190 or ACagA for 5
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h, followed by nuclear-cytoplasmic fractionation and Western blot analysis of cytoplasmic
and nuclear extracts. (B) AGS cells were infected with H. pylori 60190 for 5 h, fixed, and
stained for YAP and CagA. Quantitative fluorescence analysis showed YAP translocation
to the nucleus. Scale bar = 50 um. (YAP and CagA fluorescence staining images of AGS
cells infected with H. pylori 60190 and ACagA for 2, 5, and 24 h are provided in
Supplementary Figure 4C). (C) qRT-PCR analysis of YAP and ZO-1 mRNA levels in AGS
cells infected with H. pylori (60190 or ACagA) for the indicated times. (YAP, n =5; ZO-1,
n =4). (D) Representative Western blot data showing ZO-1 and CDX2 expression in AGS
cells infected with H. pylori for the indicated times. (E, F) Immunofluorescence images of
Z0-1 and CDX2 in AGS cells treated with control, H. pylori 60190, or ACagA for 5 h.
Scale bar = 150 um. (G) Western blot analysis of ZO-1 and CDX2 expression in YAP-
silenced AGS cells. (H) Immunofluorescence images of ZO-1 and YAP in control and YAP-
silenced AGS cells infected with H. pylori 60190 for 5 h. Scale bar = 100 pm. (I)
Immunofluorescence images of CDX2 and YAP in control and YAP-silenced AGS cells
infected with H. pylori 60190 for 2 h. Scale bar = 50 um. (J) Tumor size after subcutaneous
injection of AGS-PLKO.1 (shControl, 8453, Addgene) or AGS-shYAP (42540, 42541,
Addgene) into mice (n = 5). The image on the right shows the tumor at day 60. (K)
Bioluminescence images of mice injected with AGS cells (PLKO, shYAP#1), showing
radiative efficiency. (L) DAB staining of YAP+ cells in AGS xenograft tumors, with
quantification of YAP+ cell proportions (n = 5). Statistical analysis was performed using
two-way analysis of variance with Tukey’s multiple comparisons and two-tailed unpaired
Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001. All data are presented as mean =+
SEM.

5. OTUB2 deubiquitinates and activates YAP to promote tumor growth in H. pylori
infection
YAP signaling is controlled by proteasomal degradation via ubiquitination, starting with

inactivation by the phosphorylation of Ser127. The K63-linked deubiquitination gene
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expression (GO:0070536) was profiled to investigate the regulatory mechanism for
ubiquitination in H. pylori-infected gastric cancer cell lines, and among the 29 genes,
OTUB2 was the most highly expressed (Figure 4A). In H. pylori 60190-infected AGS cells,
mRNA and protein levels of OTUB2 were significantly upregulated (Figure 4B—4D).
Furthermore, CagA activated YAP by counteracting the poly-ubiquitination of YAP
proteins and subsequent proteasomal degradation (Figure 4E). OTUB2, which
simultaneously binds to YAP, was excessively poly-SUMOylated (Figure 4F). Thus,
OTUB2 SUMOylation may be directly involved in YAP deubiquitination. The transfection
of rOTUB2 into AGS cells induced YAP expression, leading to the inhibition of ZO-1 and
increased expression of CDX2 (Figure 4G). In contrast, the depletion of OTUB2 with
siOTUB?2 suppressed YAP expression (Figure 4H). Moreover, in the single-cell analysis,
OTUB2 expression was higher in IM cells than in gastric cancer tissues (Figure 4I).
Immunostaining of human gastric tissues showed a progressive increase in OTUB2-
staining cells from CSG to gastric cancer, with a pattern similar to that of YAP expression

(Figure 4J).
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Figure 4. Function of OTUB2 (OTU deubiquitinase), a deubiquitination protein, as a
novel YAP regulator. (A) Scatterplot and heatmap showing differentially expressed genes
related to the protein K63-linked deubiquitination ontology term (GO:0070536) in the
mRNA sequencing data of control and H. pylori 60190-infected AGS cells. Selected genes
are highlighted. (B) qRT-PCR analysis of OTUB2 expression in AGS cells infected with H.
pylori 60190 and ACagA. mRNA expression levels were normalized to GAPDH (n = 4).
Statistical analysis was performed using two-way analysis of variance with Tukey’s
multiple comparisons: *P < 0.05. All data are presented as mean + SEM. (C) Protein
expression of OTUB2 and P-ERK in AGS cells infected with H. pylori 60190 or ACagA.
(D) Immunofluorescence images of OTUB2 and CagA in AGS cells infected with H. pylori
60190 or ACagA for 5 h. Scale bar = 50 um. (E) AGS cells were transfected with a plasmid-
encoding ubiquitin (Ub); 24 h after transfection, the cells were infected with H. pylori. YAP
ubiquitination was measured by immunoprecipitation. (F) SUMOylation analysis of total
lysates and anti-OTUB2 immunoprecipitates from H. pylori-infected AGS cells. (G)
Fluorescence expression of YAP, CDX2, and ZO-1 in AGS cells treated with rOTUB2 (16
ug/mL). Scale bar = 50 um. (H) YAP expression in AGS cells infected with H. pylori
(60190 or ACagA) for 5 h after transfection with siOTUB2 for 24 h. (I) Dot plot showing
OTUB2 expression according to gastric lesion cell types (the color indicates expression
intensity, and the dot size represents the total amount of each cell type). (J)
Immunohistochemical images of OTUB2 in human tissues (CSG, IM, IGC, and DGC).
Scale bar = 100 um. (K) Schematic representation of the mechanism by which H. pylori

CagA-mediated YAP signaling activation promotes metaplasia and early gastric cancer.

6. YAP expression in H. pylori-infected human-derived gastric organoids alters the
apical junction complex

To investigate the interaction between H. pylori and the human gastric epithelial surface,
in vitro H. pylori infection was modeled in two-dimensional (2D) gastric organoids (Figure

5A).*? The results revealed that 2D organoids were relatively long-lived, with polarized
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epithelial monolayers, and they fully recapitulated various gastric cell lineages. In electron
microscopy images, the epithelial surface infected with H. pylori 60190 produced mucus
(Figure 5B and Supplementary Figure 7D), and the intercellular junctions of the H. pylori-
infected 2D organoids widened, whereas those of the uninfected 2D organoids remained
relatively intact (Figure 5C). The introduction of H. pylori 60190 into the mucosa decreased
Z0-1 expression, leading to the disruption of the cell monolayer (Figure 5D), and the
electrical resistance of the epithelial cells also decreased (Figure SE). Furthermore, H.
pylori 60190 strongly induced YAP nuclear expression (Figure SF), YAP mRNA expression
(Figure 5G), and IL-8 production (Figure 51), as well as a decrease in E-cadherin and PGC
expression and an increase in Snail and Muc?2 expression (Figure SH). Single cells isolated
from three-dimensional (3D) gastric organoids were transfected with YAP siRNA and YAP
overexpression vectors by electroporation and then recultured into 3D organoids. YAP
deficiency prevented the formation of 3D organoids, and the YAP-overexpressing
organoids exhibited a phenotype similar to that of gastric organoids derived from IGC, with

multilumen and multinuclear layering (Figure 5J and 5K).
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Figure 5. Gastric organoid culture system to mimic actual in vive gastric conditions
and chronic inflammatory environments. (A) Schematic of the 2D organoids (mucosoids)
culture method: cells are seeded at confluent density onto polycarbonate filters of well
inserts placed in a 24-well plate, and the medium above the cell layer is withdrawn after 3
days to initiate air-liquid interface culture. (B) Transmission electron microscopy images
of H. pylori 60190-infected 2D organoids reveal prominent secretion of mucus,
highlighting the morphological changes associated with infection. (C) Transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) images of
mucosoids treated with control and H. pylori 60190 for 48 h. Scale bars: 5000 nm, 1000
nm, and 10 pm (n = 3). (D) Immunofluorescence images of ZO-1 in H. pylori 60190-
infected 2D organoids. Scale bar = 50 um. (E) Changes in epithelial electrical resistance
values in 2D organoids infected with H. pylori 60190 and ACagA (n = 4). Statistical
analysis was performed using two-way analysis of variance with Tukey’s multiple
comparisons: *P < 0.05; **P < 0.01; ***P < 0.001; ****p < 0.0001. (F)
Immunofluorescence images of YAP and CagA in mucosoids infected with H. pylori 60190
and ACagA for 48 h. (G) gRT-PCR analysis showing the relative mRNA levels of YAP and
connective tissue growth factor in H. pylori 60190-infected mucosoids for 48 h. (n = 5).
Statistical analysis was performed using one-way analysis of variance with Tukey’s
multiple comparisons: *P < 0.05. (H) Fluorescent staining images showing changes in the
expression levels of E-cadherin, Snail, human IL-8, Muc2, and PGC in H. pylori 60190-
infected 2D organoids. Scale bar = 50 um. (I) Human IL-8 production in 2D organoids with
and without H. pylori infection (n = 5). Statistical analysis was performed using two-way
analysis of variance with Tukey’s multiple comparisons: **P < 0.01; ****P < 0.0001. (J)
Representative images of gastric organoid transfection by electroporation. (K) YAP
overexpression using the pEGFP-C3-hYAP1 plasmid vector induced organoid
tumorigenesis and YAP nuclear translocation. Scale bar = 250 um. All data are presented

as means = SEM.
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7. YAP/TAZ-knockout gastric chief cells suppress SPEM progression induced by H.
felis infection

SPEM, which is considered a potential IM precursor, is closely associated with the early
stages of gastric carcinogenesis.®” Gastric chief cells are believed to be the origin of SPEM,
and Helicobacter infection induces the transdifferentiation of mature chief cells along with
inflammatory responses.'®¥° To confirm whether chief cells are the origin of YAP/TAZ-
mediated SPEM in H. felis infection, Mistl-creERT2 €r¢/*; yAp f/fl . Az fI/fl
conditional knockout mice and YAP /1 ; TAZ /Tl control mice were generated (Figure
6A). Previously known H. pylori mouse models have highly irregular adaptation to the
mouse gastric mucosa and have varied degrees of colonization.?®*! Therefore, in this study,
the highly reproducible H. felis mouse model was used to induce lesions similar to human
tissue changes (Figure 6B). Stomach samples of H. felis-infected YAP/TAZ /T control
mice showed strong inflammation, whereas the stomach samples of Mist1-creERT2 ¢r¢/+;
YAP /TAZ /T conditional knockout mice showed a reduced inflammatory response
(Figure 6C). The loss of gastric acid-secreting parietal cells is a well-known representative
metaplasia phenotype and is considered an early event in gastric carcinogensis.** Therefore,
whether YAP/TAZ knockout suppressed metaplasia development in the stomach samples
of H. felis-infected mice was investigated. H. felis infection for 8§ weeks caused a significant
loss of H/K*-ATPase parietal cells in YAP/TAZ I/fl control mice but little loss in Mist1-
creERT2 ¢r¢/*; YAP/TAZ /T knockout mice (Figure 6D). Immunofluorescence images
of H. felis-infected mice showed that CD44v9 * and GSII */GIF * cells, SPEM markers,
were significantly increased in the gland base region. In contrast, the expression of
CD44v9 *cells and co-expression of GSII */GIF * cells were significantly reduced in
Mist1-creERT2 €r¢/+; YAP/TAZ /1 knockout mice (Figure 6E and 6H). In H. felis-
infected control mice, YAP *cells were significantly increased from the base of the gland
to the pit, with increased expression primarily in the nucleus. However, in YAP/TAZ-
knockout mice, YAP expression was suppressed, and normal morphology of chief cells was

preserved without GIF loss (Figure 6F). Levels of Ki-67-proliferating cells were
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significantly increased in the upper neck and middle regions of the gastric pit in H. felis-
infected control mice, whereas no increase in Ki67 cells was observed in the knockout mice
(Figure 6G). In control mice infected with H. felis for 8 weeks, OTUB2 and SUMO2/3
were mainly expressed in the gastric pit area, where metaplastic changes occurred
(Supplementary Figure 8F-8G). Furthermore, H. felis infection induced an increase in the
number of TFF2-expressing cells and a loss of Mistl and PGC in mature chief cells.
However, YAP/TAZ-knockout mice showed a protective effect against metaplasia-induced
changes (Supplementary Figure 8A—8E).

This study demonstrated that YAP/TAZ plays a crucial role in SPEM development induced
by H. felis infection. The suppression of YAP/TAZ signaling in chief cells prevented the
loss of parietal cells and other metaplastic changes. Notably, YAP single knockout showed
a less pronounced protective effect compared with a double knockout, highlighting the
compensatory role of TAZ in the absence of YAP (Supplementary Figure 9A-9B). These
findings propose that YAP/TAZ signaling is a key regulator of Helicobacter-induced gastric

metaplasia and may contribute to the early events in gastric carcinogenesis (Figure 6l).
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Figure 6. Inhibition of H. felis-mediated spasmolytic polypeptide-expressing
metaplasia (SPEM) in mice with YAP/TAZ-knockout chief cells. (A) Schematic images
showing H. felis infection in YAP 1/fl ; TAZ /Tl (control) or Mistl-creERT2 Creé/+;
YAP /1. TAZ 1/ knockout mice. YAP/TAZ was inducibly deleted in mice using the
tamoxifen/Cre-loxP system. (B) In situ hybridization images of the H. felis probe in mice.
(C) Representative H&E staining images of the stomach samples of YAP /TAZ f/fl
(control) / Mist1-creERT2 r¢/+; YAP /TAZ /Tl conditional knockout mice infected with
H. felis. Scale bar = 100 um. (D) Immunofluorescence staining of parietal cells (H/K"-
ATPase), Griffonia simplicifolia lectin II (GSII), and DAPI in the stomach samples of mice
from each group. Quantification of H'/K'-ATPase and GSII in single glands (n = 5 per
group). Scale bar = 100 pm. (E) Immunofluorescence staining of GSII, gastric intrinsic
factor (GIF), and DAPI in the stomach samples of mice in each group. Quantification of
GSII * /GIF * cells per gland (n = 5 per group). Scale bar = 100 pm. (F)
Immunofluorescence staining of YAP and GIF in the stomach samples of mice from each
group. Quantification of YAP and GIF in single glands (n = 5 per group). Scale bar = 100
pm. (G) Immunohistochemistry for Ki-67 in the mouse stomach samples of each group. To
quantify Ki-67 *cells, stomach mucosal tissues were subdivided into 10 fractions (from
base to pit region), and Ki-67 *cells were calculated for each fraction (n = 5 per group).
Scale bar = 100 pm. (H) Immunofluorescence staining of YAP and CD44v9 in the stomach
samples of mice from each group. Quantification of YAP- and CD44v9 *cells in single
glands (n =5 per group). Scale bar = 100 um. Scale bar = 100 pm. Statistical analysis was
performed using two-way analysis of variance with Tukey’s multiple comparisons and two-
tailed unpaired Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P <(.0001. All
data are presented as means = SEM. (I) Schematic representation of the chief cell

transdifferentiation induced by H. felis-mediated YAP activation.
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8. Exacerbation of SPEM in WT mice by recombinant OTUB2 (rOTUB?2) infusion

The effects of exogenous rOTUB2 administration on SPEM development in WT mice were
investigated. Fundic samples from WT mice that received rOTUB2 (2 pg/100 pL) showed
increased SPEM signatures, enhanced GSII expression, and high YAP expression near the
neck cells. Notably, SPEM was induced after 8 weeks of rOTUB?2 injection, even in the
absence of H. felis infection, with a significant increase in oxyntic atrophy (indicated by
parietal cell loss) and neck cell accumulation (Figure 7B and 7C). Additionally, the OTUB2
inhibitor (LN5P45) alone effectively suppressed H. felis-mediated SPEM. Pretreatment
with the OTUB?2 inhibitor (2.5 mg/100 uL) prevented both the loss of parietal cells and
proliferation of metaplastic cells in H. felis-infected mice. Furthermore, in H. felis-infected
mice treated with the OTUB2 inhibitor, YAP expression was significantly reduced in the
neck cells and base region, inhibiting the development of the metaplastic phenotype (Figure
7E and 7F). These findings support the hypothesis that the OTUB2-mediated regulation of

YAP expression promotes metaplasia in gastric epithelial cells.
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Figure 7. Exacerbation of spasmolytic polypeptide-expressing metaplasia (SPEM) in
wild-type mice by rOTUB2 infusion.

(A) Schematic images showing the in vivo treatment with recombinant OTUB2 protein. To
deliver OTUB?2 in vivo, recombinant OTUB2 (rOTUB2) was dissolved in PBS and injected
intraperitoneally (2 pg/100 pL) every other day for 7 days. (B) Representative
immunohistochemical images for SPEM markers (CD44v9), parietal cells (H/K"-ATPase),
GSII, and YAP in wild-type mice injected with rOTUB2. Scale bar = 250 pm. (C)

Comparison of positive cells in rOTUB2-injected mice. Each graph represents the number
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of positive cells in a single sample (n = 5 per group). (D) Schematic images showing in
vivo treatment with OTUB2 inhibitor (LN5P45) and H. felis infection method. OTUB2
inhibitor (LN5P45, 2.5mg/100 pL) was injected intraperitoneally into wild-type mice,
followed by H. felis infection. (E) Representative immunohistochemical images for
CD44v9, H'/K"-ATPase, GSII, YAP, and OTUB2 in wild-type mice pretreated with
LN5P45 and infected with H. felis. Scale bar = 250 um. (F) Comparison of positive cells
in LN5P45-pretreated mice infected with H. felis. Each graph represents the number of
positive cells per single gland (n =5 per group). Two-tailed unpaired Student’s t-test: *P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All data are presented as means + SEM.
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IV. DISCUSSION

Previous studies have explored Hippo signaling pathway genes as candidate biomarkers
for various types of human cancer. Patients with high expression of Hippo signaling
pathway genes such as YAP/TAZ generally have poor prognoses.'>!3 In this study, YAP
expression was higher than that of TAZ and was overexpressed in metaplasia and gastric
cancer, confirming the central role of YAP in the development and progression of gastric
cancer. Despite the effects of YAP on numerous diseases, the molecular mechanism of YAP
in Helicobacter-mediated gastric carcinogenesis remains unclear. In this study, cellular
YAP levels were increased by CagA-positive H. pylori in human gastric epithelial cells,
and expression levels of CDX2 (an IM marker) were higher. GSEA data showed
upregulation of several gene sets associated with inflammation, YAP signaling, K63-linked
deubiquitination, and gastric carcinogenesis in H. pylori-infected gastric epithelial cells. In
particular, H. pylori 60190 (CagA-positive) infection leads to the activation of an
inflammatory signaling pathway that induces proinflammatory cytokines such as IL-8.> H.
pylori infection induces chronic inflammation in the gastric mucosa, leading to metaplastic
changes such as SPEM and IM, which are precursors to gastric cancer.’

Previously, we reported that H. pylori CagA acts as a pathogenic scaffold protein that
induces snail-mediated epithelial-mesenchymal transition through GSK-3 depletion.* In
this study, H. pylori 60190 altered the structure of the apical junction by downregulating
the scaffolding protein ZO-1 through YAP overexpression in gastric cancer. YAP and ZO-
1 colocalize at the plasma membrane to form tight junction scaffolds.?*4 H. pylori
infection leads to the downregulation of the ZO-1 protein, widening of intercellular
junctions, and increased permeability through YAP overexpression. This change stimulates
cell proliferation and migration and may promote cancer progression. This finding suggests
that YAP inhibits the synthesis of ZO-1 mRNAs and proteins through downstream signaling
factors such as TEAD and CTGF and transcription factors such as Snail and Slug.***’ In
this study, YAP-knockout cells can reverse Helicobacter-mediated ZO-1 downregulation,

providing evidence that YAP expression influences ZO-1 relocalization and
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downregulation.**° Moreover, 2D gastric organoids that recapitulate the physiological
function and tissue characteristics of the human stomach mucosa were infected with H.
pylori. H. pylori passing through the gastric mucus induced the loss of epithelial cell
morphology, decreased the expression of proteins mediating cell—cell contact, remodeled
the actin cytoskeleton system, and acquired a mesenchymal cell morphology. 2D organoid
cultures are suitable for investigating early carcinogenetic events because they mimic in
vivo gastric conditions and can extend the infection period and chronic inflammatory
environment.*? Induced YAP expression in 3D normal gastric organoids resulted in an
organoid phenotype similar to that of gastric organoids derived from intestinal-type gastric
cancer. However, YAP deficiency limited organoid formation, leading to gastric organoid
growth failure. This finding indicates the importance of YAP in tissue formation and growth
in the human stomach and maintenance of an appropriate balance of intracellular YAP.

In this study, a set of lysine 63 (K63)-linked DUB genes that were upregulated in H. pylori-
infected cell lines was identified, and OTUB2 was found to interact with YAP to induce
YAP deubiquitination, contributing to the activation of YAP-dependent gene expression.
OTUB2 was an important regulator of YAP signaling in H. pylori-mediated gastric
carcinogenesis. Furthermore, in human gastric tissues, OTUB2 RNA expression levels
were the highest in IM cells, signifying that OTUB2 contributes to gastric cancer
development by activating YAP at the precancerous IM stage. Previous studies have
demonstrated that H. felis causes a more severe gastric disease in mice than does H.
pylori.?**" SPEM induction through H. felis infection generates oxyntic atrophy and causes
abnormal gland morphology. In this study, knockout mice, in which YAP/TAZ is
suppressed in the chief cells, were used to demonstrate YAP/TAZ involvement in the
development of epithelial metaplasia and the transdifferentiation of the chief cells. These
metaplastic cells express a distinct molecular signature, including the coexpression of GSII
and GIF, intestinal transcriptome, and CD44v9.3%3° Metaplastic changes in the gastric
epithelium not only alter cellular morphology but also reprogram gene expression patterns,

resulting in a cellular environment conducive to further carcinogenesis. The transformation
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of chief cells into SPEM cells and the subsequent downregulation of gastric differentiation
markers, together with the upregulation of intestinal-like markers, may drive the
progression toward gastric cancer. Our findings demonstrate the downregulation of genes
associated with SPEM and gastric cancer in H. felis-infected mice with YAP/TAZ knockout
in the gastric chief cells. Therefore, YAP/TAZ may play an important role in the
transdifferentiation of gastric chief cells into SPEM cells. Furthermore, this mechanism is
regulated by the deubiquitination enzyme OTUB2 through the inhibition of YAP
degradation. Taken together, these results emphasize the role of YAP in Helicobacter-
mediated gastric carcinogenesis and demonstrate that OTUB2-upregulated YAP promotes
premalignant metaplasia and gastric carcinogenesis by inducing the remodeling of the actin
cytoskeleton and the transdifferentiation of gastric epithelial cells.

In conclusion, this study comprehensively demonstrated the crucial role of YAP in the
development and progression of Helicobacter-mediated gastric cancer and that OTUB2
may serve as a novel regulator of YAP signaling. Notably, YAP also plays an important role
in SPEM and IM development, which serve as a precursor to gastric cancer and may further
promote carcinogenesis. These findings provide new insights into the role of YAP in
Helicobacter-induced gastric cancer development and progression and shed light on the

link between metaplasia and cancer initiation.

V. CONCLUSION

YAP plays a central role in epithelial transformation leading to gastric cancer in
Helicobacter-mediated gastric cancer. In addition, nuclear translocation of YAP acts
together with coactivators such as TEAD, playing a key role in metaplasia formation and
gastric carcinogenesis. Nuclear translocation of YAP not only contributes to EMT by
weakening binding proteins such as ZO-1, but induces metaplastic transformation through
overexpression of CDX2. In addition, H. pylori-mediated YAP overexpression is

associated with the production of the proinflammatory cytokine IL-8, and H. pylori CagA
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plays a key role in YAP nuclear translocation. Significant changes were observed in
patient-derived gastric organoids that have physiological activities similar to those in
human gastric mucosa. YAP deficiency suppressed H. pylori-mediated epithelial
transformation and disrupted the formation of gastric organoids. We also identified a novel
Y AP activation mechanism in addition to the canonical Hippo signaling. We found that the
deubiquitinating enzyme OTUB2 prevents Y AP degradation through deubiquitination and
contributes to metaplastic change and gastric carcinogenesis. OTUB2 binds to YAP and
increases its activation stability. These results suggest that YAP/TAZ deficiency alone
suppresses histological changes and the generation of spasmolytic polypeptide-expressing
metaplasia (SPEM) phenotypes in chief cells of mice infected with H. felis. Injection of
rOTUB2 induced neck-cell hyperplasia and SPEM phenotype generation in wild-type mice.
In summary, we have comprehensively shown that YAP plays an important role in the
development and progression of Helicobacter-mediated gastric carcinogenesis, and that
OTUB2 may serve as a novel regulator of YAP signal regulation. These findings provide
new insights into the role of YAP/TAZ in Helicobacter-mediated gastric cancer

development and progression.
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Supplementary Figure 1. YAP, TAZ, and OTUD?2 are abnormally expressed in various types
of tumors. (A) Analysis of data from the TCGA database showed that YAP and OTUB2 expression

was significantly higher in gastric cancer (STAD) than in adjacent normal tissues, while TAZ

(WWTRI1) did not achieve significant results. Data were analyzed using TIMER2.0 database

(http://timer.cistrome.org). Statistical analysis was performed using the Wilcoxon signed-rank test.

*P<0.05, **P<0.01, ***P < 0.001. (B) Abbreviation of cancer name. (C) Overall survival of YAP,

TAZ, and OTUD2 in gastric cancer (STAD). A Kaplan—Meier survival analysis was applied to

compare survival rates for patients with gastric adenocarcinoma using a log-rank test.

50



Endocrine cell

Fibroblast

o
Endoth

B

&',
e g !
- "

3
2
1
]

TEAD1

LATS
@0 @ o
el () © @ @

el @ © © o 1
Paeical] & 0 & s

Bl @ @ @ @

104 - L ] °
[ 0@ canmn
Fotion] o 6 @ 8 O 10
Uittt 0 0 @ & O

i 0+ @ @ (D0
LS
TEAD1
Gl e el @ @ Jdstected
P e ee ©
clat{ @ @ © © e
Parestcats o 0 o+ :
e @ @ @ @ 10

e e ®
Canore ol @ @ canwn
o1 0 0 @ ® O 10
womaal 0+ 0 © 0 O

Bl 8+ @ © ()%
EE

*JParietal cell

STRe(MST2)

Ay

&
W
y

TEAD2

e
PV
?‘Q

»

»

& L

=
=
8
g

".
¥in
e

P R

»
LATSZ
00| L
P icous el Qee 15
itel{ © @ © o o
Paseical] & © 4 .
Eoxme| @ O © ©
watf o e @ °
re— ® @ canpes
| 6 6 @ @ O 10
Uptrtion] o © @ & (2
s+ + @ & ()%
W
& E g
TEAD2
Gl s i @ @ Mddwied
[e——— o0
el @ © © © 3
Pasicat| o O M
Eoxime| @ O © O
W] 8 6 ® o
Conce - © @ caymen
a0 © @ @ O 1
vt ¢ ¢ @ ® ()20
(AR X e
R

® M

Gland mucous cell
Pit mucous cell

Chief cell

Parietal cell
Endocrine cell

cell (mtestinal metsplasia)
Cancer cell
Fibroblast
Myofibroblast
Endothelial cell

TEAD3
Gl e ol @ @ Jidwecd
pr— ec [
cilat{ @ @ © © N
P o 6 o -

Esciac{ @ © & © 3
L o
Carore cl @@ canesn
fasi 0 0 @ @ O 10
vl + 0 @ @ O
et 6+ @ © ()%
& FE

51

. - !,
* »
A
o
&
sTKa (MST2)
[p— @
e Q © @ @
w1 Q@ @ © O
Pasent] & 8 4
el @ @ © O
T
o ee
LN ]
° e 0@
Lty r 0@
FEEF
TEAD4
pep—— e
P macon col 0
i1 @ @ © @
Pmaent] + & o
toimcil i @ @ © ©
Wil 8 0 B
— @
Fos] 0 © @ ©
ot |+ © @ ©
[
E

mucz

e
=

* 00000



Supplementary Figure 2. Single-cell analysis of precancerous and cancerous lesions. (A) A t-
distributed stochastic neighbor embedding (t-SNE) map for 48,670 single cells filtered from adjacent
noncancerous and cancerous tissues. (B) t-SNE plot showing Hippo pathway genes, gastric marker,
and IM marker genes in CSG (chronic superficial gastritis,), IM (intestinal type gastric cancer), IGC
(intestinal type gastric cancer), and DGC (diffuse type gastric cancer). Colors represent cell types
based on expression of known marker genes. (C) Dot plot showing the expression of Hippo pathway
genes and OTUB2 according to the gastric lesion cell types (the color indicates expression intensity,
and the dot size indicates the total amount of each cell type). CSG, chronic superficial gastritis; DGC,
diffuse type gastric cancer; IGC, intestinal type gastric cancer; IM, intestinal metaplasia; GMC,

gland mucous cell; PMC, pit mucous cell
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Supplementary Figure 3. Transcriptome analysis of uninfected AGS cells and H. pylori (60190,
ACagA)-infected AGS cells. (A) Principal component analysis (PCA) plot showing the similarity
between uninfected AGS cells and H. pylori (60190, ACagA)-infected AGS cell samples using
normalized signals. (B, C) GSEA plots for YAP signaling-related gene sets, CXCR chemokine
receptor-binding gene sets, K63-linked deubiquitination gene sets, and gastric cancer-related gene

sets comparing uninfected AGS cells and H. pylori (60190, ACagA)-infected AGS cells.
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Supplementary Figure 4. Changes in YAP and Tight Junction Protein in AGS Cells Infected
with H. pylori. (A) Graph showing the fold change in YAP and ZO-1 protein expression in AGS
cells infected with H. pylori 60190 and ACagA over the indicated time periods. (n = 5 per group).

54



Statistical analysis was performed using two-way analysis of variance with Tukey’s multiple
comparisons : *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (B) Graph showing the fold
change in CDX2 and IL-8 mRNA expression in AGS cells infected with H. pylori 60190 and ACagA.
(n = 3 per group). Statistical analysis was performed using two-way analysis of variance with
Tukey’s multiple comparisons : *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (C) AGS
cells were infected with H. pylori 60190 and ACagA for the indicated time periods. Cells were then
fixed for immunofluorescence staining of YAP and CagA. Scale bar = 50 um. (D) AGS cells were
infected with H. pylori (60190, ACagA) for the indicated time periods, and the expression of tight-
junction proteins (ZO-1, claudin-7, and occludin) was confirmed by western blotting. (E) AGS cells
were treated with H. pylori 60190 for the indicated time periods in the presence or absence of
MGI132 (3 uM). The proteasome inhibitor MG132 inhibited the degradation of YAP, leading to its
persistent accumulation within the cells, which may further promote the reduction of ZO-1. (F)
Western blot data showing the expression of YAP and ZO-1 in AGS cells transfected with pEGFP-
C3-hYAPI1 (plasmid #17843, Addgene) for up to 24 h. (G) Immunofluorescence images showing
the expression of YAP and ZO-1 in AGS cells transfected with pEGFP-C3-hYAP1 (plasmid #17843,
Addgene) for up to 24 h. Scale bar = 250 pm.
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Supplementary Figure 5. DAB Staining Analysis of YAP, ZO-1 and CDX2 in AGS Xenograft
Tumors. (A) Luciferase activity of TEAD reporter constructs analyzed during H. pylori infection in
YAP-silenced AGS cells (PLKO.1, shYAP #1, shYAP #2). YAP-TEAD protein-protein interactions
mediate the downstream oncogenic functions of YAP in the Hippo pathway. As the transcriptional
coactivator, YAP localizes to the nucleus and induces the expression of TEAD luciferase reporter
genes. The TEAD luciferase reporter was activated in H. pylori 60190—infected AGS cells, whereas
TEAD luciferase activity did not increase in YAP-knockout AGS cells (shYAP #1 and shYAP #2).

Statistical analysis was performed using two-way analysis of variance with Tukey’s multiple
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comparisons: *P < 0.05; **P < 0.01; ***P < 0.001 ; ****P < 0.0001. (B) IL-8 production in siYAP-
transfected AGS cells with or without H. pylori infection was confirmed by ELISA (n =5 per group).
Downregulation of YAP significantly reduced H. pylori—-mediated production of IL-8. Statistical
analysis was performed using two-way analysis of variance with Tukey’s multiple comparisons: *P
< 0.05; **P < 0.01; ***P < 0.001 ; ****P < 0.0001. (C) DAB staining of YAP in AGS xenograft
tumors (n =5 per group). Statistical analysis was performed using one-way analysis of variance with
Tukey’s multiple comparisons: ***P < 0.001 ; ****P <(.0001. (D) DAB staining of CDX2 and ZO-
1 in AGS xenograft tumors. Quantification graph for positive cells in AGS xenograft tumors (n = 3
per group). Statistical analysis was performed using two-tailed unpaired Student’s t-test: *P < 0.05;

*x*P <0.001.
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Supplementary Figure 6. YAP expression and Tumor Growth in Response to H. pylori Infection

in MKN74 cells. (A) MKN74 cells were infected with H. pylori 60190 or ACagA for the indicated
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periods, and YAP/TAZ expression was confirmed by Western blotting of harvested cell lysates. (B)
MKN74 cells were infected with H. pylori 60190 or ACagA for 5 h. Cells were fixed for
immunofluorescence staining of YAP and CagA. Scale bar = 50 um. (C) Western blot analysis was
performed to confirm protein expression of CDX2 in YAP-silenced MKN74 cells. (D) Tumor size
after subcutaneous injection of mice with MKN74-PLKO.1 or shYAP#1, #2 (n = 5 per group).
Statistical analysis was performed using two-way analysis of variance with Tukey’s multiple
comparisons: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (E) DAB staining and
quantification of YAP-positive cells in MKN74 xenograft tumors (n = 3 per group). Each graph
represents the number of positive cells in the transplanted tumors (n = 5 per group). Statistical
analysis was performed using one-way analysis of variance with Tukey’s multiple comparisons: *P

< 0.05; **P < 0.01. All data are presented as means + SEM.
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Supplementary Figure 7. H. pylori infection model in human gastric 2D organoids (mucosoid).
(A) Three systems for H. pylori infection in human gastric organoids: H. pylori infection via physical
disruption of organoids, conversion to 2D organoids (mucosoid), and induction of the apical-out
model. (B) H&E images showing an increase in height and polarization of the cell layer. Scale bar:
50 pm. (C) Immunofluorescence staining analysis revealed MUC5AC and MUC6 granules, with
PGC-positive cells detected on the apical side of the 2D organoids. (D) Under air-liquid interface

conditions, 2D organoids (mucosoid) produce mucus within the monolayer (day 10 of culture).
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Supplementary Figure 8. Histopathological analysis of YAP / TAZ fY/f! and Mistl-
creERT2 ¢r¢/+ ; YAP / TAZ fY/' mice infected with H. felis. Representative
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immunohistochemical staining images for (A) TAZ, (B) TFF2, (C) PGC, (D) Mistl, (E) Muc5AC,
and (F) OTUB2 in the stomach of each group of mice. Scale bar: 250 um. Each graph represents the
number of positive cells from a single gland (n = 3 per group). (G) Representative
immunofluorescence staining images for SUMO2/3 and GIF from the stomach of mice in each group
(n =3 per group). Scale bar: 250 um. Statistical analysis was performed using two-way analysis of
variance with Tukey’s multiple comparisons : *P <0.05; **P <0.01; ***P <(0.001 ; ****P <(0.0001.

All data are presented as means = SEM.
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Supplementary Figure 9. Histopathological analysis of Mist1-creERT2 ¢7¢/*; YAP /U//l mice

single knockout mice infected with H. felis. (A) Representative immunohistochemical staining
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images for HE, YAP, TAZ, TFF2, PGC, Mistl, Ki67, MUCS5AC in the stomachs of YAP KO mice.
Representative fluorescent staining images for H */K *-ATPase, GSII, GIF, SUMO2/3 in the
stomach of YAP KO mice. Scale bar: 250 um. (B) Comparison of positive cells in YAP/TAZ double-
knockout mice and YAP single-knockout mice infected with H. felis. Each graph represents the
number of positive cells in a single sample (n = 3 per group). Statistical analysis was performed
using two-way analysis of variance with Tukey’s multiple comparisons and two-tailed unpaired

Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001. All data are presented as mean + SEM.
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Supplementary material 1. Antibodies and Primers

The following primary antibodies and primers were purchased commercially or kindly provided by

colleagues and were used for immunohistochemistry, Western blot, and immunofluorescence

analyses:
Antibodies ROV Cat. No.
Cell
YAP 49128 YAP Antibody
signaling
TAZ BD 560235 Purified Mouse anti-TAZ Clone M2-616(RUO)
Cell
YAP/TAZ ) ) 8418S YAP/TAZ(D24E4) Antibody
signaling
Cell
LATS2 5888S LATS2(D83D6) antibody
signaling
CDX2 Abcam ab76541 Anti-CDX2 antibody(EPR2764Y)
TFF2 invitrogen PAS5-57781 TFF2 Polyclonal antibody
MUCS5AC | Abcam ab77576 Anti-Mucin 5AC antibody(CLH?2)
MUC6 Abcam ab212646 Anti-Gastric Mucin antibody(CLHS5)
Mistl Santa Cruz sc-80984 MIST1 antibody(6ES8)
Novus
PGC NBP1-91011 Pepsinogen C/PGC/Progastricsin antibody
Biologicals
CagA Santa Cruz sc-28368 CagA-Antibody
MST1/2 invitrogen PAS5-36100 MST1/MST?2 Polyclonal antibody
Z0-1 invitrogen 339100 MOUSE ANTI ZO-1(ZO1-1A12)
CAC-LKG-
CD44v9 CosmoBio MO0 Anti CD44 Antigen v10-e16 mAb (Clone RM1)
Cell
Snail 3879s Snail(C15D3) Rabbit mAb
signaling
Cell
TEADI1 122928 TEAD1(D9X2L) Rabbit mAb
signaling
E-cadherin | abcam ab407732 Anti-E cadherin antibody(EP700Y)
OTUB2 ATLAS HPA002329 Anti-OTUB2
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OTUB2 invitrogen PAS5-99680 OTUB?2 Polyclonal Antibody
H00010413-
YAP1 Abnova MOL YAP1 monoclonal antibody (M01), clone 2F12 [100 ug]
Cell
P-YAP L 4911 Phospho-YAP (Ser127) Antibody #4911
signaling
Lamin B Santa Cruz sc-374015 Lamin B1 Antibody (B-10)
Cell
SUMO2/3 4971 SUMO-2/3 (18H8) Rabbit mAb #4971

signaling

Primers for Mouse Genotyping

Mist1-creERT(1)

ggtttaagcaaattgtcaagtacgg (25 mer)

Mist-cre Mist1-creERT(2) atagtaagtatggtggcggtcageg (25 mer)

Mcre-CER gaagcattttccaggtatgctcag (24 mer)

Wwtrl (F) Mut 400 WT

- CTTCCAAGGTGCTTCAGAGA (20 mer)
TAZ-flox

Wwtrl (R) Mut 400 WT

314 GGAGAGGTAAAGCCCACCAG (20 mer)

Yap1 (F) Mu 400 WT 300 | GTCTTTCTCTAGGCACAAAAAGG (23 mer)
YAP-flox

Yap1 (R) Mu 400 WT 300

AGTGGTAAAGAATAATGCTCATCC (24 mer)
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9 10 11 12 13 14 @8 16 18 88 40 41 42 43 44 45 46 &

YAP-flox

Mutant = ~400 bp
Heterozygote = 300 bp and
~400 bp

Wild type = 300 bp

TAZ-flox

WT= 750bp
cre-ER locus = 520bp

Mist1-creERT2

Mist1-creERT2 Cre/+; YAP /1, TAZ fI/f1 . g 45 19 46,47

Genotyping of mouse strains. DNA was isolated from mouse tails, and PCR products were
generated with primer sequences as described in the “Supplementary Material 1”7 PCR of the
YAP/TAZ fluxed gene generated 400 bp. The cre-ER locus (mutant) of Mist1-CreERT2 generated
520 bp
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Primers for Real time PCR

OTUB2 (F)_375bp

CCTGCTTTTGACTGGGTTCC (20 mer)

OTUB2 (R)_375bp

CTCATGGTTCCCCTGACACT (20 mer)

YAP1(F) 783bp 22.07.27

AGGGAGGAAGGAAGGAACAA (20 mer)

YAPI(R) 783bp_22.07.27

GAGAAACAGCTCCCAACTGC (20 mer)

YAPI(F)_1911bp_22.07.27

GCAGTTGGGAGCTGTTTCTC (20 mer)

YAPI(R)_1911bp_22.07.27

CCTAGGTTCCGACAAAACCA (20 mer)

CDX2 (F) 20.10.27

GACGTGAGCATGTACCCTAGC (21 mer)

CDX2 (R) 20.10.27

GCGTAGCCATTCCAGTCCT (19 mer)

MUC2(F) -20.10.27

ACAACTACTCCTCTACCTCCA (21 mer)

MUC2(R) -20.10.27

GTTGATCTCGTAGTTGAGGCA (21 mer)

GAPDH (F) 332bp _22.07.27

CGACCACTTTGTCAAGCTCA (20 mer)

GAPDH (R) 332bp_22.07.27

AGGGGTCTACATGGCAACTG (20 mer)

ZO-1 (F) AGAAGATAGCCCTGCAGC (18 mer)
ZO-1 (R) AGTCCATAGGGAGATTCC (18 mer)

Snail (F) CCCCAATCGGAAGCCTAACT (20 mer)
Snail (R) GGTCGTAGGGCTGCTGGAA (19 mer)
IL-8 (F) ACACTGCGCCAACACAGAAAT (21 mer)
IL-8 (R) ATTGCATCTGGCAACCCTACA (21 mer)
CTGF (F) GGAAAAGATTCCCACCCAAT (20 mer)
CTGF (R) TGCTCCTAAAGCCACACCTT (20 mer)
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Abstract in Korean
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