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INTRODUCTION

| Jihui Jia'

Abstract

Gastric cancer (GC) is one of the most common and malignant pathologies, and a sig-
nificant portion of GC incidences develops from Helicobacter pylori (Hp)-induced
chronic gastritis. Although the exact mechanisms of GC are complex and poorly
understood, gastric carcinogenesis is a good model to investigate how inflamma-
tion and infection collaboratively promote tumorigenesis. Yes-associated protein 1
(YAP1) is the key effector of the Hippo pathway, which is silenced in most human
cancers. Herein, we verified the tumor-promoting effect of YAP1 in vitro, in vivo,
and in human specimens. We revealed that YAP1 displays nuclear translocation and
works with TEAD to activate transcription of the crucial inflammatory cytokine
IL-1p in gastric cells infected with Hp. As IL-1 accounts for inflammation-associ-
ated tumorigenesis, this process can lead to gastric carcinogenesis. Thus, in addi-
tion to activating proliferation genes, YAP1 also plays a major role in inflammation
amplification by activating inflammatory cytokine genes. Excitingly, our research
demonstrates that transfection of mutant plasmid YAP-5SA/S94A or addition of the
drug verteporfin, both of which are thought to disrupt the YAP1-TEAD interaction,
can arrest the carcinogenesis process. These findings can provide new approaches to
GC treatment.
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stomachs have been colonized.> Recent studies have shown
that Hp chronic infection accounts for approximately 90% of

With one of the five highest morbidities among all cancer
types, gastric cancer (GC) is also one of the top five causes of
cancer death and led to 951 600 new cases and approximately
723 100 deaths in 2012.! Helicobacter pylori (Hp) infection
plays a triggering role in the process of inflammation-asso-
ciated gastric carcinogenesis.2 Hp is such a successful patho-
genic microorganism that approximately 50% of all human

new noncardia GC cases worldwide, ranking it the most dan-
gerous risk factor for GC. Interactions between Hp and its
hosts are rather complicated. Hp uses its bacterial type IV se-
cretion system (T4SS) to inject the toxin CagA into its host's
stomach epithelial cells, triggering a vast range of down-
stream signaling cascades and ultimately accelerating gastric
carcinogenesis.4 Other toxins, such as VacA and CagL, as
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well as Hp components, such as lipopolysaccharides (LPS),
also contribute to this malignant transformation.

Yes-associated protein 1 (YAP1) is the key terminal effec-
tor of the Hippo pathway, an old, conserved pathway that was
first found to regulate organ size and cell fate that responds
to density signals outside the membrane.>® YAPI is normally
inactive in the cytoplasm due to the phosphorylation of serine
127 by the upstream kinase LATS.” When extracellular sig-
nals silence the Hippo cascade, as the terminal effector, YAP1
is translocated into the nucleus and becomes a transcription
co-activator, cooperating with transcription factors, such as
TEAD family members, to initiate the transcription of mul-
tiple oncogenes.*” YAP1 overexpression has been reported
in various human cancers, including breast, lung, colorectal,
ovarian, pancreatic, gastric, and liver cancer.” In addition, the
promotional role of YAP1 nuclear translocation has been indi-
cated in different cancers, including hepatocellular carcinoma,
non-small-cell lung cancer, and breast cancer.'"'? In GC, el-
evated YAPI and its nuclear accumulation are associated
with poor prognosis.'*'> YAP1 has been shown to promote
proliferation and metastasis as well as to induce apoptosis.16
However, the molecular mechanisms underlying how YAP
functions in gastric carcinogenesis require further elucidation.

IL-1p is a multifunctional proinflammatory cytokine
that has profound inflammatory and immune effects,17 and
it plays a crucial role in the initiation and development of
a wide range of inflammation-associated cancers, 8% espe-
cially GC.'718 IL-1p is widely reported to promote gastric
carcinogenesis and is associated with poor prognosis.m'24
IL-1pB polymorphisms (IL-1b-511T and IL-1b-31C) can pro-
mote GC by boosting IL-1f production and increasing circu-
lating cytokine levels,'"'® and Hp infection can induce IL-1B
expression.

This study aimed to prove that YAP1 plays a tumor-pro-
moting role in Hp-induced gastric carcinogenesis via activat-
ing the key cancer-related inflammatory cytokine IL-1p and
thereby provide a new drug target for GC treatment.

2 | MATERIALS AND METHODS

2.1 |

The immortal gastric epithelium cell line GES-1 and the GC
cell lines AGS and BGC-823 were used in this study. Cells
were cultured in RPMI-1640 medium (Gibco) with 10% fetal
bovine serum. All cells were incubated at 37°C in a humidi-
fied 5% CO2 atmosphere.

Cell lines and culture

2.2 | Clinical samples and datasets

Twenty-eight human AG samples and thirteen GC samples
were obtained from surgery patients. The specimens were

collected immediately after surgery and stored in formalin.
The diagnosis of GC for all patients was confirmed by histo-
logical examination. Eighty-two AG samples were obtained
from a gastro-endoscope room. All patients had pathology
reports from the hospital.

The TCGA Research Network is available at http://cance
rgenome.nih.gov/. GTEx dataset analysis is available at https
:/lwww.gtexportal.org/home/. Kaplan-Meier plotter is avail-
able at http://lqnplot.com/.25

2.3 | Helicobacter pylori (Hp) culture

Hp strains were cultured in Brucella broth with 5% fetal bo-
vine serum under microaerobic conditions (5% O,, 10% CO,,
and 85% N,) at 37°C. Bacteria were harvested and centri-
fuged and then added to gastric cell lines at varying multi-
plicity of infection (MOI) ratios.

2.4 | Animal experiments

Seven (four weeks old) male nude mice were purchased
from QING ZI LAN Animal Company (Nanjing, China).
One week after their arrival, seven five-week-old nude mice
were used for xenograft experiments with both control and
shYAP1 BGC-823 cells. In total, 4 X 10° BGC-823 cells were
subcutaneously injected for each treatment. Tumors could be
observed beginning on day 8, and relative parameters were
recorded to construct the tumor growth curve. All the mice
were sacrificed on day 22, and their tumors were collected for
both mRNA extraction and IHC.

2.5 | siRNA, transfections, and
lentivirus infection

YAPI, IL-1p, and negative control (nc) siRNAs were pur-
chased from the RiboBio company (the si-h-YAP1 and
si-h-IL-1p kits each included three target sequences). We
transfected AGS, BGC-823, and GES-1 cells with 20 nmol/L
siRNA in antibiotic-free Opti-MEM (Gibco) for 72 hours
using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer's instructions. The shY AP1 lentivirus was produced
by the GENECHEM company using the siYAP1 sequences
5’-GGUGAUACUAUCAACCAAAATAT-3" and 3’-dTdT
CCACUAUGAUAGUUGGUUU-5".

26 |

pcDNA4/HisMaxB-YAP1-S127A  (Addgene  plasmid
#18988), pcDNA4/HisMaxB-YAP1 (Addgene plasmid
#18978), and pCMV-flag YAP2-5SA (Addgene plasmid
#27371) were obtained from Addgene. The pGL3 Basic lu-
ciferase reporter vector was purchased from Promega.

Plasmids
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2.7 | Colony formation assay 2.12 | Immunohistochemistry
(IHC) staining

We transfected AGS, BGC-823, and GES-1 cells with siRNA
(siYAP1 and silL-1pB) or plasmids. Seventy-two hours after
siRNA transfection or forty-eight hours after plasmid trans-
fection, the cells were seeded in 6-well plates. For AGS
cells, seven days were needed for the colonies to grow, while
14 days were needed for the BGC-823 and GES-1 cells. After
7-14 days of incubation at 37°C in a humidified 5% CO?2 at-
mosphere, the colonies were fixed and stained with metha-
nol and Giemsa buffer, respectively, and the colony numbers
were counted.

28 |

Cell pellets from the different treatment groups were lysed
with 1 X Laemmli sample lysis buffer (62.5 mmol/L Tris-
HCI (pH 6.8), 10% glycerol, 2% SDS, 0.002% bromophenol
blue, and 100 mmol/L DTT), and a spectrophotometer was
used to determine the protein concentrations. We used the
Bio-Rad system to run electrophoresis and transfer proteins
to PVDF membranes. After 1.5 hours of blocking (blocking
buffer: 5% milk diluted in 1 x TBST buffer), primary an-
tibodies were added, and the membranes were incubated at
4°C overnight with gentle shaking. The secondary antibodies
were horseradish peroxidase-labeled, and Millipore ECL rea-
gents were used to detect the proteins on the blots.

Western blotting

2.9 | Antibodies

YAP (D8H1X) XP® rabbit mAb (#14074) and phospho-
YAP (Ser127) (D9W2I) rabbit mAb (#13008) were pur-
chased from Cell Signaling Technology (CST), and the IL-1f
antibody (16806-1-AP) was purchased from Proteintech. The
anti-CagA antibody was purchased from Abcam, and the f3-
Actin antibody (C4) (sc-47778) was purchased from Santa
Cruz Biotechnology.

2.10 | Immunofluorescence (IF) staining

Cells were initially seeded on coverslips. After treatment
and incubation in the cell culture incubator, the cells were
fixed in 4% paraformaldehyde and incubated with primary
antibodies at 4°C overnight. Anti-rabbit IgG (H + L) and the
F(ab’)2 fragment (CST) were used as secondary antibodies,
and DAPI (4-6-diamidino-2-phenylindole dihydrochloride)
was used to detect nuclei.

211 |

The Cell-LightTM EdU Apollo®488 In Vitro Imaging Kit
was used to detect cell proliferation according to the manu-
facturer's instructions (Guangzhou RiboBio).

Edu assay

Tissues from patients and mice were embedded in paraffin.
After deparaffination, dehydration, epitope retrieval, and
H202 treatment, the sections were blocked in 5% normal
goat serum for 30 min and incubated with primary antibodies
at 4°C overnight. After incubation with the secondary anti-
body, the DAB Staining Kit (Vector Laboratories) was used
for staining.

2.13 |
PCR

Total RNA was extracted from harvested cells using TRIzol
reagent according to the manufacturer's instructions, and the
RevertAid First Strand DNA Synthesis Kit (Fermentas) was
used to reverse transcribe the total RNA into cDNA. The
sequences of primers used in the gPCR assays were as fol-
lows: p-actin: 5’-AGTTGCGTTACACCCTTTCTTG-3’ and
5’-CACCTTCACCGTTCCAGTTTT-3’; and YAP1-168:5’-
CATGGCAGAAAGACTGAAAAATAAC-3’ and
5’-GAGGATAAAATCCACCTGAGCAC-3".

RNA extraction and quantitative RT-

2.14 |

Human IL-1B promoter fragments were cloned from
human genomic DNA by PCR. Primers containing the
Kpnl and HindIIl restriction sites were designed in the
fragment sequences to construct luciferase reporter plas-
mids. The primers were as follows: IL-1-1 (motif A)

Dual luciferase assay

F: 5’-GGTACCCCCCAGCCAAGAAAGGTCA-3’,
R: 5’-AAGCTTTGGAAGGGCAAGGAGTAGC-3’;
and 1IL-1-2 (motif B) F: 5’-5’-

GGTACCACAACAGGCTGCTCTGGGATT-3’, R: 5’-
AAGCTTGGAGCAGAGGCTTTGACACTAA-3’. The
fragments were cloned into the pGL3 Basic luciferase reporter
vector (Promega). The Luciferase Assay System (Promega)
was used to detect firefly and Renilla luminescence, and the
Renilla signal was used for normalization.

2.15 | Chromatin immunoprecipitation
(ChIP) assay

A Chromatin Immunoprecipitation (ChIP) Assay Kit (Millipore)
was used to perform the ChIP assay. Sonicated chromatin frag-
ments were incubated overnight at 4°C with the anti-YAP1 an-
tibody, and bound DNA precipitants were analyzed using PCR.
The primers used for PCR detection were as follows: IL-1-1 (motif
A) F: 5-GGTACCCCCCAGCCAAGAAAGGTCA-3’ and R:
5’-AAGCTTTGGAAGGGCAAGGAGTAGC-3’; and IL-1-2
(motifB)F:5’-GGTACCACAACAGGCTGCTCTGGGATT-3’
and R: 5’-AAGCTTGGAGCAGAGGCTTTGACACTAA-3’.
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2.16 |

Experimental quantitative data were obtained in biologi-
cal replicates and shown as means (+SD). Student's ¢ tests,
XZ tests, and log-rank test were used to analyze the data.
P < 0.05 was considered statistically significant.

Statistical analysis

3 | RESULTS
3.1 | YAPI1 is upregulated in human gastric
specimens and gastric cell lines

To clarify the association between YAP1 and GC, we
first collected data from the TCGA (The Cancer Genome
Atlas) and GTEx (Genotype-Tissue Expression) database
and compared the YAP1 mRNA expression levels among
normal gastric tissues (N = 211) and cancerous gastric tis-
sues (T = 408)26 (Figure 1A). YAPI was expressed at sig-
nificantly higher levels in stomach adenocarcinoma (STAD)
than in normal gastric mucosa. Kaplan-Meier analysis re-
vealed that high YAPI expression was significantly asso-
ciated with shorter patient overall survival in GC (Figure
1B). We next stained YAP1 in paired nontumorous and can-
cerous gastric tissues using immunohistochemistry (IHC)
(Figure 1C), revealing that both the positivity and intensity
of the YAPI signals were enhanced in GC. We detected
YAPI expression levels in 28 human atrophic gastritis (AG)
samples and 13 GC samples by quantitative real-time PCR
(qPCR), revealing obviously higher YAP1 expression in GC
tissues compared to that in AG tissues (Figure 1D). YAPI
expression in GC reached a new level, which emphasized
the role of YAP1 in AG-GC malignant transformations. We
next divided 82 AG tissue samples into Hp-positive and Hp-
negative groups. We performed qPCR and THC staining and
found high YAPI expression levels in Hp-positive patients,
which implied the role of YAP1 in Hp-induced gastric ma-
lignancy progression (Figure 1E and Figure S1A). Higher
levels of YAP1 expression were detected in the GC cell
lines AGS and BGC-823 compared with that in the gastric
epithelial cell line GES-1 (Figure S2A). These results illus-
trated that YAP1 is overexpressed in human gastric tumor

tissues and might be positively correlated with Hp-induced
GC progression.

3.2 | Helicobacter pylori promotes YAP
expression and nuclear translocation

In our studies, the fact that Hp might be associated with
YAPI overexpression aroused our attention. Additionally,
we found an interesting phenomenon that Hp infection can
promote YAPI1 expression and nuclear translocation. We
added the Hp standard strain Ap26695 to the gastric epi-
thelial cell lines AGS and BGC-823 and the human gastric
epithelial cell line GES-1 and harvested these cells at 0, 2,
4, 6, and 8 hours. We then detected the protein expression of
YAPI and YAPI serine 127 phosphorylation (YAP1S127)
by Western blot (Figure 2A-C). YAP1S127 is a phosphoryl-
ated form of YAPI that cannot be transferred into the nu-
cleus. With Hp26695 infection, YAP1 protein expression
in AGS, BGC-823, and GES-1 cells was upregulated in a
time-dependent manner, while YAP1S127 protein expres-
sion showed the opposite trend, indicating a potential in-
crease in YAPI1 nuclear translocation. To investigate whether
the Hp26695 and CagA stimuli could trigger YAP1 nuclear
translocation, we conducted immunofluorescence (IF) stain-
ing after infecting AGS and BGC-823 cells with the CagA+
and CagA— Hp strains. Hp promoted YAP1 nuclear translo-
cation only when CagA was present, as the CagA— Hp in-
fection did not show similar effects (Figure 2D,E). We then
transfected AGS cells with the CagA plasmid, and the results
were consistent (Figure 2F). To investigate the role of YAP1
in Hp-infected GC cells, we knocked down YAPI using
YAPI small interfering RNA (siRNA). Among three parallel
YAPI siRNAs, siYAP1.3 (si3) had the highest knockdown
efficiency (Figure S2B) and was thus used to perform all
knockdown experiments in this study. Seventy-two hours
after the YAP1 siRNA was transfected, AGS and BGC-823
cells were infected with 2p26695 for 6 hours, and the colony
formation assay was then performed (Figure 2G). In both cell
lines, Hp26695 infection significantly increased the colony
formation ability, and this effect was inhibited by YAPI
knockdown. These results proved that Hp promotes GC cell

FIGURE 1

YAPI1 expression in gastric cancer and its association with Helicobacter pylori infection. (A) TCGA (https://cancergeno

me.nih.gov) and GTEx (https://www.gtexportal.org/home/) data analysis of YAP1 mRNA levels in normal gastric mucosa tissues and stomach

adenocarcinoma (STAD) tissues (Stomach Adenocarcinoma (TCGA, Provisional) January 2017). Normal gastric mucosa has lower YAP1

expression. (B) http://kmplot.com/ data analysis showed higher YAP1 expression is a predictor for shorter overall survival in GC patients. The

median cutoff was used to categorize patients into low and high YAP1 expression groups. Mantel-Cox test was used in the survival analysis.

Hazard ratio (HR) was presented in each panel, respectively. (C) Immunohistochemical staining was performed on nontumorous gastric samples

and gastric tumor samples. Quantification of the data shows that YAP1 is highly expressed in gastric tumor tissues (data are presented as the

mean + SD, ***=P < (0.001). (D) Relative YAP1 mRNA levels were detected by qPCR in atrophic gastritis (AG, n = 28) and gastric cancer (GC,
n = 13) patient samples (data are presented as the mean + SD, ****=P < 0.0001, unpaired ¢ test). (E) Atrophic gastritis (AG) patient samples were
divided into Hp+ (n = 20) and Hp- (n = 62) groups based on Helicobacter pylori (Hp) infection. YAP1 mRNA levels were detected by qPCR (data

are presented as the mean + SD, *=P < 0.05, **=P < 0.01, unpaired ¢ test)
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proliferation partially by regulating YAP1. Hp functions not
only by upregulating YAP1 expression but also by promoting
YAPI nuclear translocation. Hp enhanced YAP1 expression
and nuclear translocation by injecting its toxin protein CagA
into gastric epithelial cells.

3.3 | YAP contributes to GC cell
proliferation in vitro

To further investigate the role of YAP1 in GC cell prolifer-
ation, we induced YAPI siRNA in the AGS and BGC-823
cell lines and performed colony formation assays. Both
AGS and BGC-823 cells had concordant results; cells of
the siYAPI group formed much fewer colonies than those
of the nc group (Figure 3A). The YAPS127 plasmid pro-
vides sustained overexpression of the serine 127 mutant
form of YAP1. This YAP1 mutant cannot be phosphoryl-
ated at its serine 127 position and thus can continuously
translocate into the nucleus. We transfected AGS and
BGC-823 cells with the YAPS127 mutant plasmid and per-
formed the colony formation assay (Figure 3B). Both AGS
and BGC-823 control group cells formed fewer colonies
than the YAPS127 group, indicating that activated YAP1
plays a key role in GC cell proliferation. The efficiency
of the plasmid was confirmed by Western blotting (Figure
S2C, D). We also collected YAP1 knockdown and YAP1
activated cells to test their proliferation capacities using the
Edu assay. In accordance with the colony formation assays,
the Edu assays also provided evidence of the promotional
effect of YAP1 on proliferation in vitro (Figure 3C-F), sug-
gesting that YAP1 can transform non-tumorigenic cells in
vitro. These results collectively prove that YAPI can con-
tribute to GC cell proliferation and might promote the ma-
lignant transformation of nontumorigenic gastric epithelial
cells.

34 |
in vivo

YAPI1 can induce gastric tumor growth

To confirm the oncogenic role of YAP1 in gastric epithelial
cells in vivo, we constructed a lentivirus-infected BGC-823
cell line stably expressing shYAP1. The YAP1 knockdown
efficiency was verified at the protein level (Figure 4A). Both
negative control (con) and shYAP1 BGC-823 cells were
used for xenograft experiments with subcutaneous infection.

Tumors could be observed beginning on day 8, and relative
parameters were recorded to construct the tumor growth curve
(Figure 4B,D). All of the mice were sacrificed on day 22,
and their tumors were excised (Figure 4C). According to the
photographs shown in Figure 4C, the shYAP1 group formed
smaller and fewer (con/n = 7, shYAP1/n = 5) tumors than
the negative control group. Tumors from the shYAP1 group
also had reduced volumes and weights compared to those of
the control group, which was in accordance with the result
in Figure 4C (Figure 4D,E). The tumors were collected for
both RNA extraction and paraffin sectioning. YAP1 mRNA
expression was significantly downregulated in the shYAP1
group (Figure 4F), and IHC analysis indicated a similar trend
(Figure 4G). Moreover, decreased expression of IL-1f, a cru-
cial inflammatory cytokine, was also proven by IHC analy-
sis (Figure 4G). Hematoxylin and eosin (HE) stain showed
that more lymphocytes were observed in the negative control
group than shYAP1 group, indicating reduced inflammation
in the xenografts with YAP1 knockdown (Figure S1B). The
collected data confirmed YAP1’s role in the initiation and
growth of tumors generated from GC cells in vivo.

3.5 | YAPI regulates IL-1p transcription
directly in cooperation with TEAD

IHC staining of mouse tumor tissues demonstrated de-
creased IL-1f expression in the shYAP1 group (Figure 4G).
A time-dependent increase in IL-1f expression was also ob-
served in the Hp infection experiment, following the trend
of YAP1 (Figure 2A-C). We knocked down YAP1 expres-
sion in the GC cell lines AGS and BGC-823 using YAP1
siRNA and detected IL-1p mRNA expression by qPCR,
observing that IL-1p mRNA expression was decreased
by approximately 50% after YAP1 knockdown (Figure
5A). Similar YAP1 knockdown results were obtained in
BGC-823 cells at the protein level using both siYAP1 and
shYAPI (Figure 5B). Because numerous published studies
have reported that YAP1 can activate downstream genes
as a transcriptional co-activator by interacting with TEAD
family transcription factors, we proposed that YAP1 regu-
lates IL-1p transcription directly by binding to IL-1’s pro-
moter region in cooperation with TEAD. According to T
Mizuno's publication in Oncogene in 2012,8 we searched
the classic putative TEAD recognition motif on IL-1f’s
promoter region and found three TEAD DNA-binding sites

FIGURE 2 Helicobacter pylori infection promotes proliferation and inflammation and induces YAP1 overexpression and nuclear
translocation. (A, B, C) PBS and hp26695 were added to AGS, BGC-823, and GES-1 cells, respectively (MOI = 100:1). The cells were harvested
at 2, 4, 6, and 8 h, and Western blot analysis was performed. YAP1 and IL-1p expression increased, while phosphorylation at the S127A position

on YAP1 was decreased in a time-dependent manner. (D, E) Immunofluorescence staining of BGC-823 cells infected with CagA-positive and

CagA-negative Hp strains, respectively (****=pP < 0.0001, unpaired ¢ test). (F) YAP1 was upregulated in AGS cells overexpressing CagA. (G)
Colony formation of AGS and BGC cells. PBS or 7p26695 was added to cells 72 h after knocking down YAP1. Quantification is shown at the
bottom (data are presented as the mean + SD of three independent experiments, *=P < 0.05, **=P < 0.01, ***=P < 0.001, unpaired ¢ test)
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within 1000-bp upstream of the TSS of IL-1f (Figure 5C).
Since binding sites 1 and 2 were close to each other, we
regarded the two sites together as motif A. Motif B was
located between Motif A and the TSS. Motifs A and B
were constructed into two plasmids for dual luciferase as-
says, which were conducted to verify that YAP1 functions
to activate IL-1p gene expression. The luciferase signals
in the siYAPI-transfected group were weaker than those
in the nc group in both AGS and BGC-823 cells (Figure
5D), and the luciferase activity was stronger in both cell
lines transfected with the high YAP1 expression plasmid
YAPlup and the serine 127 mutant plasmid YAP1S127
compared with that in the control group (Figure SE). These
findings were then validated with a chromatin immuno-
precipitation (ChIP) assay. DNA immunoprecipitated by a
YAPI1 antibody contained the proximal promoter with two
putative TEAD binding motifs on the IL-1p gene, which
was confirmed by PCR (Figure 5F). These results indicated
that YAPI can bind the IL-1p promoter as a transcription
co-factor and thus regulate IL-1p production.

YAPI-5SA and YAPI-S94A are mutant forms of YAPI.
YAPI1-5SA expresses constitutively active YAP1-5SA, which
is resistant to phosphorylation at multiple sites by Mst2 and
Lats2. YAPI-S94A can disrupt the YAPI-TEAD interaction
but does not impair its general transcriptional activity. Here,
we introduced the YAP1-5SA/S94A mutant plasmid, which is
a combination of YAP1-5SA and YAP1-S94A, to explore the
role of TEAD in IL-1p activation " (TEAD mediates YAPI-
dependent gene induction and growth control). We transfected
GES-1 cells with the YAP1S127A and YAP-5SA/S94 A mutant
plasmids. Colony formation and Edu assays were performed
after 72 hours, revealing that YAP-5SA/S94A could reverse the
positive effect of YAP1S127A on proliferation (Figure 6A,C).
These results showed that when the YAP1-TEAD interaction
was disrupted, GES-1 cells had a decreased proliferation abil-
ity even if the active form of YAP1 was continuously overex-
pressed, which indicated that TEAD plays a key role in assisting
YAP1’s activity on the IL-1p promoter.

Verteporfin (VP), a drug that was first reported to treat
neovascular age-related macular degeneration that is capa-
ble of disrupting YAP1-TEAD binding,28'30 was utilized to
reveal the function of YAP1-TEAD in initiating IL-1f tran-
scriptional expression. VP was dissolved in DMSO and added
at 10 pmol/L 24 hours after BGC-823 cells were transfected
with the YAP1S127A plasmid. The colony formation assay
showed that VP compromised the ability of YAP1S127A to

promote proliferation (Figure 6B). Similarly, cells treated
with VP had a weaker luciferase signal than those transfected
with the YAP1S127A plasmid (Figure 6D), suggesting that
VP slows GC cell proliferation by disrupting the YAPI-
TEAD interaction.

These findings confirmed YAP1’s transcription co-activator
role in the regulation of IL-1p and elucidated the mechanism
of this process. Transfection of mutant plasmids or addition of
the drug VP, which disrupts the YAP1-TEAD interaction, can
arrest the carcinogenesis process. Our findings might provide a
new drug target for GC treatment.

3.6 | Deleting IL-1f partially neutralized
YAP's ability to promote proliferation

To confirm the role of IL-1f in YAP1-regulated GC develop-
ment, we introduced IL-1f siRNA, and the knockdown ef-
ficiency was verified at the mRNA level (Figure S2E). IL-1f
sil had the highest efficiency and was thus applied in the sub-
sequent experiments. IL-1p was knocked down in AGS and
BGC-823 cells after overexpressing YAPIS127A, and the
colony formation assay was performed. IL-1p knockdown
compromised the positive effect of YAP1s127A on colony
formation (Figure 6E). These results illustrated the important
role of IL-1p as a key downstream effector of YAP1 in GC
cell proliferation. The Hp-YAP1-IL-1P pathway may serve
as a novel drug target in GC treatment (Figure 7A).

4 | DISCUSSION
GC progression is a complex process that combines uncon-
trolled proliferation and unhealed inflammation, and the
mechanism by which Hp infection induces gastric carcino-
genesis is not fully elucidated. In this study, we demonstrate
that Hp promotes tumor-accelerating inflammation by en-
hancing YAP1 expression and nuclear translocation. YAP1
functions as a transcriptional co-activator working together
with TEAD. The two-molecule complex binds the IL-1p pro-
moter and thereby increases IL-1p expression. The abundant
IL-1p expression assists GC development by stimulating can-
cer cell proliferation. Taken together, Hp plays an important
role in GC progression by regulating YAP1 and downstream
IL-1p.

The facts that higher incidence rates of GC occur in de-
veloping countries, such as China, and GC often develops

FIGURE 3 YAPI promotes gastric cancer cell proliferation in vitro. (A) The clonogenic abilities of AGS and BGC cells were decreased

upon YAPI knockdown (data are presented as the mean + SD of three independent experiments, **=P < 0.01, ***=P < 0.001, unpaired ¢ test).
(B) The clonogenic abilities of AGS and BGC cells were increased upon overexpression of the nuclear located form of YAP1 (YAP1S127A) (data
are presented as the mean + SD of three independent experiments, **=P < 0.01, ***=P < 0.001, unpaired 7 test). (C, D) Edu assay showing the
reductive proliferative abilities of AGS and BGC cells upon YAP1 knockdown (**=P < 0.01, ***=P < 0.001). (E, F) Edu assay showing the
enhanced proliferative abilities of AGS and BGC cells upon YAP1S127A transfection (*=P < 0.05, **=P < 0.01)
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from severe forms of gastritis indicates that hygienic stan-
dards, eating habits, and microbiota colonization are
closely correlated with GC development.l’31 Interactions
between Hp and its hosts are rather complicated. Hp uses
its bacterial type IV secretion system (T4SS) to inject the
toxin CagA into its host's stomach epithelial cells, trigger-
ing a vast range of downstream signaling cascades and ul-
timately accelerating gastric carcinogenesis.4 Other toxins,
such as VacA and CagL, as well as Hp components, such
as LPS, also contribute to this malignant transformation.
Recently, a group reported that Hp can promote GC by
activating gastric stem cells.”” The gastric carcinogene-
sis initiated by Hp can be partially attributed to changes
in signaling pathways, and the most studied pathways
are toll-like receptor-4 (TLR-4) and nuclear factor-kf (NF-
kB) signaling.33’34Activati0n of TLR-4 triggers a cascade
of downstream signaling pathways, including phosphor-
ylation of the mitogen-activated protein kinase (MAPK)
pathway, which contains the components extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38. Phosphorylation of the MAKP pathway
can further activate several key transcription factors and
lead to uncontrolled growth in GC.» Moreover, activation
of the NF-«xB pathway also plays a critical role in maintain-
ing cell proliferation and protecting cells from apoptosis in
GC.*® Although not all mechanisms underlying the tumor-
promoting role of Hp have been well illustrated, Hp clearly
and cleverly manipulates routine pathways in host cells as
an external stimulus to ensure its survival and proliferation,
as these pathways react sensitively to external signals. The
Hippo cascade is a pathway that is sensitive to environ-
mental signal perturbation.” We observed an unreported
phenomenon that the Hippo cascade key effector YAP1
exhibited increased nuclear translocation after gastric cells
were infected with Hp, which aroused our interests to re-
search new mechanisms underlying the role of YAPI in
Hp-induced gastric carcinogenesis.

Despite the ability of inflammation to resist infection, the
occasional unstoppable activation of inflammatory responses
and activators creates a persistent inflammatory microen-
vironment that facilitates tumor-promoting inflammation,
which contributes to unresolved inflammation *’ and is rec-
ognized as a new cancer hallmark.”® As in some patients,
Hp infection of the stomach can first cause chronic super-
ficial gastritis, then chronic AG with intestinal metaplasia,

then gastric dysplasia, and eventually GC, 83940 studying

Hp-induced gastric carcinogenesis is sufficient to illustrate
how chronic inflammation and infection collaboratively
trigger tumors. In our study, we attempted to elucidate the
mechanism by which Hp infection triggers GC and how GC
cells transform infection signals into constant inflammation,
revealing that YAP1 serves as the link. YAPI transcription-
ally activates IL-1f in GC cells, which is beyond the classic
mechanism involving immune cell responses, and creates a
complete inflammatory environment wherein the infection
occurs.

Although the mechanisms by which inflammation pro-
motes carcinogenesis remain unclear, some consensus has
been reached among researchers regarding the inflammatory
factors influencing carcinogenesis. Both IL-1f and IL-18 are
proinflammatory cytokines that require inflammasomes to
cleave unprocessed IL-1p (pro IL-1p) and unprocessed IL-18
(pro IL-18) into their biologically active forms.*' Once acti-
vated, with the help of caspase-1, the mature IL-1p and IL-18
cause pyroptosis, a type of inflammatory cell death.*” In con-
trast to the constitutive expression of IL-18, transcriptional
activation of the pro IL-1f gene is the foundation of IL-1f ac-
tivation, which is mainly mediated by NF-K[3.43’44 Activated
IL-1p provides positive feed-forward stimulation for inflam-
matory cytokines, thereby amplifying inflammation, which
can result in some diseases, including autoimmune diseases
and cancer.®’

Numerous studies have shown the positive role of IL-1f
in the progression of various cancers, including breast cancer,
lung cancer, and hematological malignancies.%'48 Moreover,
IL-1p has been found to be the most relevant to GC devel-
opment. Abnormally high IL1f expression is one of the most
important factors accelerating GC progression. In our animal
experiment, we observed reduced IL-1p levels in the YAPI
knockdown group, which had an impaired tumorigenesis abil-
ity. In the Hp infection study, both YAP1 and IL-1f expression
showed an infection time-dependent trend, which provided a
clue into the novel mechanism. We also checked the expression
of other inflammatory factors (IL-6, IL8, IL-10, and TNFa)
in negative control and YAP1 knockdown groups in AGS and
BGC. However, we did not find accordant results showing that
they were YAP1 direct downstream effectors (Figure S2f).

TEADs are DNA-binding proteins that can be activated
by YAP1 and work as transcription factors.” YAP1 has
been demonstrated to promote tumorigenesis by activating

FIGURE 4 YAPI promotes gastric tumorigenesis in vivo. (A) Stable YAP1 knockdown was performed in the BGC-823 cell line using a
lentivirus system. The knockdown efficiency was confirmed by Western blot. (B, C) Tumors in nude mice generated by BGC-823 cells transfected

with a negative control (nc, left side) and lenti-shY AP1(shYAPI, right side). (D) Tumor growth curve showing a lower growth rate after YAP1

knockdown. (E) Tumor weight. Tumors were collected after the mice were sacrificed. Tumors from the negative control and shYAP1 groups were

weighed (data are presented as the mean + SD, *=P < 0.05, unpaired ¢ test). (F) YAP1 mRNA levels in tumors were detected by qPCR (data are
presented as the mean + SD, *=P < 0.05, unpaired r-test). (G) IHC results showing decreased YAP1 and IL-1p expression levels in the shY AP1

group compared with those in the nc group
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FIGURE 5 YAPI induces IL-1f expression by binding the IL-1p promoter region. (A) Loss of YAPI reduced IL-1 mRNA expression in
AGS and BGC-823 cells (data are presented as the mean + SD of three independent biological experiments, *=P < 0.05, ***=P < 0.001, unpaired
t test). (B) IL-1p was downregulated when YAP1 was knocked down in YAP1 siRNA-transfected and stable shY AP1 BGC-823 cells. (C) TEAD
binding sites on the IL-1p promoter region. Three TEAD binding sites were divided into two motifs, which were inserted into a backbone plasmid

for the construction of a dual luciferase assay vector. (D) Decreased luciferase activity (motif A and motif B) was observed upon YAP1 knockdown
in both AGS and BGC-823 cells (data are presented as the mean + SD, **=P < 0.01, ***=P < 0.001, ****=P < (0.0001). (E) Increased luciferase
activity (motif A and motif B) was observed in AGS and BGC-823 cells transfected with the YAP1S127A and YAP1up plasmids (data are
presented as the mean + SD, **=P < 0.01, ***=P < 0.001, ****=P < 0.0001). (F) ChIP analysis confirming that YAP1 can bind two regions of

the IL-1p promoter in BGC-823 cells

TEAD in breast cancers, cholangiocarcinoma, and renal cell
carcinoma.”’>? Moreover, TEADs were shown to be overex-
pressed in GC.>* In our study, disrupting the YAP1-TEAD
interaction interfered with the gastric tumor development
process. The YAPI-TEAD interaction can be disrupted by
either adding the drug VP or transfecting mutant plasmids.

In addition, an increasing number of studies have shown
that VP has an anti-proliferation effect on various cancers,
including melanoma, prostate, liver, esophageal, and lung
cancer.”*”® These findings indicate that YAP1 might be-
come a new drug target in GC treatment, but further investi-
gation is needed for clinical transformation.

FIGURE 6 YAPI functions on IL-1p promoter via interaction with the transcriptional factor TEAD. (A) GES-1 cells transfected with

the YAP5SSA/S94A plasmid formed fewer colonies than the YAP1S127A-transfected and control groups (data are presented as the mean + SD,
k=P < (.001, unpaired ¢ test). (B) Verteporfin (VP, 10 pmol/L) reversed the promotional proliferation effect of YAP1 on BGC-823 cells (data
are presented as the mean + SD, **=P < 0.01, ***=P < 0.001, unpaired t test). (C) Edu assay showing that the YAP5SA/S94A plasmid can
compromise the promotional proliferation effect of YAP1 on GES-1 cells. (D) Dual luciferase assay showing that VP (10 pmol/L) disrupted the
regulation of YAP1 on the IL-1p promoter region (data are presented as the mean + SD, *=P < 0.05, **=P < 0.01, ***=P < 0.001). (E) Loss of
IL-1p partially compromises the pro-proliferative effect of YAP1. Complementary experiments were performed in AGS and BGC-823 cells by
transfecting the YAP1S127A plasmid into IL-1f knockdown cells. IL-1p knockdown compromised the positive effect of YAP1s127A on colony
formation (data are presented as the mean + SD, **=P < 0.01, ***=P < 0.001, ****=P < 0.0001)
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Type IV secretion system

In summary, our findings sketch an outline of the Hp-
YAPI-IL-1p pathway. This axis connects Hp infection to vast
tissue inflammation and tumorigenesis and thereby plays an
important role in GC initiation and development.
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