
ORIGINAL RESEARCH
Inflammation-Associated Senescence Promotes Helicobacter
pylori–Induced Atrophic Gastritis

Qinbo Cai,1,2,4 Peng Shi,1,2,4 Yujie Yuan,1,2 Jianjun Peng,1,2 Xinde Ou,1,2,4 Wen Zhou,1,2,4

Jin Li,1,2,3,4 Taiqiang Su,1,2,3,4 Liangliang Lin,1,2 Shirong Cai,1,2 Yulong He,1,2,3 and Jianbo Xu1,2

1Center of Gastrointestinal Surgery, the First Affiliated Hospital of Sun Yat-sen University, Guangzhou, China, 2Center for
Diagnosis and Treatment of Gastric Cancer, Sun Yat-sen University, Guangdong, China; 3Center for Digestive Disease, the
Seventh Affiliated Hospital of Sun Yat-sen University, Shenzhen, China, 4Laboratory of General Surgery, the First Affiliated
Hospital of Sun Yat-sen University, Guangzhou, China
Senescence

Atrophic gastritis

CXCL1/CXCL8

CXCR2

Gastric epithelial cells

H pylori

NFKB1

p21

p53P p53

p53P

p53
P

SUMMARY

Cellular senescence is a new mechanism for Helicobacter
pylori–induced atrophic gastritis, and H pylori promotes
senescence through inflammatory C-X-C motif chemokine
receptor 2 signaling. Inhibition of C-X-C motif chemokine
receptor 2 signaling is a potential therapy to prevent atro-
phic gastritis and subsequent precancerous lesions.
BACKGROUND & AIMS: The association between cellular
senescence and Helicobacter pylori–induced atrophic gastritis is
not clear. Here, we explore the role of cellular senescence in H
pylori–induced atrophic gastritis and the underlying mechanism.

METHODS: C57BL/6J mice were infected with H pylori for bio-
logical and mechanistic studies in vivo. Gastric precancerous le-
sions from patients and mouse models were collected and
analyzed using senescence-associated beta-galactosidase, Sudan
Black B, and immunohistochemical staining to analyze senescent
cells, signaling pathways, and H pylori infection. Chromatin
immunoprecipitation, luciferase reporter assays, and other tech-
niques were used to explore the underlying mechanism in vitro.

RESULTS: Gastric mucosa atrophy was highly associated with
cellular senescence. H pylori promoted gastric epithelial
cell senescence in vitro and in vivo in amanner that depended on
C-X-C motif chemokine receptor 2 (CXCR2) signaling. Interest-
ingly, H pylori infection not only up-regulated the expression of
CXCR2 ligands, C-X-C motif chemokine ligands 1 and 8, but also
transcriptionally up-regulated the expression of CXCR2 via the
nuclear factor-kB subunit 1 directly. In addition, CXCR2 formed a
positive feedback loop with p53 to continually enhance senes-
cence. Pharmaceutical inhibition of CXCR2 in an H pylo-
ri–infected mouse model attenuated mucosal senescence and
atrophy, and delayed further precancerous lesion progression.

CONCLUSIONS: Our study showed a new mechanism of H
pylori–induced atrophic gastritis through CXCR2-mediated
cellular senescence. Inhibition of CXCR2 signaling is sug-
gested as a potential preventive therapy for targeting H pylo-
ri–induced atrophic gastritis. GEO data set accession numbers:
GSE47797 and GSE3556. (Cell Mol Gastroenterol Hepatol
2021;11:857–880; https://doi.org/10.1016/j.jcmgh.2020.10.015)

Keywords: H pylori; Mucosa Atrophy; Senescent Cell; C-X-C
Motif Chemokine Receptor 2.

trophic gastritis is a pivotal stage in the multistep
Aprocess of intestinal-type gastric carcinogenesis,
which includes the sequential development of chronic
gastritis (CG), atrophic gastritis (AG), intestinal metaplasia
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Abbreviations used in this paper: AG, atrophic gastritis; BrdU, bro-
modeoxyuridine; CagA, cytotoxin-associated gene A; CDKN, cyclin-
dependent kinase inhibitor; CG, chronic gastritis; ChIP, chromatin
immunoprecipitation; CXCL, C-X-C motif chemokine ligand; CXCR2,
C-X-C motif chemokine receptor 2; DP, dysplasia; GEO, Gene
Expression Omnibus; GSEA, gene set enrichment analysis; IHC,
immunohistochemical; IL, interleukin; IM, intestinal metaplasia; MNU,
N-methyl-N-nitrosourea; MOI, multiplicity of infection; mRNA,
messenger RNA; NF-kB, nuclear factor-kB; NFKB1, nuclear factor-kB
subunit 1; PBS, phosphate-buffered saline; PMSS1, pre-mouse Sydney
strain 1; qPCR, quantitative polymerase chain reaction; RELA, RELA
proto-oncogene, nuclear factor-kB subunit; SASP, senescence-asso-
ciated secretory phenotype; TP53, tumor protein p53.
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(IM), dysplasia (DP), and, finally, gastric cancer.1,2 AG is a
strong risk factor for gastric cancer, and patients with AG
have a 3.5-fold increased risk of developing gastric can-
cer.3 Helicobacter pylori infection is the most important
cause of nonautoimmune AG, with a high odds ratio of
6.4.4,5 Some mechanisms underlying H pylori–induced AG
have been reported. H pylori attachment can cause direct
damage to the surface epithelial cells via actin polymeri-
zation within the cells. In addition, H pylori adhesion in-
duces many inflammatory factors, such as C-X-C motif
chemokine ligand 8 (CXCL8), interleukin (IL)1, IL6, and
tumor necrosis factor-a. In addition, apoptosis is proposed
as a possible mechanism of mucosal epithelial damage
under H pylori infection.6–8 However, adhesion-dependent
mechanisms are unlikely to function in oxyntic or chief
cells because H pylori always resides in the vicinity of
surface and foveolar mucous cells, but does not reach the
oxyntic glands.9 It seems that inflammation-dependent
mechanisms can partly explain damage in oxyntic or
chief cells because inflammatory cells and inflammatory
cytokines infiltrate the entire gastric mucosa.10

Cellular senescence is a specific phenomenon wherein
a proliferation-competent cell undergoes permanent
growth arrest under various cellular stresses, such as
DNA damage and oncogene activation.11 Cellular senes-
cence is considered one of the most important barriers to
tumorigenesis12 and often is observed in premalignant
lesions leading to prostate, lung, or breast cancer. How-
ever, the dual role of senescence in tumorigenesis
recently was described.13 Senescent cells express a large
number of secreted proteins that result in a specific
“senescence-associated secretory phenotype” (SASP),
often accompanying these processes.14 SASP includes
inflammatory cytokines and chemokines and leads to the
inflammatory response, which can be both beneficial and
harmful. For example, SASP can induce immune sup-
pression and promote tumor cell proliferation and
invasion.15–17 H pylori infection induces various inflam-
matory factors, such as CXCL8 and CXCL1, which also
have been identified as part of the SASP.13 In addition, it
has been reported that cytotoxin-associated gene A
(CagA), the important virulence factor of H pylori, can
induce cellular senescence via the regulation of p21.18

These evidences indicate that H pylori infection might
induce the senescence of gastric epithelial cells. One of
the important features of atrophic mucosa is that glands
lose the ability to regenerate.6 If H pylori can induce
gland cell senescence through adhesion-dependent or
independent mechanisms, then cellular senescence could
be another mechanism of H pylori–induced AG. However,
it was reported that senescent cells were detectable in IM
and reduced in gastric cancer,19 but whether senescent
cells exist in atrophic mucosa has not been reported.
Here, we show that cellular senescence is a new mecha-
nism of H pylori–induced AG and that H pylori promotes
the senescence of gastric epithelial cells via C-X-C motif
chemokine receptor 2 (CXCR2) signaling. Pharmaceutical
inhibition of CXCR2 attenuated mucosa senescence and
atrophy under H pylori infection in vivo.
Results
Senescent Cells Are Abundant in Atrophic
Mucosa

It remains unknown whether cellular senescence is
associated with H pylori–induced AG. To answer this ques-
tion, we first collected fresh gastric mucosa biopsy samples
from a patient diagnosed with CG, AG, and IM who also was
positive for H pylori infection. Sometimes AG is accompanied
by IM or DP. In this study, AG was defined as pure mucosa
atrophy without IM or DP so that we could better under-
stand the mechanism of different stages. By using senes-
cence-associated beta-galactosidase (SA-b-gal) staining, we
detected abundant senescent cells in mucosal glands with
AG, but not in those with CG. In atrophic mucosa in which
gastric glands were partly replaced with intestinal glands, a
large amount of senescent cells could be detected in the
intestinal glands. However, senescent cells hardly raised in
intestinal glands located in mucosa with little normal gastric
mucosa loss (Figure 1A). It seemed that cellular senescence
was highly related to H pylori–induced mucosa atrophy. To
confirm this hypothesis, we retrospectively collected
formalin-fixed gastric mucosa biopsy samples from 20 pa-
tients diagnosed with H pylori–induced CG combined with
AG, IM, and DP at the same time. We used Sudan Black B
staining to detect senescent cells in these samples because
SA-b-gal staining cannot be applied to formalin-fixed sam-
ples. The results showed that senescent cells were the most
abundant in AG mucosa without IM or DP, followed by mu-
cosa with IM (Figure 1B). We also used a mouse-adapted H
pylori strain, the pre-mouse Sydney strain 1 (PMSS1), to
generate an H pylori–infected mouse model (Figure 2D). The
abilities of PMSS1, such as activating nuclear factor-kB (NF-
kB) signaling and up-regulating CXCL8 messenger RNA
(mRNA), were confirmed before infection (Figure 2A–C). We
used SA-b-gal staining to detect senescent cells in precan-
cerous lesions from this H pylori–infected mouse model, and
the results were similar to those in the patient samples.
Abundant senescent cells were detected in mucosa with pure
AG, but not in mucosa with CG, IM, or DP (Figure 2F).

Based on these results, we conclude that senescent cells
might be strongly related to H pylori–induced AG.
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Figure 1. Cellular senescence is highly associated with H pylori–induced atrophic gastritis. (A) Mucosa images (from
antrum) from a representative patient diagnosed with CG, AG, and IM. Senescent cells are stained with SA-b-gal. Scale bar:
200 mm. Black arrows refer to SA-b-gal–positive cells. (B) Senescent cells were detected by Sudan Black B staining in human
mucosa biopsy samples (from antrum, 20 patients diagnosed with CG, AG, IM, and DP at the same time). CG was restricted to
mucosa without AG, IM, or DP. AG was restricted to atrophic mucosa without IM or DP. IM was restricted to mucosa without
DP. Plot: median. Scale bar: 100 mm. Significant differences were analyzed using the Mann–Whitney test. The boxed areas
show where the larger image in the down panel come from. **P < .01. ****P < .0001. NFR, nuclear fast red.
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H pylori Infection Promotes Senescence in
Gastric Mucosal Cells

Because we showed earlier that senescent cells were
abundant in H pylori–induced AG, we next investigated
whether H pylori infection could promote senescence in
gastric mucosa. We found that senescent cells were easily
detected in H pylori–colonized mouse mucosa, whereas
almost no senescent cells could be detected in mucosa
from the H pylori–uninfected control mice (Figure 2E).
We then investigated whether a positive H pylori infection
was associated with an increased number of senescent
cells in formalin-fixed gastric mucosa biopsy samples
from the 20 patients mentioned earlier. Some of these
patients had received H pylori eradication treatment;
thus, possibly, no H pylori infection might be detected in
some of the samples if there was no re-infection. We used
immunohistochemical staining (IHC) to identify H pylori
infection and divided them into 2 groups (H pylori–negative
and H pylori–positive groups) (Figure 2G), and the results
showed that senescent cells were much more abundant in
the H pylori–positive group (Figure 2H).

Furthermore, we observed that PMSS1 enhanced the
senescence of AGS and GES-1 cells in a multiplicity of infection
(MOI)-dependent manner in vitro (Figure 2I and J). GES-1 is
an immortalized gastric epithelial cell line transformed by the
SV40 large T-antigen from primary gastric mucosal cells.20

Thus, according to our results, H pylori significantly en-
hances the senescence of mucosal epithelial cells.
H pylori Promotes Senescence in Gastric
Mucosa via CXCR2 Signaling

To explore the pathways involved in H pylori–mediated
senescence, we used gene set enrichment analysis (GSEA) to
analyze expression profiles from Gene Expression Omnibus
(GEO) data sets. We found that the CXCL8/CXCR2 pathway
had a much higher enrichment score than other senescence-
associated gene sets in both H pylori–infected human sam-
ples (GSE47797) and cell lines (GSE3556) (Figure 3A). CXCR2
is a G-protein–coupled cell surface chemokine receptor; its
most important ligands are CXCL8 and CXCL1, but other
CXCR2 ligands include CXCL2, CXCL3, CXCL5, CXCL6, and
CXCL7.21 CXCR2 signaling has been reported to promote
cellular senescence.22–24 To confirm that CXCR2 signaling can
be activated by H pylori, we evaluated the expression of
CXCR2 and its most important ligands, CXCL8 and CXCL1, in
AGS and GES-1 cells infected with PMSS1 in vitro. CXCL8
mRNA and CXCL1 mRNA were both up-regulated as
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previously reported.25 To our surprise, we found that both the
mRNA and protein expression of CXCR2 also were up-
regulated significantly by H pylori in an MOI-dependent
manner (Figure 3B and C). To further confirm this, we eval-
uated whether positive H pylori infection was associated with
higher expression of CXCR2 in human mucosa from the 20
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patients mentioned previously. Overall, positive H pylori
infection was associated significantly with higher CXCR2
expression in mucosal glands (Figure 3D). Specifically, we
found that CXCR2 was expressed most highly in the base of
glands in mucosa with AG (Figure 3E). The base of glands
contains mainly parietal cells and chief cells, which generally
are lost and replaced during AG.8 In our study, we also
observed that senescent cells were most abundant in the base
of glands in both human mucosa and mouse mucosa with AG
(Figure 1A and 2E, left upper panel). When we assessed
CXCR2 expression according to pathologic type, we found that
CXCR2 expression was higher in mucosa with AG, IM, or DP
than in mucosa with CG (Figure 3F). In mouse mucosa, H
pylori infection also significantly up-regulated Cxcr2 and Cxcl1
protein levels (Figure 3G and H) and mRNA levels (Figure 3I).
The protein level of CXCR2 was correlated positively with the
proportion of senescent cells in both human and mouse mu-
cosa with AG (Figure 3J). This evidence strongly supports the
hypothesis that H pylori enhances cellular senescence in
gastric mucosa via CXCR2 signaling.

Because H pylori infection is associated with both
inflammation and DNA damage,26 we also confirmed that
mucosa with H pylori infection had more gamma H2A.X
variant histone (gH2ax)-positive cells (Figure 3K), as pre-
viously reported,27 and DNA damage is a common stress of
cellular senescence.28 We investigated whether CXCR2
signaling was altered in GES-1 and AGS cells undergoing
senescence induced by DNA damage. Our data show that
CXCR2 and its ligands were up-regulated significantly
(Figure 4A and B). Furthermore, overexpression of CXCR2
in both GES-1 and AGS cells enhanced DNA
damage–induced senescence (Figure 4C and D), while
knocking down CXCR2-attenuated senescence in the same
model (Figure 4E and F). Importantly, CXCR2 knockdown
or inhibition with SB225002 in vitro prevented the
senescence enhanced by PMSS1 in AGS cells (Figure 4G).
Collectively, these data indicate that H pylori enhances
mucosal cell senescence via the CXCR2-associated
signaling pathway.
Figure 2. (See previous page). H pylori promotes gastric ep
CXCL8 mRNA was measured using qPCR after AGS cells were i
of 2 independent repeats analyzed by an unpaired t test. (C) NF
AGS cells were infected with PMSS1 for 8 hours. This proces
ri–infected mouse model. (E) SA-b-gal staining (left upper panel
the H pylori–infected and control mouse groups (samples are fro
is shown. Plot: median. The red arrow refers to typical H pylor
(lower panel). (F) Senescent cells were detected by SA-b-gal sta
Quantification was performed according to pathologic types (the
used in Figure 1B; n ¼ 12 for each category). Plot: median. Lowe
goblet cells. Representative Alcian blue staining of goblet cells a
Typical nuclear dysplasia. Scale bar: 100 mm. All images were ta
the junction between the antrum and corpus. (G) Representative
for H pylori infection as detected using IHC. (H) Senescent c
pylori–positive human precancerous lesions (from antrum). Sene
or DP. Samples from 20 patients diagnosed with CG, AG, IM
Mann–Whitney test. (I and J) SA-b-gal staining and BrdU labeli
radiation to induce senescence and then co-cultured with H pylo
Scale bar: 50 mm. *P < .05. **P < .01. ****P < .0001. GAPDH, gl
red; SBB, Sudan Black B.
CXCR2 Expression Is Up-regulated Directly by
NFKB1 Under H pylori Infection

Next, we investigated the possible mechanisms by which
H pylori up-regulates CXCR2 expression. Because we found
that CXCR2 was up-regulated at both the mRNA and protein
levels, we hypothesized that CXCR2 most likely was up-
regulated via transcription factors activated by H pylori.
Therefore, we used PROMO and JASPAR to predict possible
transcription factors that bind to the CXCR2 promotor re-
gion 2000 bp upstream and 500 bp downstream of the
transcription start site. Transcription factors activated by H
pylori were analyzed using GSE3556 from the GEO database
with the GSEA gene set C3_TFT. Based on these results, 7
transcription factors were included for further analyses
(Figure 5A). We next explored the key transcription factors
contributing to the function of H pylori using inhibitors or
small interfering RNA and finally found that inhibition of the
NF-kB signaling pathway most efficiently attenuated the up-
regulated expression of CXCR2 induced by H pylori at the
mRNA level (Figure 5B–D). An NF-kB signaling inhibitor was
confirmed to have the same effect at the protein level
(Figure 5E). Two transcription factors, RELA proto-
oncogene, NF-kB subunit (RELA) and NFKB1, were pre-
dicted to be involved in the NF-kB pathway (Figure 5A, right
panel). The NF-kB pathway is well known to be activated by
H pylori.8 To determine which transcription factor plays a
critical role, AGS cells were transfected with either the RELA
plasmid, NFKB1 plasmid, or a vector. In our study, NFKB1
was sufficient to up-regulate the expression of CXCR2, while
RELA was not (Figure 5F and G). Luciferase experiments
showed that of the 3 predicted NFKB1 binding sites we
analyzed earlier (Figure 6A), the deletion of response ele-
ments 2 and 3 partly inhibited NFKB1 function. This in-
dicates that response elements 2 and 3 might be the
functional binding sites (Figure 6B and C). In addition, we
confirmed that reporter activity increased in the same trend
when AGS cells were infected with H pylori (Figure 6D),
although no significant change was observed when 293T or
AGS cells were transfected with the RELA plasmid
ithelial cell senescence. (A) Gram staining of PMSS1. (B)
nfected with PMSS1 for 8 hours. Means ± SD. Representative
-kB signaling was assessed using Western blot analysis after
s was repeated twice. (D) Schematic diagram of the H pylo-
) and IHC staining of H pylori colonization (left lower panel) in
m antrum). Right: The histology score of H pylori colonization
i staining (S shape). Scale bar: 100 mm (upper panel); 50 mm
ining in mucosa samples from PMSS1-infected mice (n ¼ 12).
4 diagnoses were defined according to the same strategy we
r: Representative H&E images are shown. Black arrow: Typical
lso is shown in the bottom right of the H&E image. Red arrow:
ken from the antrum except that images about IM were from
human mucosa samples (from antrum) negative and positive

ells detected by Sudan Black B in H pylori–negative and H
scent cells were analyzed only in atrophic mucosa without IM
, and DP. n (negative) ¼ 11, n (positive) ¼ 9. Plot: median.
ng in AGS and GES-1 cells. Cells were first exposed to 5 Gy
ri strain PMSS1 for 5 days (means ± SD, unpaired t test). (G–J)
yceraldehyde-3-phosphate dehydrogenase; NFR, nuclear fast
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(Figure 6E). Furthermore, chromatin immunoprecipitation
(ChIP) analysis showed that NFKB1 could bind to response
elements 2 and 3 (Figure 6F and G), which was consistent
with the results of the luciferase assay. In the mouse model,
Nfkb1 was significantly activated in mucosa with H pylori
infection compared with mucosa under the control condi-
tion (Figure 6H). In addition, we observed the colocalization
of high expression of Cxcr2 and positive nuclear staining of
Nfkb1 in the same area of the mucosa (the base of the
mucosa glands, where there were obvious senescent cells)
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(Figure 2E) and a positive correlation between Cxcr2 pro-
tein level and Nfkb1 activation (Figure 6I). These results
suggest that NFKB1 activated by H pylori binds directly to
the CXCR2 promoter region and thus up-regulates CXCR2.
CXCR2 Enhances the Senescence of Gastric
Epithelial Cells via the p53–p21 Signaling
Pathway

To identify the critical pathways on which CXCR2 depends
to induce senescence in gastric epithelial cells, we measured
the expression of important factors involved in senescence,
including p53, p21, p27, p16, and retinoblastoma tumor-
suppressor protein, using quantitative polymerase chain re-
action (qPCR) in AGS cells undergoing senescence induced by
DNA damage. We found that cyclin-dependent kinase inhib-
itor 1A (CDKN1A) mRNA (encoding p21) increased in both a
dose-dependent and time-dependent manner, while tumor
protein p53 (TP53) mRNA (encoding p53) increased only
slightly (Figure 7A). RB transcriptional corepressor 1 mRNA
(encoding retinoblastoma tumor-suppressor protein) also
increased on day 6 after radiation, but there was no signifi-
cant change in CDKN1B mRNA (encoding p27) and CDKN2A
mRNA (encoding p16) (Figure 7A). P53, phos-p53 (p-p53,
Ser15), and p21 protein expression interestingly were
increased in both a dose-dependent and time-dependent
manner (Figure 7B). These data indicated that p53–p21
signaling might be the key pathway mediating cellular
senescence in gastric epithelial cells.

We next found that overexpression of CXCR2 slightly
increased p53 expression, but there was a more apparent in-
crease in phosphorylated p53 at serine 15. Phosphorylation of
p53 at serine 392 also increased slightly (Figure 7C), while p21
expression increased significantly (Figure 7C). CXCR2 knock-
down also resulted in consistent changes in p53 and phos-
phorylated p53 (Ser 15) expression (Figure 7D). Upon H pylori
infection, p-p53 (Ser15) and p21 protein expression increased
significantly (Figure 7E), which was consistent with a previous
study.29 Furthermore, knockdown of CXCR2 significantly
suppressed p53–p21 signaling activation under H pylori
infection (Figure 7F). In the mouse model, p21 protein levels
Figure 3. (See previous page). H pylori promotes gastric ep
GSEA of senescence-associated pathways in H pylori infection
gastritis) and GSE3556 (AGS cell line infected with wild-type H p
kB pathways were used as a positive control in the analyses. (B)
using qPCR in gastric epithelial cell lines after infection with H
expression was assessed using Western blot analysis in gastr
Western blot in (B and C) were repeated 3 times independentl
gastric mucosa samples. Samples were grouped according to
described in Figure 2G. Samples were from the 20 patients
negative) ¼ 11, n (H pylori positive) ¼ 9. Plot: median. IHC score
highly expressed in atrophic glands, especially the base glands
was evaluated using IHC in different pathologic types of huma
with CG, AG, IM, and DP. The 4 diagnoses were defined accor
sentative images. Plot: median. Mann–Whitney test. (G and H)
n–Whitney test). (I) qPCR analysis of Cxcr2 and Cxcl1 mRNA in m
and cellular senescence in human and mouse mucosa (Spearm
n–Whitney test). Black arrows: typical nuclear staining of gH2ax
**P < .01. ***P < .001. ****P < .0001. NES, normalized enrichm
were up-regulated significantly in mucosa with H pylori
infection compared with those under the control condition
(Figure 7G). In addition, SA-b-gal and bromodeoxyuridine
(BrdU) staining showed that knockdown of p53 prevented
CXCR2-enhanced senescence in AGS cells under radiation
(Figure 8A), and knockdown of p53 inhibited the up-regulation
of p21 by CXCR2 under this condition (Figure 8B).

To further confirm these findings, we evaluated the role of
CXCR2 in the gastric cancer cell lines HGC27 and KATO III,
which lack p53 protein expression (HGC27 has the insertion
frameshift C.450 451insC, and KATO III has a deletion of exons
2–11 of TP53). Interestingly, p21 and cyclin D1 were not up-
regulated in either cell line, while extracellular signal-
regulated protein kinase 1/2 signaling pathways were acti-
vated in both cell lines, which was in contrast to AGS cells with
wild-type p53 protein expression (Figure 8E). Furthermore,
overexpression of CXCR2 promoted proliferation rather than
senescence in HGC27 cells (Figure 8C and D). Finally, we
analyzed the correlation of CXCR2 and p21 expression in pa-
tient samples. In addition to samples from the 20 patients
mentioned earlier, we collected mucosa biopsy samples from
another 20 patients diagnosed with H pylori–induced CG with
IM and DP, but without pure AG, because we could not find
additional patients diagnosed with pure AG. The increased
number of patient samples enabled us to gain a more precise
conclusion. IHC of serial sections showed a high positive cor-
relation between p21 and CXCR2 (Figure 8F). Furthermore,
high p21 expression was observed in the mucosa of patients
with AG and IM, whereas p21 rarely was expressed in the
mucosa of patients diagnosed with CG and DP (Figure 8G).
This pattern of expression was similar to the pattern of se-
nescent cells in the precancerous mucosa (Figure 1B).
Together, these results suggest that CXCR2-enhanced senes-
cence is dependent on p53–p21 signaling.
Possible Positive Feedback Between p53 and
CXCR2 Leads to Enhanced Senescence in
Gastric Mucosa

Even after H pylori eradication, AG gastric lesions asso-
ciated with this infection were not completely eliminated.30
ithelial cell senescence via CXCR2 signaling. Part A. (A)
using GSE47797 (human samples with H pylori–associated
ylori G27, which is CagA positive) from the GEO data set. NF-
Expression of CXCR2 and its important ligands was assessed
pylori for 12 hours (means ± SD, unpaired t test). (C) CXCR2
ic epithelial cell lines after infection with H pylori. qPCR and
y. (D) CXCR2 expression was evaluated using IHC in human
H pylori infection status, which was assessed via IHC as
diagnosed with gastric precancerous lesions. n (H pylori

s were analyzed using the Mann–Whitney test. (E) CXCR2 was
. Black arrows: typical atrophic glands. (F) CXCR2 expression
n tissue samples. Samples were from 20 patients diagnosed
ding to the same strategy we used in Figure 1B. Left: repre-
IHC analysis of CXCR2 and CXCL1 in mouse mucosa (Man-
ouse mucosa (Mann–Whitney test). (J) Correlation of CXCR2
an test). (K) IHC of gH2ax staining in mouse mucosa (Man-
. All histology images were taken from the antrum. *P < .05.
ent score.
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We therefore hypothesized that there is a positive feedback
loop that remains active even after H pylori infection is
eliminated. A previous report showed that CXCR2 can be
activated transcriptionally by p53.23 Therefore, positive
feedback between p53 and CXCR2 in gastric mucosa cells
could act as a critical enhancer of cellular senescence. To
explore this hypothesis, we transfected 293T cells with
lentivirus encoding wild-type p53, which resulted in
increased CXCR2 mRNA levels (Figure 9B). We observed
similar results for protein expression in 293T and AGS cells
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transfected with lentivirus encoding p53 (Figure 9A). To
evaluate whether the activation of endogenous p53 also
could up-regulate CXCR2 expression, AGS cells were treated
with the MDM2 proto-oncogene (MDM2) inhibitor Nutlin-3,
which resulted in a time-dependent and dose-dependent
increase in CXCR2 expression at both the mRNA and pro-
tein levels (Figure 9C and D). In contrast, knockdown of p53
in AGS cells attenuated the increased CXCR2 expression
induced by DNA damage (Figure 9E). In the p53-deficient cell
lines HGC27 and KATO III, DNA damage also caused senes-
cence, but there was no increase in CXCR2 expression in the
senescent cells (Figure 9F and G).

Using JASPAR and PROMO, we predicted 4 possible p53
binding sites in the CXCR2 promoter region (Figure 9H). We
divided these 4 sites into 2 response elements based on
distance (Figure 9H). ChIP analysis of these elements
showed increased enrichment of response element 2
(Figure 9I). Our luciferase assay confirmed that deletion of
the binding site located 54–68 bp upstream of the CXCR2
transcription start site completely reduced the luciferase
activity enhanced by endogenous or exogenous p53
(Figure 9J and K). To evaluate whether the hypothesized
positive feedback loop exists after H pylori eradication,
CXCR2 and p53–p21 signaling were analyzed in AGS cells
after antibiotic eradication and those with active H pylori
infection. The results showed that both the CXCR2 level and
p53–p21 signaling activation remained almost the same
after H pylori eradication (Figure 9L). These results suggest
that there might be a positive feedback loop between p53
and CXCR2 in gastric epithelial cells, which leads to
enhanced senescence in gastric mucosa.
Pharmaceutical Inhibition of CXCR2 Attenuates
Cellular Senescence and Mucosa Atrophy
Induced by H pylori In Vivo

Finally, we investigated whether inhibition of CXCR2 in
the early stage of H pylori infection can efficiently attenuate
excessive senescence in gastric mucosa cells, thus prevent-
ing mucosa senescence and AG using a mouse model
infected with H pylori strain PMSS1 alone or with N-methyl-
N-nitrosourea (MNU) (protocol is presented in Figure 10A).
Patients with H pylori infection always experience other
environmental risk factors. We used MNU as a DNA damage
inducer to imitate other environmental risk factors to
evaluate the effect of CXCR2 inhibition under conditions
Figure 4. (See previous page). H pylori promotes gastric
(A) qPCR and (B) Western blot showing changes in the expres
senescence model (means ± SD, unpaired t test). Two indepen
evaluated using Western blot analysis after AGS and GES-1 cel
gal and BrdU staining showing senescent cells. Cells were trans
then exposed to 5 Gy X-ray, followed by culture for another 5 d
50 mm. (E) Western blot analysis detecting CXCR2 expression
fering (si)RNA or negative control sequences. (F) SA-b-gal and B
Gy X-ray after transfection and then cultured for another 5 da
50 mm. (G) AGS cells were first transfected with CXCR2 siRNA or
that, the cells were cocultured with PBS or PMSS1. SA-b-gal sta
SD, unpaired t test). Scale bar: 20 mm. All of the results are repr
***P < .001. DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyd
more comparable with realistic conditions. It seemed that
neither MNU nor the CXCR2 inhibitor SB225002 had a sig-
nificant impact on H pylori colonization (Figure 10B). CXCR2
inhibitor treatment protected against neutrophil, but not
monocyte, infiltration.31 We observed notably decreased
neutrophil scores in the groups treated with SB225002
(Figure 10C). In addition, our results showed that the per-
centage of senescent cells was decreased significantly in
mice treated with SB225002, even in the PMSS1 combined
with MNU group (Figure 10D). Next, we assessed the effect
of the CXCR2 inhibitor on the development of different
gastric precancerous lesions. The pathologic scores of tissue
sections evaluated using H&E staining showed that scores
for AG were lower in SB225002-treated mice than in un-
treated mice (Figure 11). Interestingly, we found that scores
of IM and DP were also decreased significantly in
SB225002-treated mice compared with control mice
(Figure 11C). Collectively, these results suggest that treat-
ment with the CXCR2 inhibitor in the early stage of H pylori
infection efficiently attenuates neutrophil infiltration,
cellular senescence, and mucosa atrophy, and might delay
the progression of gastric precancerous lesions.
Discussion
Previous studies have shown that the main cause of

H pylori–induced AG is the activation of mechanisms asso-
ciated with H pylori infection, including direct damage from
H pylori attachment and subsequent inflammation and
apoptosis.6,32 In this study, we showed that cellular senes-
cence is another newly defined important cause of H pylo-
ri–induced AG and that senescence in the gastric mucosa
was associated strongly with H pylori–activated CXCR2
signaling. In our study, senescent cells were detected not
only in the superficial glandular layer, but also throughout
the whole gastric mucosa, especially the base of the glands,
which are formed mainly by parietal cells and chief cells.8

This suggests that even stem cells and progenitor cells in
the bottom and isthmus of the glands undergo senescence.
As has been shown previously, superficial and parietal cells
are continuously lost,32 and after a certain time the lack of
new cells differentiating from progenitor or stem cells re-
sults in atrophy. This is the possible mechanism to explain
why cellular senescence finally causes mucosa atrophy.
Recently, it was reported that H pylori and AG were asso-
ciated significantly with accelerated epigenetic aging,33
epithelial cell senescence via CXCR2 signaling. Part B.
sion of CXCR2 and its ligands in the DNA damage–induced
dent replicates were performed. (C) CXCR2 expression was

ls were transfected with lentivirus encoding CXCR2. (D) SA-b-
fected with lentivirus encoding CXCR2 or a control vector and
ays before staining (means ± SD, unpaired t test). Scale bar:
in AGS and GES-1 cells transfected with CXCR2 small inter-
rdU staining showing senescent cells. Cells were exposed to 5
ys before staining (means ± SD, unpaired t test). Scale bar:
treated with SB225002 and then exposed to 5 Gy X-ray. After
ining and BrdU labeling were performed 5 days later (means ±
esentative of 3 independent experiments. *P < .05. **P < .01.
e-3-phosphate dehydrogenase; NC, negative control.



Figure 5. H pylori transcriptionally up-regulates CXCR2 expression via NFKB1. (A) Transcription factors that were up-regulated
by CagA and predicted to bind directly to the promoter region of CXCR2 according to the databases PROMO and JASPAR. For
GSEA, the GEO data set GSE3556 was used. NES� 1.5, NOM P value� .05, FDR� 0.25. (B) Inhibition of the signal transducer and
activator of transcription 1 (STAT1) pathway with fludarabine was evaluated in AGS cells using Western blot analysis (left panel). Cells
were treated with fludarabine and then incubated with PMSS1 for 12 hours. Samples then were harvested for qPCR analysis of
CXCR2 mRNA expression (right panel). Means ± SD. (C) The efficiency of several small interfering (si)RNAs was evaluated using
Western blot analysis in AGS cells (left). AGS cells were transfected with siRNA for 48 hours and then incubated with PMSS1 for 12
hours. Samples then were harvested for qPCR analysis of CXCR2mRNA (right panel). Means ± SD. (D and E) Inhibition of the NF-kB
signaling pathway with Bay11-7082 for 14 hours in AGS cells was evaluated using Western blot analysis. For H pylori infection, AGS
cells were first treated with BAY 11-7082 for 2 hours, followed by H pylori infection for 12 hours. (D) Right: means ± SD, unpaired t
test. (E) Cells under the same conditions also were harvested for Western blot analysis. (F) AGS cells were transfected with RELA or
vector plasmid for 48 hours and then collected for Western blot analysis. (G) AGS cells were transfected with the NFKB1 plasmid for
48 hours and then collected for Western blot analysis. All the Western blot and qPCR results were repeated 3 times. *P < .05. **P <
.01. ****P< .0001. CEBPB, CCAAT enhancer binding protein beta; DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; NC, negative control; VDR, vitamin D receptor.
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which indicated a complex role of H pylori in senescence and
aging.

Our data also suggest that H pylori activates positive
feedback between p53 and CXCR2, which continues to
enhance cellular senescence. We also showed that this posi-
tive feedback was activated by NFKB1, which transcriptionally
increased the expression of CXCR2. NFKB1 can be activated
by various inflammatory factors, such as tumor necrosis



Figure 7.H pylori infection activates p53–p21 signaling. (A) Expression of major senescence-associated genes as assessed
using qPCR in X-ray–induced senescence in GES-1 cells (means ± SD). (B) Expression of the p53 pathway detected
using Western blot analysis in AGS cells. Both qPCR and Western blot results are representative of 2 independent experiments.
(C) Western blot analysis of proteins involved in the p53-associated senescence pathway in AGS cells overexpressing CXCR2.
(D) Western blot analysis of proteins involved in the p53-associated senescence pathway after CXCR2 knockdown using small
interfering (si)RNA. (E) Activation of p53–p21 signaling was analyzed by Western blot upon H pylori (MOI, 100) infection for 3
hours. (F) AGS cells were first transfected with CXCR2 siRNA for 48 hours, followed by H pylori (MOI, 100) infection for 3 hours.
Samples then were harvested for Western blot analysis. (G) IHC analysis of p21 in mouse mucosa (from antrum). Scale bar: 100
mm. ***P < .005. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NC, negative control.

Figure 6. (See previous page). NFKB1 directly up-regulates CXCR2. (A) Diagram showing the NFKB1 transcription
response element (RE) in the CXCR2 promoter region predicted by PROMO and JASPAR. (B) Diagram of wild-type (Wt) and
mutant (Mut) reporters. Each predicted RE was deleted in 1 mutant reporter. (C) Relative luciferase activity of different pro-
moters in 293T cells transfected with the NFKB1 plasmid or empty vector (means ± SD). (D) Relative luciferase activity of the
wild-type and mutant promoters in AGS cells infected with H pylori or PBS for 48 hours. (E) Relative luciferase activity of the
wild-type promoter in 293T and AGS cells transfected with RELA plasmid or empty vector. Luciferase experiments were
performed 3 times and analyzed with an unpaired t test. (F) Enrichment of the 3 predicted response elements from ChIP
analysis (repeated twice, means ± SD, unpaired t test). (G) DNA agarose gel electrophoresis displaying representative results
from 2 independent ChIP experiments. (H) IHC analysis of NFKB1 in mouse mucosa (from antrum, Mann–Whitney test). Black
arrows show typical positive nuclear staining of NFKB1. Red arrows show positive control of NFKB1 nuclear staining in the
infiltrated immunocytes. (I) Positive correlation between Nfkb1 activation and Cxcr2 levels (Spearman test). Left: Represen-
tative images of Nfkb1 and Cxcr2 staining from serial sections are shown (from antrum). Black arrows show representative
glands where there is positive Nfkb1 nuclear staining and high expression of Cxcr2 protein. Scale bar: 50 mm. *P < .05.
**P < .01. ***P < .001. LUCI, luciferase.
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Figure 8. CXCR2 promotes gastric epithelial senescence through p53–p21 signaling. (A and B) SA-b-gal and BrdU
staining of AGS cells cotransfected with lentiviruses encoding CXCR2 and small interfering (si)RNA targeting TP53 mRNA for
24 hours, followed by radiation (5 Gy, means ± SD, unpaired t test). Staining was performed 5 days later. Scale bar: 50 mm.
Data are representative of 3 independent experiments. Unpaired t test. (B) Representative Western blot images of p53 and p21
under this condition are shown. (C) SA-b-gal staining analysis of HGC27 cells transfected with lentiviruses encoding CXCR2.
Cells were stained 5 days after exposure to 5 Gy X-ray. Scale bar: 50 mm. Means ± SD. Unpaired t test. (D) Plate colony
formation assay of HGC27 cells transfected with lentiviruses encoding CXCR2. Only clones with a parameter greater than 1
mm were counted. (C) SA-b-gal staining and (D) colony formation were repeated twice independently. (E) Western blot analysis
of several key proteins in proliferation-associated pathways in HGC27, KATO III, and AGS cells transfected with lentiviruses
encoding CXCR2. All Western blot results shown are representative samples from 3 independent experiments. (F) Quick
scores of CXCR2 and p21 in precancerous lesions from the 40 patients as determined by IHC staining. CXCR2 and p21
staining were performed in adjacent slices. Correlations were analyzed by the Spearman test. Left: Representative images are
shown. (G) p21 expression in human precancerous lesions as detected by IHC (samples from 20 patients diagnosed with CG,
AG, IM, and DP). Scale bar: 100 mm. Plot: median. Mann–Whitney test. All histology images were taken from the antrum.
**P < .01. ***P < .001. ****P < .0001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NC, negative control.
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factor-a induced by H pylori infection7 or IL1-a from SASP,
which suggests that once abundant senescence is activated,
H pylori is no longer necessary for the maintenance of mucosa
senescence. Thus, these results might explain why H pylori
eradication has little or no effect in clinical practice after pa-
tients are diagnosed with apparent atrophy.30,34–36

The present study also shows that H pylori–induced
senescence in the mucosa is dependent on wild-type
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p53–p21 signaling. Meanwhile, an increased frequency of
TP53 gene mutations was reported previously in gastric
tissue from AG to gastric cancer patients.37 TP53 mutations
in gastric mucosa were associated strongly with H pylori
infection,38,39 which caused DNA damage40 and up-
regulated the expression of activation-induced deamina-
tion.41 Activation-induced deamination converts cytosine
into uracil, which is replaced by a thymine after DNA
replication.42 Therefore, H pylori infection induces the most
common TP53 mutation type: the missense mutation. These
results indicate that H pylori has 2 conflicting roles in gastric
tumorigenesis: H pylori enhances senescence while also
inducing TP53 mutations to disrupt senescence. This sug-
gests that a TP53 mutation might be the main mechanism
underlying gastric epithelial cell escape from senescence,
acting as a kind of switch that activates progression from AG
to IM or DP. In addition, the sequential increase in TP53
mutation from AG to gastric cancer may explain why high
CXCR2 expression was detected in IM and DP, but the
number of senescent cells decreased.

If AG is caused by excessive senescence, then inhibiting
CXCR2 might prevent AG. Consequently, prevention of AG
might delay the progression of advanced precancerous lesions.
Our results from theH pylori–infectedmousemodel supported
this hypothesis. This hypothesis is based on the evidence that
IM develops from AG, which is induced or accelerated by some
abnormal stimuli, such as CagA, acid, base, and alcohol.43

During AG, loss of surface and parietal cells might expose
gastric isthmus stem cells or chief cells to these stimuli and
increase the risk of metaplasia.44,45 Inhibiting senescence in
gastric mucosa could reduce SASP, which could be correlated
with inflammation, as is the case with gastric carcinogenesis.46

Moreover, we showed that CXCR2 was critical for H pylo-
ri–mediated senescence and could form a positive feedback
loop with p53. CXCR2 inhibition effectively prevented H pylo-
ri–mediated senescence and disrupted the positive feedback
loop; however, CXCR2 inhibition did not stop p53 from
inducing senescencebecauseCXCR2acts asan enhancerof p53.
Therefore, based on these findings, we propose a model in
which inhibition of CXCR2 prevents excessive senescence and
Figure 9. (See previous page). CXCR2 forms a positive feedb
gastric epithelial cells. (A) Western blot analysis of CXCR2 ex
encoding p53. (B) qPCR analysis of CXCR2 mRNA expression i
p21, was used as a positive control, means ± SD, unpaired t
expression in AGS cells treated with Nutlin-3 in a time-depende
p53 and CXCR2 expression in AGS cells transfected with p53
Western blot analysis of CXCR2 in the HGC27 and KATO III cel
senescent HGC27 and KATO III cells after X-ray exposure. Sca
transcription response element (RE) predicted by JASPAR and
ChIP analysis (means ± SD, unpaired t test) and exemplary D
repeats. (J) Left: diagram of wild-type (Wt) and 4 mutant (Mut) re
Right: Relative luciferase activity of different promoters in AGS
SD). (K) Relative luciferase activity of different promoters in 293T
± SD. Luciferase data are representative of 3 independent repea
3 hours and then eradicated by antibiotics (penicillin and strepto
Western blot, and compared with samples with active H pylori in
with H pylori infection and after H pylori eradication are shown. *
sulfoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenas
atrophic mucosa. For the in vivo studies, we did not produce a
transgenic animal model in which CXCR2 was specifically
knockedout in gastricmucosa cells because CXCR2 knockout is
unfeasible in a clinical trial. We chose to use a CXCR2 inhibitor
because this was more consistent with clinical application. We
hope to provide evidence for further clinical trials.

One of the limitations of our study was that the impact of H
pylori cytotoxic factors on cellular senescence was not evalu-
ated. Epidemiologic studies have shown that the cytotoxic
factors CagA and vacuolating cytotoxin A are associated with a
higher frequency of AG.47 In addition, CagA is an important
activator of NF-kB signaling48 and induces cellular senescence
via the regulation of p21,18 and it seems that CagA is able to
activate CXCR2 signaling and thus promote cellular senescence.
Overall, there is still much work to do to determine the role of
H pylori cytotoxic factors in mucosa senescence and atrophy.
The answer to this question may be useful for understanding
the variation in AG in H pylori–infected patients. Another lim-
itation was that the mechanisms by which CXCR2 regulates the
protein level and Ser15 phosphorylation of p53 are still not
clear and deserve further research in the future.

Conclusions
In conclusion, this study shows that cellular senescence

is a newly identified cause of H pylori–induced AG and that
H pylori promotes gastric mucosa senescence via CXCR2
signaling. Pharmaceutical inhibition of CXCR2 attenuates
mucosa senescence and atrophy induced by H pylori in vivo
and might further delay the progression of precancerous
lesions. CXCR2 therefore may be considered a potential
target for tumor prevention strategies to decrease the risk
of gastric precancerous lesions progressing to cancer.

Methods
Patients

We collected human gastric biopsy samples from 41 pa-
tients from the Endoscopy Center of the First Affiliated Hos-
pital of Sun Yat-sen University. The study was approved by
the Institutional Ethical Committee of the First Affiliated
Hospital of Sun Yat-senUniversity (reference number: [2017]
ack loop with p53 to enhance the cellular senescence of
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le bar: 50 mm. Repeated once. (H) Diagram showing the p53
PROMO. (I) Enrichment scores of different REs obtained from
NA agarose gel electrophoresis images from 2 independent
porters. Each predicted RE was deleted in 1 mutant reporter.
cells treated with Nutlin-3 (10 mmol/L) for 48 hours (means ±
cells transfected with vector or wild-type p53 plasmid. Means
ts. (L) AGS cells were first infected with PMSS1 (MOI, 100) for
mycin) for 3 hours. Samples then were harvested, analyzed by
fection for 6 hours. Right: Representative images of AGS cells
P < .05. **P < .01. ***P < .001. ****P < .0001. DMSO, dimethyl
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Figure 10. Pharmaceutical inhibition of CXCR2 attenuates gastric mucosa senescence and atrophy in vivo. (A) Diagram
showing the protocol of the mouse study. (B) Colonization of H pylori in different groups assessed by histology score. (C)
Neutrophil infiltration score in different groups. Left: Representative H&E images are shown. Black arrows: neutrophils. Scale
bar: 100 mm. (D) Upper: Senescent cells detected using SA-b-gal staining in mouse gastric mucosa in different groups. Lower:
Representative images of mouse stomachs. Scale bar: 50 mm. Plot: median. Significant differences were analyzed using the
Mann–Whitney test. All histology images were taken from the antrum or the junction between the antrum and corpus. *P < .05.
**P < .01. ****P < .0001. NFR, nuclear fast red; SB, SB225002.
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095), and informed consentwas obtained from all patients. Of
the 41patients included in this study, 20were diagnosedwith
CG combined with AG, IM, and DP. Twenty patients were
diagnosed with CG combined with IM and DP. These samples
were formalin-fixed and paraffin-embedded from October
2014 to April 2016. The inclusion criteria were as follows:
patients with samples containing at least 2 types of gastric
precancerous lesions (AG, IM, and DP); at least 3 biopsy
samples from the gastric antrum or the gastric angle. The
exclusion criteria were as follows: patients with autoimmune
diseases, pernicious anemia, gastric surgery history, or
nonsteroidal anti-inflammatory drug use for more than 1
year, and patients with bile reflux disease. Because SA-b-gal
staining could not be performed on paraffin-embedded
samples, only Sudan Black B staining was used to detect se-
nescent cells in these samples. We only obtained fresh gastric
biopsy samples from 1 patient in October 2017 who was
diagnosed with CG combined with AG and IM. We performed
SA-b-gal staining on samples of this patient to detect senes-
cent cells. When analyses were performed, histologic type
was confirmed by H&E staining in the adjacent slice by 2
pathologists. CG was restricted to mucosa without AG, IM, or



Figure 11. Inhibition of CXCR2 delays the progression of gastric precancerous lesions in an H pylori–infected mouse
model. (A) Representative H&E image of different lesions observed in the stomach of the mice. All images were taken from the
antrum except that representative images showing IM were taken from the corpus. (B) Representative H&E staining images of
different groups. The representative images of PMSS1þMNU and PMSS1þMNUþSB groups were taken from the corpus or
the junction between the corpus and antrum, and other images were taken from the antrum. (C) Histologic score in different
groups based on pathologic types. Scale bar: 100 mm. Plot: median. Significant differences were analyzed using the
Mann–Whitney test. *P < .05. **P < .01. ***P < .005. SB, SB225002.
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DP. AG was restricted to atrophic mucosa without IM or DP.
IM was restricted to mucosa without DP.
Cell Lines
The gastric cancer cell lines AGS, HGC27, and KATO III,

and the embryonic kidney cell line 293T were purchased
from the Cell Bank of the Typical Culture Preservation
Committee, Chinese Academy of Sciences (Shanghai,
China). The normal gastric epithelial cell line GES-1 was
purchased from the Lab Animal Center of the Fourth
Military Medical University (Shanxi, China). GES-1 and
AGS cells were cultured in RPMI-1640 medium, HGC27
cells were cultured in Dulbecco’s modified Eagle medium,
and KATO III cells were cultured in IMDM medium
(Gibco-BRL, Grand Island, NY). Each culture medium was
supplemented with 10% fetal bovine serum (Biological
Industries, CT) and 1% antibiotics (100 U/mL peni-
cillin and 100 mg/mL streptomycin).

SA-b-gal and Sudan Black B Staining

To detect senescent cells, we used the SA-b-gal Staining
Kit (C0602 Beyotime; Shanghai, China) according to the
manufacturer’s instructions. Sudan Black B staining
(GENMED, Shanghai, China) was conducted as described
previously.49 A total of 1000 cells were counted for each
sample using light microscopy.



Table 1.siRNA Information

Target gene Sequence

CXCR2-#1 GCTACTTGGTCAAATTCAT

CXCR2-#2 GCTATACATGGCTTGATCAGC

MEF2A-#1 GCTCAACGTTAACAGATTC

MEF2A-#2 GAAACCAGATCTTCGAGTT

CEBPB-#1 GCCCTGAGTAATCGCTTAA

CEBPB-#2 GTGGCCAACTTCTACTACG

YY1-#1 CGACGACTACATTGAACAA

YY1-#2 CCTGAAATCTCACATCTTA

VDR-#1 GTCAGTTACAGCATCCAAA

VDR-#2 CCCACCATAAGACCTACGA

TP53-#1 GAGAAUAUUUCACCCUUAA

TP53-#2 UGGUUCACUGAAGACCCAGUU

siRNA, small interfering RNA.
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Lentiviral Transduction, Plasmid Transfection,
and RNA Interference

The CXCR2 and RELA genes were cloned into the pEZ-
Lv201 lentivirus vector (GeneCopoeia, Guangzhou, China),
and NFKB1 and wild-type p53 were cloned into the pEnter
lentivirus vector (Vigene Biosciences, Shandong, China).
Small interfering RNAs for CXCR2, p53, MEF2A, CEBPB,
YY1, and VDR were purchased from RiboBio (Guangzhou,
China). Lentiviruses were transfected with MOI from 10 to
100, depending on the cell line, and 48 hours after
transfection, cells were selected by puromycin to form
stable cell lines. Plasmids and small interfering RNA were
transfected with Lipofectamine 3000 reagent (Invitrogen),
and 24 hours after transfection, the cell culture medium
was replaced with fresh media. Sequences of small inter-
fering RNA used were listed in Table 1.
BrdU Incorporation
Cells were seeded on chamber slides (NEST, Wuxi,

China), cocultured with BrdU for 5 hours (60 mg/mL),
washed with phosphate-buffered saline (PBS), and fixed
with methanol for 5 minutes at room temperature in the
dark. Slides were washed with PBS and incubated with
PBS containing 2 mol/L HCl and 0.1% Tween 20 to
break the double-stranded DNA. Next, 0.1 mol/L sodium
borate was used to stop the reaction, and slides were
washed in PBS, followed by incubation in 0.1% Tween
20 mixed with 10% goat serum to increase the perme-
ability of the nuclear membrane and to block nonspecific
antibody binding. The slides were incubated with anti-
BrdU antibody overnight at 4�C and then with Alexa
Fluor 594 goat anti-rat IgG (1:500) secondary antibody
at room temperature for 1 hour. The slides then were
incubated with 40,6-diamidino-2-phenylindole at room
temperature for 15 minutes to visualize DNA. Finally,
the slides were fixed with mounting medium (p36934;
Invitrogen).
Plate Colony Formation Assay
Cells transfected with CXCR2-encoding or control lenti-

virus were seeded in 6-well plates (500 cells/well) and then
cultured for 2 weeks. After that, the cells were fixed with
10% (w/v) formaldehyde and stained with 1% (w/v)
crystal violet for 60 minutes at room temperature.
Quantitative Real-Time PCR
TRIzol reagent (Invitrogen) was used to extract RNA from

gastric cancer cell lines and tissue samples according to the
manufacturer’s instructions. A Nanodrop 2000 (ThermoFisher,
MA) and agarose gel electrophoresis were used to evaluate RNA
quantity and quality. RNA was reverse-transcribed using Prime-
Script RT Master Mix (RR036A; Takara, Shiga, Japan), and qPCR
was performed using SYBR Premix Ex Taq (Tli RNaseH Plus,
RR820A; Shiga, Japan) in an ABI 7900 (Applied Biosystems, MA)
following the manufacturer’s protocols. The relative
mRNAexpression levels of the target geneswere calculatedusing
the 2(-deltadeltaCT) method, and glyceraldehyde-3-phosphate
dehydrogenase was used as an endogenous control. The
primers used for the qPCR analysis are listed in Table 2.
IHC Analysis
Four-micrometer–thick sections were deparaffinized in

xylene and rehydrated in alcohol. Antigen retrieval was
performed in citric acid (pH 6.0) or EDTA buffer (pH 8.9)
in which sections were autoclaved for 2 minutes and
placed in 3% H2O2 at room temperature for 15 minutes to
quench endogenous peroxidases. To block nonspecific
antibody binding and increase the permeability of the
nuclear membrane, sections were incubated in 10% goat
serum–0.1% Tween 20 for 30 minutes. Finally, the slides
were incubated with appropriate primary antibodies
(Table 3) for 24 hours at 4�C in a humidified chamber. The
next day, the slides were washed in PBS 3 times and
incubated with horseradish–peroxidase–conjugated second-
ary antibody for 30 minutes followed by diaminobenzidine
tetrahydrochloride chromogen (GK500710; GeneTechnology,
Shanghai, China) at room temperature. Finally, the slides
were counterstained with Mayer’s hematoxylin, dehydrated,
and mounted in neutral balsam before being scanned under
the microscope (Axio Scan Z1, Zeiss, Oberkochen, Germany).
Two pathologists reviewed and evaluated the cell staining
independently, according to a previously reported protocol
(quick score)50: the proportion of cells positively stained
throughout the section was termed category A and was
assigned scores from 1 to 6 (1, 0%–4%; 2, 5%–19%; 3,
20%–39%; 4, 40%–59%; 5, 60%–79%; and 6, 80%–100%).
The average intensity, corresponding to the presence of
negative, weak, intermediate, and strong staining, was given
a score from 0 to 3 and termed category B. The quick score
was a product of A � B.
Histologic Score Analysis of Gastric Mucosa
Samples From Animal Models

Histologic scores were analyzed according to a protocol
modified from a previous study.51



Table 2.Antibody Information

Antibody Final dilution Manufacturer and cat no

p53 Western blot (WB) 1:4000, IHC 1:1500 Abcam ab1101, CA

p-p53(Ser15) WB 1:500 Abcam ab1431

p-p53(Ser392) WB 1:500 CST 9281, Danvers, MA

p21 WB 1:1000, IHC 1:100 CST 2947

p21 IHC 1:100 Abclone A2691, Wuhan, China

Anti–H pylori IHC 1:200 ZSGB-BIO ZA-0127, Beijing, China

CagA WB 1:500 GeneTex GTX42382, CA

BrdU Immunofluorescence (IF) 1:250 Abcam ab6326

CXCR2 WB 1:500 Abcam ab65968

CXCR2 IHC 1:100 Abcam ab14935

Cxcl1 IHC 1:100 Santa Cruz sc-365870, CA

b-tubulin WB 1:1000 CST 2128

gH2AX IHC 1:100 Abcam ab26350

GAPDH WB 1:2000 JETWAY SF-PA005, Guangzhou, China

IKK WB 1:1000 CST 8943

pIKK WB 1:1000 CST 2697

IKBa WB 1:1000 CST 4814

pIKBa (Ser32) WB 1:1000 CST 2859

RELA WB 1:1000 CST 8242

p-RELA (Ser536) WB 1:500 CST 3037

NFKB1 WB 1:1000 CST 13586

STAT1 WB 1:1000 CST 1499

pSTAT1(Tyr701) WB 1:500 CST 7649

MEF2A WB 1:2000 Abcam ab76063

CEBPB WB 1:1000 Abcam ab32358

YY1 WB 1:1000 Abcam ab109228

VDR WB 1:1000 Abcam ab109234

Erk WB 1:1000 CST 46953

pErk (Thr202/Tyr204) WB 1:2000 CST 4370

Cyclin D1 WB 1:1000 CST 2978

Table 3.Primers Used in ChIP

Gene Primer sequence

ChIP-NFKB1-RE1
Forward CATCAATGCTGCGTTCCT
Reverse TCTGGTATTGTGAAGGGTC

ChIP-NFKB1-RE2
Forward CTCTAAGACCCTTCACAATAC
Reverse GAATACCCTGTGGAACAAA

ChIP-NFKB1-RE3
Forward TCCAGAAGCCATCAGACA
Reverse GGGAGGTATTCCCACAGA

ChIP-TP53-RE1
Forward CGTGCGAGTTCAGACAAG
Reverse TGGAGGAGCCTACCAGTC

ChIP-TP53-RE2
Forward CTAAGACCCTTCACAATACC
Reverse AATACCCTGTGGAACAAA
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The scores for chronic inflammation were as follows: 0,
none; 1, some infiltration; 2, mild (few aggregates in sub-
mucosa and mucosa); 3, moderate (several aggregates in
submucosa and mucosa); 4, marked (many large aggregates
in submucosa and mucosa); 5, nearly the entire mucosa
contains dense infiltration; and 6, entire mucosa contains
dense infiltration.

The scores for atrophy were as follows: 0, none; 1, foci
where a few gastric glands are lost or replaced; 2, small
areas in which gastric glands have disappeared or been
replaced; 3, 25% of gastric glands lost or replaced; 4, 25%–
50% of gastric glands lost or replaced; 5, 50% of gastric
glands lost or replaced; and 6, only a few small areas of
gastric differentiated glands remaining.

The scores for intestinal metaplasia were as follows: 0,
none; 1, only 1 crypt replaced by intestinal epithelium; 2, 1
focal area (1–4 crypts) replaced; 3, 2 separate foci with
metaplasia; 4, multiple foci; 5, 50% of gastric epithelium
replaced by metaplasia.; and 6, only a few small areas of
gastric epithelium were not replaced by intestinal
epithelium.
For dysplasia, the scores were as follows: 0, none; 1, only
1 crypt replaced by dysplasia; 2, 1 focal area (1–4 crypts)
replaced; 3, 2 separate foci with dysplasia; 4, multiple foci;



Table 4.Primers Used for Quantitative Real-Time PCR

Gene (protein name) Primer sequence

CXCR2 (CXCR2)
Forward CCTGTCTTACTTTTCCGAAGGAC
Reverse TTGCTGTATTGTTGCCCATGT

CXCL1 (CXCL1)
Forward ATTCACCCCAAGAACATCCA
Reverse GATGCAGGATTGAGGCAAG

CXCL8 (CXCL8)
Forward ACTGAGAGTGATTGAGAGTGGAC
Reverse AACCCTCTGCACCCAGTTTTC

TP53 (p53)
Forward GAGGTTGGCTCTGACTGTACC
Reverse TCCGTCCCAGTAGATTACCAC

CDKN1A (p21)
Forward TGTCCGTCAGAACCCATGC
Reverse AAAGTCGAAGTTCCATCGCTC

CDKN2A (p16)
Forward ATGGAGCCTTCGGCTGACT
Reverse GTAACTATTCGGTGCGTTGGG

CDKN1B (p27)
Forward ATCACAAACCCCTAGAGGGCA
Reverse GGGTCTGTAGTAGAACTCGGG

RB1 (Rb)
Forward CACTTTGTGAACGCCTTCTGT
Reverse CACGTTTGAATGTCTCCTGAACA

GAPDH (GAPDH)
Forward ACAACTTTGGTATCGTGGAAGG
Reverse GCCATCACGCCACAGTTTC

Cxcr2 (Cxcr2)
Forward ATGCCCTCTATTCTGCCAGAT
Reverse GTGCTCCGGTTGTATAAGATGAC

Cxcl1 (Cxcl1)
Forward CTGGGATTCACCTCAAGAACATC
Reverse CAGGGTCAAGGCAAGCCTC

Gapdh (Gapdh)
Forward GAACGGGAAGCTCACTGG
Reverse GCCTGCTTCACCACCTTCT
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5, 50% of gastric epithelium replaced by dysplasia; and 6,
only a few small areas of gastric epithelium were not
replaced by dysplasia.

The scores for neutrophil infiltration were as follows: 0,
none; 1, some infiltrates; 2, mild (few aggregates in submu-
cosa and mucosa); 3, moderate (several aggregates in sub-
mucosa and mucosa); 4, marked (many large aggregates in
submucosa and mucosa); 5, nearly the entire mucosa con-
tains a dense infiltrate; and 6, entire mucosa contains a dense
infiltrate.

H pylori Colonization Analysis in Mouse Mucosa
Samples

The histologic score of H pylori colonization was
analyzed according to a previous study.52
Western Blot
For Western blot analysis, total proteins from cell lines

and fresh-frozen tissues were extracted using the Whole
Cell Protein Extraction Kit (KeyGEN BioTECH, Wuhan,
China). A BCA Protein Quantitation Assay (KeyGEN
BioTECH) was used to measure the protein concentration.
An equal amount (30 mg) of protein sample was separated
on 10% sodium dodecyl sulfate–polyacrylamide gels
and transferred to polyvinylidene fluoride membranes
(Millipore, MA). The membranes then were blocked with
5% nonfat dry milk in Tris-buffered saline/0.1% Tween 20
for 1 hour at room temperature. The membranes were
incubated with appropriate primary antibodies (Table 3)
overnight at 4�C. The next day, the membranes were washed
and incubated with horseradish-peroxidase–conjugated sec-
ondary antibody. Proteins were visualized using Immobilon
Western Chemiluminescent Horseradish-Peroxidase Sub-
strate (Millipore).
Luciferase Reporter Assay
The wild-type and mutated promoter regions of CXCR2

were subcloned into the pGL4.1 reporter (pCXCR2-luci). The
luciferase assay kit was obtained from GeneCopoeia, and the
experiments were performed according to the manufac-
turer’s instructions. To examine whether the transcriptional
activity of CXCR2 was regulated by RELA, NFKB1, or exog-
enous wild-type p53, the 293T or AGS cells (2 � 104) were
seeded the day before transfection into 48-well plates. Next,
200 ng pCXCR2-luci, 10 ng pRenilla reporter, and the cor-
responding plasmid were co-transfected into cells with
Lipofectamine 3000 reagent (Invitrogen). After transfection
(48 h), cells were harvested and prepared for luciferase
activity analysis according to the manufacturer’s instructions.
To explore whether CXCR2 transcriptional activity was
regulated by endogenous wild-type p53 or H pylori, AGS cells
(4 � 104) were seeded the day before transfection into 48-
well plates. Next, 200 ng pCXCR2-luci and 10 ng pRenilla
reporter were cotransfected with Lipofectamine 3000 re-
agent. After transfection (24 h), the cell culture medium was
replaced with fresh media containing Nutlin3 (10 mmol/L) or
H pylori 12 hours later, the cells were harvested, and lucif-
erase activity was measured.

ChIP
For ChIP analysis, 2 � 107 AGS cells were stimulated with

IL1b for 30 minutes (8 ng/mL; R&D Systems, MN) or Nutlin3
for 12 hours (10 mmol/L; Selleck, Shanghai, China) and then
harvested for experiments according to the manufacturer’s
instructions in the ChIP Kit (17-10086; Millipore). In brief, 10
mL primary anti-NFKB1 antibody and 5 mL primary anti-p53
antibody were used for each reaction. Anti-RNA polymerase
II antibody was used as a positive control, and IgG was used
as the negative control. Purified DNA was analyzed using
qPCR to calculate the fold change in enrichment or with
standard end point PCR followed by 2% agarose gel electro-
phoresis. The primers used are listed in Table 4.
GEO Data Analysis and Transcription Factor
Prediction

The GEO series used in this study, namely, GSE47797,
GSE3556, and GSE65458, were downloaded from GEO data
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sets (https://www.ncbi.nlm.nih.gov/gds). Cut-off values of
analyses using the GEO series are indicated in the Figure
legends (Figure 5A). Data were analyzed using GSEA.
Transcription factor prediction was performed using
PROMO (http://alggen.lsi.upc.es/cgi-bin/promo_v3/
promo/promoinit.cgi?dirDB¼TF_8.3) and JASPAR
(http://jaspardev.genereg.net) software. Factors pre-
dicted in PROMO with a dissimilarity margin of 15% or
less were chosen for analysis. A threshold of 80% was
used in JASPAR.

Cell Senescence Model Induced by DNA
Damage

To induce the in vitro cell senescence model, 1 � 105

cells were seeded in a 12-well plate, and after 24 hours the
cells were exposed to 3–10 Gy X-ray (RS2000; Rad Source
Technologies, GA). After culturing for another 3–5 days, the
cells were prepared for further experiments, including
Western blot analysis, qPCR, SA-b-gal staining, and BrdU
analyses.

Animal Model
Six-week-old female C57BL6/J mice were used according to

previous studies,53,54 obtained from the Model Animal
Research Center of Nanjing University (Nanjing, China) and
housed under specific pathogen-free conditions with 12-hour
dark/light cycles and free access to water and food. Mice
were housed in microisolator static cages with autoclaved
nesting materials and hardwood bedding. Animals were inoc-
ulated with the H pylori strain PMSS1 with or without MNU
according to a previous study.54 All animal experimental pro-
cedures were approved by the Institutional Ethical Committee
of the First Affiliated Hospital of Sun Yat-sen University and
performed in accordance with the National Institutes of Health
guidelines for the care and use of laboratory animals. The first
animal experiment contained 2 groups: the control (n¼ 5) and
PMSS1-infected groups (n ¼ 12). The mice were inoculated
with H pylori (1 � 109 CFU/mL) every other day 3 times at 6
weeks of age. Another animal experiment contained 6 groups:
control, PMSS1 infection only, PMSS1 infection with SB225002
treatment, MNU treatment only, PMSS1 infection with MNU
treatment, and PMSS1 infection with MNU and SB225002
treatment. Eighty C57/BL6J mice were divided randomly into
these 6 groups: 5 mice were assigned to the control group and
15 mice were assigned to each of the remaining 5 groups.
Three mice in the PMSS1 infection group were killed to assess
H pylori infection at 16 weeks of age. Three mice in the MNU
group died during MNU treatment. MNU (200 ppm) was
administered to mice in drinking water beginning at 6 weeks of
age, replaced twice a week, and protected from light. The mice
were inoculated with H pylori (1 � 109 CFU/mL) every other
day 3 times starting at 18 weeks of age. The mice were killed at
46 weeks of age. SB225002 (Selleck), a selective CXCR2 in-
hibitor, was given twice a week through intraperitoneal injec-
tion until the end of the experiment. The CXCR2 inhibitor
(1 mg/kg) was suspended in 1% dimethyl sulfoxide and 0.25%
Tween-20 in PBS. Solvent alone was given to the control group.
H pylori was cultured in Brucella Agar (Hopebio, Shandong,
China) with 5% sheep blood (Ruite Bio, Guangzhou, China). The
H pylori strain PMSS1 was kindly donated by Professor Liu Side
(Nanfang Hospital, Guangzhou, China) and identified in our
laboratory according to a previous study.55 This strain ex-
presses the key H pylori virulence factors vacuolating cytotoxin
A and CagA, harbors the type IV secretion system, and can
deliver CagA into host cells.
Access to Data
All authors had access to the study data and reviewed

and approved the final manuscript.
Statistical Analyses
All statistical analyses were performed using GrahPad

Prism (version 6.07; GrahPad Prism Software, San Diego, CA)
and SPSS (V.23, Chicago, IL). P values were calculated using
Student t tests, chi-square tests, or nonparametric tests. Two-
tailed tests and an a level of .05 were used for all statistical
analyses.
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