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Helicobacter pylori (H. pylori) is an ancient and persistent inhabitant of the
human stomach that is closely linked to the development of gastric cancer (GC). .
Emerging evidence suggests that H. pylori strain interactions with gastric epithelial
cells subvert the best- characterized p53 tumour suppressor pathway. A high
prevalence of p53 mutations is related to H. pylori infection. H. pylori also accelerates
p53 protein degradation by disturbing the MDM2-P53 feedback loop. Additionally,
H. pylori triggers the alteration of other p53 isoforms. Dysregulation of p53 by H.
pylori infection contributes to gastric carcinogenesis by mediating cell proliferation
and apoptosis. This review focuses on the regulation of p53 in H. pylori infection-

associated GC.

INTRODUCTION

Helicobacter pylori infection is a strong risk factor
for gastric cancer (GC). The International Agency for
Research on Cancer (IARC) classified this bacterium as a
Group I carcinogen. Epidemiological studies indicate that
approximately 50% of the global population is infected
with H. pylori, which is primarily acquired during
childhood [1-3]. H. pylori uses various virulence factors
in gastric epithelial cells to target different signalling
pathways that regulate specialized survival programs, such
as the cell cycle and apoptosis. Vacuolating cytotoxin gene
(vacA) and cag pathogenicity island (cagPAI) are the best
characterized virulence factors [4]. cagPAI encodes a type
IV secretion system (T4SS) that delivers the oncoprotein
CagA into host cells.

Chronic inflammation results from the virulence
factor CagA and is recognized as the underlying
mechanism of H. pylori-associated gastric carcinogenesis
[5]. Accumulating data demonstrate that CagA injection
into host cells stimulates the recruitment of inflammatory
cells and the production of cytokines, including interleukin
(IL)-1B and IL-8, as well as the activation of Wnt/B-
catenin signalling via the nuclear accumulation of beta-
catenin in epithelial cells [6-8]. H. pylori also promotes
PI3K/AKT, mTOR, and p38/MAPK signalling, and these
oncogenic signalling pathways alter cellular oncogenes

and tumour suppressors. H. pylori also disrupts cell-cell
junctions and cell polarity via inhibition of the PAR-1/
MARK complex [9, 10]. H. pylori infection causes DNA
double-strand breaks (DSBs) and genomic instability
via the generation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) [11, 12]. Together, recent
studies have shown that the regulation of p53 is involved
in gastric carcinogenesis caused by H. pylori infection.

The pathogenic bacterium H. pylori modulates the
host p53 pathway by controlling various cellular stresses,
including DNA damage, ROS and RNS production,
and abnormal oncogene activation. Frequent p53 gene
mutations are also detected in gastric pre-neoplastic
lesions, which more broadly suggests an association
between p53 and disturbances in cell proliferation and
apoptosis in gastric epithelial cells infected with H. pylori.
This review focuses on H. pylori infection-mediated p53
regulation because of the central role of p53 in H. pylori-
induced gastric carcinogenesis. Thus, p53 may serve as a
novel biomarker and therapeutic target for GC.

TUMOUR SUPPRESSOR P53

The human tumour suppressor gene p53, also known
as TP53, was first identified in 1979 as a cellular protein
bound to immunoprecipitates of the SV40 LT protein in
SV40 tumour virus-transformed cells [13]. The p53 is
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present at extremely low levels in normal cells, but these
levels increase significantly in response to DNA damage
or other types of cellular stress [14]. In particular, DNA
damage induces the stabilization and nuclear accumulation
of p53 via the DNA damage signalling pathway, which
involves sensor kinases such as ataxia-telangiectasia
mutated (ATM) and ataxia-telangiectasia and Rad3-related
(ATR) [15, 16].

pS3 is known as the “guardian of the genome”
because it repairs DNA and maintains genomic stability
after DNA damage. The ubiquitin ligases murine double
minute (MDM2, also known as HDM2) and ARF-BP1
are crucial negative regulators of p53 that drive its rapid
degradation [17, 18]. Notably, pl4ARF regulates the
transcriptional activity of p53 by antagonizing MDM2.
The p53 protein functions as a transcription factor that
promotes cell cycle arrest at the G1 phase via upregulation
of the expression of an inhibitor of cyclin-dependent

o)

kinase, p21. p53 also induces cell apoptosis via two
apoptotic pathways, the mitochondrial pathway, which
mediates the expression of B-cell lymphoma 2 (Bcl-2)
family members, and the death receptor pathway, which
triggers activation of the caspase cascade [19-21] (Figure
1). Indeed, approximately 50% of all cancers exhibit a
mutation in p53 [22]. In vivo assays have shown that mice
expressing a mutant p53 protein exhibit more aggressive
and metastatic tumours compared to p53 wild-type (WT-
p53) mice [23]. These findings suggest that the mutation
of p53 during tumourigenesis represents an essential step
in the switch to aggressive tumour development.
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Figure 1: Regulation of p53 and its key regulators in response to DNA damage. DNA damage triggers the activation of
the tumour suppressor protein p53 via ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia and Rad3-related (ATR) protein
kinase-dependent pathways, which leads to cell cycle arrest via the induction of the cyclin-dependent kinase (CDK) inhibitor p21 and cell
apoptosis via mediation of Bcl-2 family expression. MDM2 (also known as HDM2) and ARF-BP1 act as E3 ubiquitin ligases that target p53
proteasomal degradation, which ensures low p53 levels in normal and unstressed cells. Notably, the tumour suppressor p14ARF protects
p53 protein stability via inhibition of MDM2/HDM?2 and ARFBP1.
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EXPRESSION OF P53 IN H. PYLORI-
INFECTED PATIENTS WITH GASTRIC
CARCINOGENESIS

GC is divided into three pathological variants:
intestinal type, diffuse type and mixed type [24, 25].
H. pylori has been identified as the strongest risk
factor of intestinal type GC, which may progress from
atrophy gastritis to intestinal metaplasia, dysplasia and
eventually carcinoma [26]. Some investigations have
detected p53 expression in the gastric mucosa of patients
with pre-neoplastic lesions infected with H. pylori,
including atrophy and intestinal metaplasia [27, 28].
Immunohistochemical analyses of p53 in CagA-positive
H. pylori gastritis patients prior to gastric metaplastic/
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dysplastic changes have revealed increased p53 expression
but decreased apoptosis, and one possible cause for this
association is the detection of mutant p53 protein [29].
pS53, p21 and Ki-67 expression were examined using
immunohistochemical staining in volunteers from the
general Spanish population. The subjects with H. pylori
infection exhibited significantly higher p53 levels
and mucosal proliferative activity compared to the
uninfected subjects, and this association was primarily
related to cardia-type mucosa rather than corpus [30].
A 3-month prospective study was performed to classify
the relationship between H. pylori infection and p53
in patients with intestinal metaplasia, and the results
indicated an obvious association of H. pylori infection
with p53 expression [31].
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Figure 2: Regulation of p53 in gastric carcinogenesis induced by H. pylori. H. pylori injects the oncoprotein CagA into gastric
epithelial cells using a type IV secretion system (T4SS), which is responsible for alterations of the tumour suppressor pS3. Chronic H.
pylori infection may cause an accumulation of mutant p53. H. pylori also increases MDM2 levels via multiple mechanisms that target
the proteasome-mediated degradation of p53. The CagA protein also binds to the apoptosis-stimulating protein of p5S3 (ASPP), which
consequently hinders the interaction between ASPP2 and p53. Other isoforms of the pS3 family, including p63, p73, A133p53 and p53 14-
3-3 protein isoforms, are also involved in the regulation of pS3 by H. pylori. In summary, long-term infection with H. pylori is responsible
for reducing the levels of p53, which contributes to the development of gastric carcinoma.
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Wild-type p53 protein is relatively unstable and
generally not detectable. In contrast, mutant p53 exhibits
a much longer half-life, and immunohistochemical
staining of p53 is commonly used as a surrogate for
mutational analyses [32]. Gastric biopsy samples from
gastritis, intestinal metaplasia and GC patients were
collected to measure p53 expression levels in gastric
carcinogenesis related to H. pylori infection. p53 protein
exhibited a significantly higher degree of staining in H.
pylori-positive GC samples; specifically, p53-positive
cells were identified in 0% of control samples, 0% of
gastritis samples, 13.3% of intestinal metaplasia samples
and 43% of GC samples [33, 34]. These results suggest
that alteration of pS3 may be an early event in H. pylori-
associated gastric carcinogenesis.

P53 GENE MUTATIONS RELATED TO H.
PYLORI INFECTION

Inactivation of the tumour suppressor p53 is a
hallmark of tumourigenic changes. Accordingly, the
pS3 gene is aberrantly expressed in nearly half of all
human cancer cell genomes. Mutant p53 proteins acquire
tumour-promoting functions that enhance cell growth,
proliferation, survival, and motility [35, 36] p53 mutations
are generally divided into two categories: DNA-interacting
mutants that directly alter amino acids and structural
mutants that lead to the unfolding of p53 protein, which is
critical for tumours to gain tumour-associated functional
phenotypes [37, 38]. Notably, the primary alterations
of p53 occur primarily in highly conserved domains,
especially amino acid substitutions, including R175,
G245, R248, R249, R273 and R282. Some mutant p53
proteins that recognize a unique response element acquire
properties of an oncogenic transcription factor. Mutant
pS3 was experimentally demonstrated to deregulate
checkpoints of cell cycle responses to the induction of
DNA damage, which accelerated tumour progression via
the promotion of genomic instability, cell proliferation and
invasion [39, 40].

Numerous studies have shown that H. pylori
infection is associated with a higher prevalence of
p53 mutation. Indeed, an increasing frequency of p53
alterations occurs in neoplastic gastric lesions ranging
from gastritis through dysplasia, intestinal metaplasia (
IM ) and advanced GC [41-43]. H. pylori is the strongest
risk factor for GC, and this infection is known to enhance
p53 mutagenesis. Lopez-Saez et al. found that 81% of the
H. pylori-associated GC deaths in Spain were associated
with increased mutant pS3 protein compared to 11% in the
H. pylori-negative group[44]. H. pylori infection may also
contribute to the development of gastric adenocarcinoma
by elevating mutant pS3 protein [45]. The accumulation
of mutant p53 may be attributed to the production of free
radicals, such as ROS and RNS [46]. The combination of
whole-exome sequencing with deep sequencing revealed

that C:G>T:A transitions at XpCpG trinucleotides were
the most common accumulation pattern of TP53. A
total of 105 GC specimens from a high-risk area in Italy
were examined for the prevalence of p5S3 mutations[47].
Notably, an association of H. pylori infection with p53
mutations was also apparent at CpG sites[47].

Mutations of p53 in exon 5-8 nucleotide sequences
have also been widely studied in primary gastric
adenocarcinoma with H. pylori infection [48]. Nucleotide
sequencing analyses demonstrated the induction of several
point mutations in exons 5, 6, 7 and 8 of the p53 gene
in H. pylori-infected monkeys compared to H. pylori-
uninfected monkeys, and p53 gene mutations were
closely related to the degree of gastric mucosa atrophy
[49]. Alterations in exons 5-8 of the p53 gene were also
observed in H. pylori-positive patients with GC and peptic
ulcer disease (PUD) [50, 51]. The well-characterized
factor CagA is an important virulence determinant in the
gastric carcinogenesis of H. pylori infection. Notably,
the p53 gene is more likely to harbour p53 mutations in
gastric tumours with CagA-positive H. pylori strains.
Recent studies suggest that gastric epithelial cells infected
with CagA-positive H. pylori induce the expression of
cytidine deaminase (AID), which may be a mechanism
of p53 mutation accumulation during H. pylori-associated
gastric carcinogenesis [28, 52].

P53 CODON 72 POLYMORPHISMS

Several polymorphic sites in the tumour suppressor
p53 are closely associated with various cancer risks. The
codon 72 polymorphism that produces variant genotypes
with arginine (Arg) or proline (Pro) is a frequently
reported polymorphism site [53-55]. Hiyama et al.
demonstrated that Pro/Pro genotypes at the p53 codon 72
polymorphism contribute to susceptibility to diffuse-type
gastric carcinoma in patients with chronic gastritis [56].
One study reported that the polymorphism is related to
lower TP53 transcriptional levels [55]. The distribution of
the p53 codon 72 polymorphism varies in different regions
worldwide. PCR-Tagman assays identified the Arg/Pro
genotype of the p53 codon 72 polymorphism in 140
patients with gastric carcinoma from the GanSu province
in China, where the GC incidence is high, and the p53
codon 72 Pro carrier genotype with H. pylori infection
was consistently higher in GC groups than controls [57].
The p53 Pro/Arg and p53 Arg/Arg single-nucleotide
polymorphism (SNP) variants were also significantly more
common than the p53 Pro/Pro variant in a population from
North India, which exhibits a high prevalence of H. pylori
infection but low GC incidence. Therefore, the Arg or Pro/
Arg polymorphism may underlie these differences [58].
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REGULATION OF THE P53-MDM?2
FEEDBACK LOOP

The p53 pathway is extremely sensitive to DNA
double-strand breaks (DSBs) and single-stranded
DNA (ssDNA) gaps, which are created by a variety of
DNA-damaging agents, including ionizing radiation,
chemotherapeutic drugs and ultraviolet (UV) radiation [59,
60]. The transcription-activating powers of pS3 depend on
the regulation of ATM and ATR protein kinases, which
transfer the p53 signals to cell cycle checkpoint 1 (Chk1)
and cell cycle checkpoint 2 (Chk2) kinases and lead to the
phosphorylation of p53 to protect it from destruction by
the specific E3 ubiquitin ligase murine double minute 2
(MDM2) [61, 62].

The MDM2 protein has emerged as a crucial
regulator of p53 tumour suppressor function. MDM2
binding to p53 immediately induces proteasome
degradation of p53 and blocks p53-driven transcription
[17, 63]. The underlying molecular mechanism of MDM2
regulation of p53 degradation has been elucidated;
MDM2 binds to the N terminus of p53 and promotes its
export from the nucleus to cytoplasm, which results in its
rapid degradation in cytoplasmic proteasomes [64]. pS3
elements are located in the promoter of MDM2, and p53
induces the expression of MDM2. Therefore, a negative
feedback loop exists between pS3 and MDM?2 that ensures
low cellular p53 levels in normal and unstressed cells [65].

The amplification and overexpression of MDM2
are frequently observed in a variety of human cancers
[66, 67], and H. pylori also suppresses p53 through
multiple mechanisms [68]. This bacterium contributes
to proteasomal degradation of p53 by increasing the
phosphorylation of the E3 ubiquitin ligase MDM2 [69,
70]. Indeed, elevated levels of MDM?2 are found in H.
pylori-infected intestinal metaplasia and GC [71]. p53
was also shown to be upregulated in a bimodal fashion
over time in Mongolian gerbils, which are the most
suitable laboratory animal model for the study of H.
pylori infection [69, 72]. Acute accumulation of p53 was
observed in response to cellular stressors after initial H.
pylori infection, with subsequent rapid downregulation of
p53 in the gastric mucosa; a second peak of p53 occurred
after gastritis development [73]. These studies suggest
that alterations in pS3 expression profiles depend on the
duration of H. pylori infection.

UPSTREAM REGULATORS OF THE
MDM2-P53 FEEDBACK LOOP IN THE
PATHOGENESIS OF H. PYLORI

H. pylori infection increases the phosphorylation
and activation of AKT and MDM2 to downregulate p53,
which results in the inactivation of p53 by increased
ubiquitination and proteasome degradation [74, 75]. Our

previous studies investigated the correlation between
protein expression in the AKT-MDM2-p53 pathway
and H. pylori infection in chronic non-atrophic gastritis
(CNAG), metaplastic atrophy (MA), gastric dysplasia
(Dys) and GC patients. Notably, higher levels of mutant
p53 and MDM2 were observed in H. pylori-positive
patients with MA and Dys, and the expression of
phosphorylated AKT was upregulated in CNAG patients
with H. pylori infection. The expression of pAKT and
MDM?2 was also significantly increased after H. pylori
strains were co-cultured with GES-1 gastric epithelial
cells, which also supports the degradation of p53 [76, 77].
Inhibition of MDM2 activity using siRNA or the inhibitor
Nutlin3 in AGS human GC cells clearly inhibited the
downregulation of H. pylori-induced p53. Notably, the
bacterial protein CagA plays an important role in the
alteration of p53 protein, as ectopic expression of CagA is
sufficient to enhance AKT and MDM2 activity and induce
p53 degradation [73, 77].

ERK kinase interactions with HDM2 are responsible
for p53 activity in H. pylori-infected cells [78], and
experimental inhibition of ERK/MDM?2 interactions
was shown to rescue p53 activity and dampen damaged
cell survival [79]. The intercellular junction protein
E-cadherin, which maintains the epithelial barrier, was
also upregulated in these gastric epithelial cells. AKT and
ERK contribute to MDM2 activation in the setting of H.
pylori infection, which leads to degradation of the p53
protein. Notably, p53 was dynamically altered in gastric
epithelial cells co-cultured with H. pylori, which suggests
a crucial role of the p53-MDM?2 feedback loop [80].

P14ARF inhibits cell proliferation in a p53-
dependent manner. Specifically, pl4ARF segregates
MDM?2 in the nucleolus and antagonizes the E3 ubiquitin
ligase-mediated p53 protein degradation [81, 82]. H. pylori
contains high levels of bacterial CagA protein, which
rapidly induce p53 degradation, although p53 is protected
by thetumour suppressor pl4ARF. The oncogenic strain
7.13 of H. pylori efficiently induces gastric dysplasia and
adenocarcinoma, and this strain was significantly more
potent in attenuating the expression of pl14ARF and p53
compared to the non-tumourigenic strain B128. These
results were confirmed in gastric epithelial cells by the
ectopic expression of protein or the downregulation of
ARF using shRNA [83]. The pl4ARF gene promoter is
frequently methylated during the development of GC, and
the p53 protein is rapidly degraded as a result[84].

OTHER P53 ISOFORMS REGULATED BY
H. PYLORI INFECTION

p63 and p73 are homologues of the p53 gene [85],
and the high sequence similarity of their DNA-binding
domain allows p63 and p73 to regulate p53-dependent
cell cycle and apoptosis in response to DNA damage
[86]. The P1 and P2 promoters of p63 and p73 promote
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the expression of a variety of protein isoforms, including
the TA isoforms (TAp63 and TAp73) with an N-terminal
transactivation domain (TAD) and the AN isoforms with
diametrically opposed functions (ANp63 and ANp73)
without the TAD [87, 88]. Elevated levels of p73 have
been reported in H. pylori-positive human and murine
tissues, and in vitro assays have demonstrated the role of
p73 in the pathogenesis of H. pylori infection. AGS cell
lines co-cultured with H. pylori exhibited significantly
increased TAp73 expression, while ANp63 expression
was suppressed. These findings were also confirmed using
dominant-negative p73 mutants[89].

A133p53 is a truncated p53 isoform that is altered
after H. pylori infection. The alternative promoter of the
pS53 gene, upstream of exon 1, or an internal promoter
located in intron 4 results in an N-terminally truncated p53
protein initiated at codon 133 (A133p53) [90]. Growing
evidence demonstrates that A133p53 is overexpressed in
several tumour types [91, 92]. Wei et al. demonstrated that
H. pylori infection induced A133p53 expression in AGS
and SNU-1 gastric epithelial cells, and these findings
were also observed in Mongolian gerbils. These cell lines
were transfected with the endogenous A133p53 isoform
shRNA plasmid, and the A133p53 isoforms affected the
activity of p53 and p73, leading to the upregulation of
the p53 target proteins p21 and phorbol-12-myristate-
13-acetate-induced protein 1 (PMAIPI1; also known as
NOXA). Mechanistically, the activator protein-1 (AP-
1) transcriptional complex, which is composed of c-Fos
and c-Jun proteins, is also involved in the regulation
of A133p53 in H. pylori cells [93, 94]. This finding is
consistent with previous studies showing that H. pylori
accelerated the progression to gastric intraepithelial
neoplasia via the upregulation of AP-1 and NF-kB activity
[95]. Notably, cagPAl is required for the regulation of p53
isoforms by H. pylori.

The p53 14-3-3 protein isoform binds to the
regulatory C-terminal domain of p53, and this binding is
subverted in H. pylori-associated gastritis and GC [96].
The p53 14-3-3 proteins are a class of adaptor proteins
with seven isoforms (B, v, €, 1, 0, 7, and {) that stabilize the
tumour suppressor p53 and enhance its biological activity
[96]. Proteasome and immunohistochemistry analyses
have demonstrated that AGS cell lines show reduced
expression of 14-3-3c and 14-3-3n [97]. In summary,
these studies suggest that p53 isoforms represent novel
components of the host-defence mechanism and play an
important role in H. pylori-associated cell proliferation
and apoptosis.

REGULATION OF THE APOPTOSIS-
STIMULATING PROTEIN OF P53
(ASPP) FAMILY IN H. PYLORI-RELATED
CARCINOGENESIS

The ASPP family functions as a key regulator of
p53, and it consists of three members: ASPP1, ASPP2,
and iASPP [98]. ASPP1 and ASPP2 enhance the ability of
p53 to stimulate the expression of pro-apoptotic factors,
such as Bax and p53-upregulated modulator of apoptosis
(PUMA) [99]. Conversely, iASPP is a key inhibitor of p53
[100]. The apoptosis activator ASPP2 was downregulated
and the apoptosis suppressor iASPP was upregulated in
H. pylori-positive gastric carcinoma and pre-cancerous
lesion tissues, which suggests that the ASPP family plays
an important role in the gastric carcinogenesis of H. pylori
infection [101].

The cancer-associated effector of the H. pylori
CagA protein binds to residues 448-692 and 693-918
of ASPP2 [102]. After translocation into host epithelial
cells, CagA induces the relocalization of ASPP2 rather
than its abnormal expression and hinders the interaction
between ASPP2 and p53, which is responsible for H.
pylori-induced degradation of p53 and resistance to the
apoptotic response [103, 104]. Suppression of apoptosis
then contributes to the development of gastric dysplasia
and adenocarcinoma [105]. This finding may be in
conflict with previous studies showing that H. pylori
infection stimulates host gastric epithelial cell apoptosis.
However, the effect of cell apoptosis may be associated
with continued H. pylori colonization, and a variety of
genes are known to regulate cell apoptosis. Together, these
findings show that the H. pylori CagA protein interaction
with ASPP2 subverts the function of ASPP2 and p53,
which facilitates H. pylori-induced gastric carcinogenesis.

CONCLUSIONS

Infection with H. pylori leads to the aberrant
expression of p53 protein through the induction of
host DNA damage. The tumour suppressor pS3 plays a
major role in determining multiple signalling pathways
and cellular responses. Chronic infection with the
bacterial pathogen H. pylori may attenuate p53 levels via
augmentation of pS3 mutations, proteasome degradation
and post-transcriptional modification. Furthermore, the
expression of p53 transcriptional targets is inhibited and
results in excessive proliferation and impaired apoptosis,
which contributes to a greater risk of gastric carcinoma.
Therefore, alterations of p53 may serve as a potential
marker of H. pylori-associated gastric carcinogenesis.
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