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Abstract
Genome stability and integrity are constantly challenged by exogenous insults such as bacterial infections. When genome 
stability is perturbed, oncogenic transformation can ensue. Helicobacter pylori (H. pylori) infection is a driving factor of 
gastric cancer, which is the third leading cause of cancer-related mortality worldwide. Mechanistically, H. pylori infection 
drives inflammation and directly or indirectly induces DNA damage such as oxidative damage and double-strand breaks 
(DSBs) in host cells. In addition, the resulting genetic and/or epigenetic perturbations alter the choice of DNA repair path-
ways. These changes result in imprecise DNA repair, genomic instability as well as chromosomal aberrations that eventually 
lead to gastric carcinogenesis. In this review, we summarize the mechanisms how H. pylori infection cause DNA damage 
and alter the DNA damage response pathways in host cells. We highlight the relationship between H. pylori infection and 
genomic instability that can lead to gastric cancer and propose a potential strategy to interrupt gastric carcinogenesis.
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Introduction

Helicobacter pylori (H. pylori) is a Gram-negative, micro-
aerophilic, spiral-shaped bacterium that lives deep in the 
innermost mucus layer of the gastric mucosa in humans. 
To colonize the human stomach, H. pylori produces urease, 
an enzyme that converts urea into ammonia, to survive in 
the harsh, acidic environment of the stomach. In addition, 

H. pylori moves through mucus by reducing mucin viscoe-
lasticity (Celli et al. 2009). Interestingly, H. pylori not only 
infects the surface cells of the stomach but also invades deep 
into the glands and reach the stem cell compartments. H. 
pylori can activate gastric stem cells and increase stem cell 
turnover (Sigal, 2015 #703; Sigal, 2017 #704). These discov-
eries strongly suggest that chronic H. pylori infections are 
promoters of gastric cancer. Moreover, H. pylori has evolved 
various mechanisms to evade local immune responses and 
prevent elimination, such as avoiding pattern recognition 
receptor (PRRs) detection (Monack et al. 2004). Infection 
with H. pylori is extremely common: the Centers for Disease 
Control and Prevention (CDC) of the United States estimate 
that approximately half of the world’s population harbors 
the bacterium, with prevalence much higher in developing 
countries than in developed nations. Although H. pylori 
has coexisted with humans perhaps even before the migra-
tion out of Africa, it was only discovered 3 decades ago 
(Marshall and Warren 1984). Since then, numerous stud-
ies have shown that H. pylori infection is associated with 
an increased risk of gastric diseases (Parsonnet et al. 1991; 
Uemura et al. 2001; Eslick et al. 1999). H. pylori-induced 
gastric cancer is the fifth most common neoplasm and third 
most deadly cancer (Guggenheim and Shah 2013; Kelley 
and Duggan 2003; Karimi et al. 2014; de Martel et al. 2013; 
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Krejs 2010; Amieva and Peek 2016; Rawla and Barsouk 
2019), killing approximately 783,000 people in 2018 (Bray 
et al. 2018). Thus, the International Agency for Research on 
Cancer (IARC) classified H. pylori as a Class I carcinogen 
as the cause of mucous associated lymphoid tissue (MALT) 
of the stomach. Besides, H. pylori infection is a risk factor 
for the development of stomach adenocarcinoma (STAD), 
which is irreversible even after eradiation of the bacteria.

Gastric cancer is usually found in association with 
chronic gastritis that is caused by inflammation (Fox and 
Wang 2007). Gastric inflammation after H. pylori infection 
can be induced by two different, but related mechanisms: 
(1) direct epithelial cell damage or enhancement of released 
pro-inflammatory mediators by physical contact between 
the pathogen and the host epithelial cells; or (2) altering 
cell signaling pathways in the host cells by the influence of 
virulence factors. Virulence factors are bacterial toxins that 
are produced by most H. pylori strains, including but not 
limited to the vacuolating cytotoxin A (VacA), the effector 
cytotoxin-associated gene A (CagA) and neutrophil-acti-
vating protein (NapA). H. pylori harbor type IV secretion 
systems (T4SS) that translocate virulence factors into host 
cells thereby to modulate the bacterium–host interaction, 
determine bacterial pathogenicity and influence clinical 
outcomes. In addition, the presence of these virulence fac-
tors facilitates the bacteria to colonize in the host’s gastric 
mucosa, causing long-lasting chronic inflammation (Nau-
mann et al. 2017), a tissue response which is estimated to 
contribute to ~ 25% of all human cancers (Sokolova and Nau-
mann 2019; Kawanishi et al. 2017) (Fig. 1).

Most carcinogens work by inducing DNA damage and/
or mutations (Jackson and Bartek 2009); similarly, H. pylori 
infection causes DNA damage and triggers DNA damage 
responses (DDR), leading to genomic instability in host 
cells, which is a hallmark for all types of cancer includ-
ing gastric cancer. The majority of DNA lesions (75%) are 
single-stranded DNA (ssDNA) breaks (SSBs), which can 
arise from oxidative damage during inflammation or base 
hydrolysis. DNA double-strand breaks (DSBs) are less fre-
quent but more dangerous: they are generated by ssDNA 
conversion or by direct exogenous sources such as irradia-
tion. DNA damage repair can be achieved by a huge num-
ber of proteins that comprise several major DNA repair 
pathways, such as mismatch repair (MMR), base excision 
repair (BER), nucleotide excision repair (NER), homologous 
recombination (HR), nonhomologous end joining (NHEJ) 
and alternative end joining (A-EJ) (Jeggo et al. 2016). These 
DNA repair pathways are completed either alone or together 
with other pathways via a series of signaling responses that 
ultimately arrest the cell cycle or promote cell death if the 
ends are irreparable. The latter outcome is essential, as DNA 
ends that are not properly repaired can generate dangerous 
outcomes, such as deletions, amplifications or chromosome 

translocations that might activate oncogenes and promote 
tumorigenesis (Helleday et al. 2008). Evidences show that 
H. pylori infection impairs the coordination of different 
DNA repair machineries through different mechanisms, 
including methylation of gene promoters and interfering 
histone modifications. Imbalance of the DNA repair leads 
to genome instability and subsequent tumorigenesis.

In this review, we summarize how H. pylori infection 
causes DNA damage and how bacteria interfere the DNA 
damage repair pathways. In addition, we will discuss how 
the underlying mechanisms can lead to gastric cancer devel-
opment. Finally, we will also discuss strategies to target H. 
pylori-induced genomic instability as possible biomarkers 
and suggest therapies for gastric cancer.

Helicobacter pylori infection induces DNA 
damage

The stomach mucosa is continually exposed to environmen-
tal exogenous and cellular endogenous mutagens. These 
mutagens include H. pylori bacteria, nitrates and nitrites, 
and other contaminants in water and food that can induce 
DNA damage through different mechanisms (Obst et al. 
2000; Farinati et al. 1998; Papa et al. 2002; Hardbower 
et al. 2014). Here, we discuss different types of DNA dam-
age caused by H. pylori infection through direct or indirect 
mechanisms.

Fig. 1  Helicobacter pylori secretes urease and virulence factors 
(CagA, VacA and NapA) that help to survive in harsh gastric envi-
ronment and on the stomach mucous membrane. H. pylori induces 
secretion of cytokines and enhances ROS/RNS which leads to chronic 
inflammation in host cells
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Helicobacter pylori infection induces 
inflammation and oxidative damage

Inflammation is the body’s natural response to bacterial 
infection (Medzhitov and Horng 2009); persistent inflam-
mation, however, can lead to DNA damage and genome 
instability. H. pylori interacts with PRRs of gastric epi-
thelial cells and activates inflammatory gene expression, 
including toll-like receptors (TLRs). In addition, virulent 
H. pylori strains (CagA + , VacA + , NapA +) enhance 
chemokine activation and stimulate inflammatory path-
ways in gastric epithelial cells (Eck et al. 2000; Watanabe 
et al. 1997; Eftang et al. 2012; White et al. 2015). The 
main inflammatory pathways include the non-canonical 
and canonical NF-κB, JAK-STAT and MAPK signaling 
pathways. Activation of each or combined pathways even-
tually drives abnormal gene transcription that has been 
implicated in cancer development (Pua et al. 2019). Even 
though no evidence showed a direct role of NF-κB signal-
ing in gastric cancer stem cells, aberrant activation of the 
pathway contributes to increased proliferation and eva-
sion of apoptosis, which could contribute to tumorigenesis 
(Kang et al. 2008; Liu et al. 2004). During chronic inflam-
mation, several factors, such as cytokines, chemokines, 
growth factors and other immunoregulatory proteins 
participate in tumor development (Medzhitov and Horng 
2009). In addition, chemokines including TNFα, IL-1β and 
IL-8 that are released from infected gastric epithelial cells 
can enhance the production of reactive oxygen/nitrogen 
species (ROS/RNS) (Naito and Yoshikawa 2002; Nozawa 
et al. 2002). ROS production has been observed in patients 
and cultured cells infected with H. pylori (Davies et al. 
1994; Drake et al. 1998). The sustained release of ROS/
RNS together with other risk factors including increased 
activation-induced cytidine deaminase (AID), inhibited 
p53 and reactivated TERT expression contribute to DNA 
damage and genomic instability during chronic inflamma-
tion (Pua et al. 2019).

In eukaryotic cells, various proteins involved in ROS 
production including Spermine Oxidase (SMOX) and 
Rac1 are activated after H. pylori infection in gastric can-
cer (Xu et al. 2004; Murray-Stewart et al. 2016; den Har-
tog et al. 2016). ROS causes changes in the DNA structure 
by forming oxidized bases [e.g., 8-oxoguanine (8oxoG)], 
single-strand breaks (SSBs), and/or DNA crosslinks (Pani-
eri and Santoro 2016). ROS-associated DNA damage and 
genome instability are, thus, considered to be involved in 
tumor formation and progression (Machado et al. 2013; 
Cerutti 1994; Dolado et al. 2007; Feig et al. 1994; Frohlich 
et al. 2008; Gupta et al. 2012).

Moreover, in patients with gastric cancer, H. pylori 
infection causes oxidative stress-associated DNA damage 

of Lgr5-positive epithelial stem cells (Uehara et al. 2013). 
These cells are particularly tolerant to DNA damage and 
fail to undergo senescence or regulated cell death upon 
accumulation of genetic lesions (Vitale et  al. 2017). 
Importantly, the Lgr5-positivity was defined as stem-like 
cells in colorectal cancer (Hirsch et al. 2014); they could 
also be the cause of gastric carcinogenesis. Together, these 
findings suggest that H. pylori infection causes inflamma-
tion and oxidative damage in host cells which could be a 
potential reason of tumorigenesis of gastric cancer.

Helicobacter Pylori infection induces 
double‑strand breaks

Double-stranded breaks (DSBs) are generated when the 
phospho-sugar backbones of both DNA strands are broken 
at the same position or in sufficient proximity, so that the 
double helix is cut into two separate parts and the DNA ends 
are exposed. DSBs are the most dangerous and deleterious 
forms of DNA damage as the genetic information is lost or 
altered if the ends are not properly repaired. In addition to 
loss of genetic information, DSBs lead to fragmentation, 
loss or rearrangement of chromosomes, which contribute to 
genomic instability that drives cancer development (Khanna 
and Jackson 2001). A number of studies have suggested that 
the DSBs generated in host cells are induced by bacterial 
infection. For example, Escherichia coli has been linked to 
DSBs induction and DNA-damage checkpoint activation 
(Nougayrede et al. 2006). The comet assay is the gold stand-
ard to directly measure DNA strand breaks in individual 
cells (Liao et al. 2009). Using this assay to measure the tail 
moments, Ladeira et al. found that the levels of DNA dam-
age (tail moment) were significantly higher in H. pylori-
infected patients with moderate and severe gastritis than 
in non-infected patients (Ladeira et al. 2004, 2005). These 
DSBs, in the long term, escape from or exhaust the repair 
machinery, and potentially cause gastric carcinogenesis. The 
induction of DSBs depends on direct contact between living 
bacteria and mammalian cells.

In addition, using a pulse field gel electrophoresis 
approach that visualizes fragmented DNA ranging in size 
from 0.5 to 2.5 Mb, Toller et al. demonstrated that DSBs 
accumulate in various cell lines and in primary gastric epi-
thelial cells that were incubated with H. pylori in a time-
dependent and dose-dependent manner. In their study, DSBs 
appeared at mitosis and required direct contact between the 
live bacteria and host cells, but not H. pylori virulence deter-
minants VacA, or ROS-mediated DNA damage (Toller et al. 
2011). Using the same approach, Hanada et al. found that 
although both cag-positive and cag-negative H. pylori strains 
are capable of inducing DSBs in host cells, the cag-positive 
strains showed the greater levels of activity (Hanada et al. 
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2014). Another study found that gastric adenocarcinoma 
AGS cells infected with several isogenic derivatives of H. 
pylori lacking the T4SS and associated proteins led to the 
accumulation of broken DNA, but the increase in damage 
was partially dependent on the presence of CagA (Koeppel 
et al. 2015). These evidences showed that the role of viru-
lence factors in DSBs generation is debatable and needs to 
be further investigated.

Chromatin immunoprecipitation (ChIP)-seq experiments 
performed by Koeppel et al. using the DSBs biomarker 
γH2AX showed that H. pylori infection (but not irradiation) 
induced damage that preferentially accumulated in telomere-
proximal regions (~ 10% of all regions) as well as in regions 
close to the centromeres (~ 5% of all regions) that correlates 
with the actively transcribed region. This finding is reminis-
cent of the pattern of structural variations (SVs) obtained 
from sequencing results of H. pylori-induced gastric cancer 
(Wang et al. 2014; Koeppel et al. 2015). The accumulation 
of telomere-proximal DNA damage was most prominent 
towards the end of chromosome 8, which is a region that 
is markedly amplified in stomach cancer and close to the 
MYC oncogene (Koeppel et al. 2015) (Fig. 2). These results 
support that some of the structural genomic events in gastric 
cancer could be directly caused by the H. pylori infection 
and contribute to cellular transformation.

DSBs caused by H. pylori are efficiently repaired if the 
bacteria were eradicated in a short term, but prolonged infec-
tions can lead to residual, unrepaired breaks that negatively 
affect cell viability (Kidane 2018). The above studies show 
that H. pylori is able to induce host cellular DSBs damage 
directly and indirectly, providing a mechanistic explanation 
for the carcinogenic properties of this bacterial pathogen.

Molecular mechanisms underlying H. 
pylori‑induced DSB formation

As mentioned, H. pylori can lead to chronic gastritis and 
contributes to genotoxicity by inducing DSBs (Toller 
et al. 2011; Hartung et al. 2015). However, the molecu-
lar mechanism how H. pylori promotes genotoxic activity 
and how the host response to genotoxic factors drives gas-
tric carcinogenesis is not well understood. Some studies, 
however, have started to piece together mechanisms how 
H. pylori functions at the molecular level. For example, 
a genome-wide screen revealed a critical role for the H. 
pylori T4SS in XPF/XPG endonucleases-dependent DSB 
induction (Hartung et al. 2015). T4SS induces NF-κB acti-
vation and IL-8 production by consecutively activating 
integrins. Other studies showed that H. pylori infection 
on gastric cancer cells activates NF-κB through a signal-
ing pathway including IKKalpha, IKKbeta, NIK, TRAF2, 
and TRAF6 (Maeda et al. 2000). Enhanced NF-κB activa-
tion in host cells upregulates inflammatory mediators and 
produces inducible nitric oxide synthase (iNOS) (Brandt 
et al. 2005; Viala et al. 2004; De Luca and Iaquinto 2004). 
iNOS-mediated nitric oxide (NO) induces DSBs (Baydoun 
et al. 2015) and enhances the inactivation of DNA repair 
enzymes, such as MGMT, Fpg, XPA and PARP (O’Connor 
et al. 1993; Wink and Laval 1994; Tchou et al. 1993; Laval 
and Wink 1994; Jaiswal et al. 2000; Melino et al. 1997).

Moreover, activated NF-κB translocates to the nucleus 
where it forms a protein complex with the NER proteins 
XPG and XPF (Hartung et al. 2015). These endonucle-
ases are critical for excising the damaged DNA strand 
and removing the DNA lesion. XPG cuts the DNA strand 
five–six nucleotides downstream of the damage site; while, 
a ERCC1–XPF protein complex makes an incision in the 
DNA strand ~ 20–22 nucleotides upstream of the 5′ end 
of the damage site (Friedberg 2001). XPG/XPF-mediated 
DSBs amplify NF-κB target inflammatory gene expression 
and promote host cell survival. Silencing XPG in osteo-
sarcoma patient-derived U2OS cells strongly reduced the 
DSBs upon H. pylori infection (Hartung et al. 2015). Inter-
estingly, XPG expression level was found to be signifi-
cantly associated with the presence of H. pylori in human 
gastric cancer and was related to the progression and prog-
nosis (Deng et al. 2014). These results suggested that the 
NF-κB as well as the NER pathway plays an important role 
in H. pylori infection-induced DSBs in host cells.

DSBs can also be caused by the accumulation of unre-
paired BER intermediates in DNA replication, when DNA 
replication meets BER intermediates (Khanna and Jackson 
2001; Ensminger et al. 2014). A few studies have shown 
that the accumulation of abasic site (AP) sites in H. pylori-
infected human gastric epithelial cells leads to DSBs (Ding 

Fig. 2  H. pylori mostly influences cellular functioning by targeting 
the DNA repair gene, transcribed regions and the telomeric region of 
chromosomes
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et al. 2004; Bhattacharyya et al. 2009). DNA glycosylase 
OGG1 that removes 8oxoG and initiates BER in gastric 
epithelial cells induces the formation of AP sites in host 
cells after H. pylori infection. These accumulated AP 
sites arise in replicating DNA and eventually lead to DSB 
formation (Kidane et al. 2014). However, silencing AP 
endonuclease 1 (APE1) (part of the BER machinery that 
process the AP site to generate DSBs) failed to promote 
H. pylori-induced DSBs in a measurable manner (Hartung 
et al. 2015). We hypothesize that the protein level of APE1 
is not the determinant factor to convert the AP sites into 
the DSBs. Another possibility is that some other endonu-
cleases could play overlapping roles in this process. The 
real role of APE1 in the processing of accumulated AP 
sites into DSBs needs to be further explored.

Helicobacter pylori infection causes mtDNA 
mutation

Mitochondria are essential organelles that are responsible 
for energy production: they are involved in apoptosis, cal-
cium homeostasis, lipid and amino acid metabolism. Mito-
chondria have separate genome DNA (mtDNA) located 
within the mitochondrion itself. VacA was the first major 
H. pylori virulence factor identified to target mitochondria 
(Galmiche and Rassow 2010). Later research discovered 
that H. pylori uses at least two additional harmful strategies 
through an alternative VacA-dependent and a VacA-inde-
pendent mechanism (Chatre et al. 2017). In gastric epithe-
lial cells, VacA localizes to endosomal compartments and 
reaches the mitochondrial inner membrane where it forms 
anion-conductive channels (Calore et al. 2010; Domanska 
et al. 2010). VacA then decreases mitochondrial membrane 

potential, which ultimately reduces the ATP production 
efficiency and cytochrome-c release (Galmiche and Rassow 
2010). VacA channel activity also disrupts mitochondrial 
morphological dynamics, resulting in BAX/BAK activa-
tion and host cell death (Jain et al. 2011). Mutations in the 
mtDNA can severely disrupt the mitochondrial oxidative 
phosphorylation pathway; such mutations are common in 
many cancers, including gastric cancer with the 53% of the 
cases have deletion of the mtDNA and 44% of the cases 
have mtDNA mutation (Carew and Huang 2002). Data from 
both experimental and population studies have suggested 
that H. pylori is capable of inducing mutagenesis of both 
the D-loop region and genes that transcribe subunits of the 
electron transport chain in mitochondrial DNA (Machado 
et al. 2009). These findings support that H. pylori infection 
causes mtDNA mutation.

Helicobacter pylori infection impairs DNA 
repair pathways

Numerous studies have shown that H. pylori can alter DNA 
repair gene expression and/or interfere with DNA repair 
activity (Kidane 2018). In H. pylori-infected cells, a sophis-
ticated network of enzymes coordinate with each other to 
protect the host cells from staying in the oxidative stress 
or DNA damage conditions. H. pylori causes differential 
expression levels of genes implicated in the DNA repair pro-
cess (Table 1). For example, H. pylori deregulated MMR 
mechanisms by hypermethylation of related gene promoters 
(Kim et al. 2002). Failure of the DNA repair mechanisms 
eventually conduces the DNA breaks into chromosome 
instability (CIN) and genetic aberrations that favor carcino-
genesis (Pino and Chung 2010; Machado et al. 2010).

Table 1  Interplay between H. pylori and DNA repair factors

Gene Repair Pathway Effect of H. pylori infection References

APE1 BER Enhances/decreases in different situations Hartung et al. (2015); Ding et al. (2004); 
Machado et al. (2009)

ATM NHEJ and HR Upregulated Santos et al. (2018)
ATR HR Decreased Koeppel et al. (2015)
DNA-PK NHEJ Enhances activity and expression Lee et al. (2007)
hMSH2 MMR Decreased in mRNA Kim et al. (2002); Koshiji et al. (2005)
hMLH1 MMR Decreased in mRNA Kim et al. (2002; Yao et al. (2006)
Ku70/80 NHEJ Increase protein level Bae et al. (2013); Lim et al. (2002)
Mre11 HR Decreased Koeppel et al. (2015)
NBS1 HR Decreased Koeppel et al. (2015)
PARP1 BER and A-EJ Activated Nossa and Blanke (2010)
Rad51 HR Decreased Koeppel et al. (2015); Hanada et al. (2014)
RPA1 HR Decreased Koeppel et al. (2015)
TP53 Cell cycle arrest Decreased Fenoglio-Preiser et al. (2003)
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Helicobacter pylori infection alters the BER 
pathway

BER is one of the major DNA repair pathways that ulti-
mately removes most of the oxidative and alkylating dam-
age without affecting the DNA double-helix structure. It is 
initiated by the recognition and excision of the damaged 
base by specific DNA glycosylases (Wallace et al. 2012; 
Dianov and Hubscher 2013; Kim and Wilson 2012). Pre-
cise orchestration of the different steps of the BER path-
way is essential for maintaining genome stability (Allinson 
et al. 2004). OGG1 glycosylase remains bound to the AP 
sites and its turnover is stimulated by APE1 (Sidorenko 
et al. 2007; Mokkapati et al. 2004). After AP site process-
ing and end-remodeling, the single-nucleotide gap is filled 
by Pol beta, and the nick is sealed by DNA ligase I to com-
plete the repair (Fortini et al. 2003; Robertson et al. 2009).

Helicobacter pylori causes aberrant BER protein func-
tion and the processing of H. pylori-induced oxidative 
DNA damage that leads to SSBs (Cooke et al. 2003) and 
mutations. Ding et  al. reported that H. pylori-induced 
ROS could upregulate APE1 expression in cultured gas-
tric adenocarcinoma AGS cells and gastric epithelial 
cells that were isolated from mucosal biopsy samples 
(Ding et al. 2004). Another study, however, showed that 
H. pylori inhibits APE1 mRNA expression and impairs 
the BER pathway (Machado et al. 2009). The opposite 
results might be dependent on the different Multiplicity 
of Infection (MOI), infection time or whether live bac-
teria or protein extracts were used to treat the cells. H. 
pylori also activates PARP1, an important component of 
the BER pathway, through a not quite clear mechanism 
and enhances the inflammatory response, suggesting that 
the bacterium modulates the host PARP1 status to drive 
inflammation-associated gastric cancer (Nossa and Blanke 
2010). Together, these results suggest that H. pylori infec-
tion alters the BER pathway in different situations through 
different mechanisms, leading to different kinds of DNA 
damage in the host cells.

Helicobacter pylori impairs DNA mismatch 
repair

MMR maintains genome stability by correcting errors 
in the newly synthesized strand during DNA replication. 
Defects in MMR lead to diseases including hereditary non-
polyposis colorectal cancer and brain tumors (Fishel et al. 
1993; Modrich and Lahue 1996; Koopman et al. 2009). 
Several human MMR proteins have been identified, includ-
ing human homologs of MutS, MutL, EXO1, single-strand 

DNA-binding protein RPA, proliferating cellular nuclear 
antigen (PCNA), DNA polymerase δ (pol δ), and DNA 
ligase I (Li 2008). In human cells, base–base mismatches 
and small nucleotide insertion/deletion (ID) mispairs of 1 
or 2 nucleotides are recognized by the hMSH2–hMSH6 
(hMutSα) complex; while the hMSH2–hMSH3 (hMutSβ) 
complex mainly recognizes larger ID mispairs (Li 2008). 
Both complexes are required for MMR. In addition, four 
human MutL homologs (hMLH1, hMLH3, hPMS1, and 
hPMS2) have been identified. hMLH1 heterodimer-
izes with hPMS2, hPMS1, or hMLH3 to form hMutLα, 
hMutLβ, or hMutLγ, respectively, of which hMutLα is 
required for MMR, while the other two are not absolutely 
required (Kunkel and Erie 2005).

In eukaryotic cells, defects in DNA MMR can be detected 
as instability in simple repetitive DNA sequences called 
microsatellites. Thus, microsatellite instability (MSI) is 
regarded as a hallmark of MMR deficiency (Modrich and 
Lahue 1996; Li 2008). Studies have revealed that MSI is 
a reliable biomarker of gastric cancer (Pietrantonio et al. 
2019). Interestingly, individuals with MSI-positive gastric 
cancers show more active H. pylori infection than those with 
MSI-negative gastric cancers, suggesting that H. pylori itself 
might affect the DNA MMR system during gastric carcino-
genesis (Leung et al. 2000). Moreover, MSI were found in 
gastric intestinal metaplasia of both patients with or with-
out gastric carcinoma (Leung et al. 2000), suggesting that 
the progressive accumulation of MSI in areas of intestinal 
metaplasia might contribute to gastric cancer development.

Using a co-culture in vitro system in which different gas-
tric cancer cell lines were exposed to H. pylori bacterium or 
H. pylori products, Kim et al. found that H. pylori infection 
of gastric epithelial cells leads to a decrease in mRNA levels 
of the MMR genes hMSH2 and hMLH1 (Kim et al. 2002). 
Studies on human patients also showed that the percent-
age of hMLH1-positive epithelial cell nuclei in H. pylori-
positive patients was higher than that in H. pylori-negative 
patients; no significant difference was observed between the 
two groups regarding the percentage of hMSH2-positive 
epithelial cell nuclei (Mirzaee et al. 2008). Interestingly, 
one study found that the expression of DNA MMR proteins 
increased in the gastric mucosa after H. pylori eradica-
tion (Park et al. 2005), further confirming the relationship 
between H. pylori and MMR.

The underlying mechanism of H. pylori-mediated MMR 
inhibition has multiple explanations: it might be mediated 
at least in part by H. pylori-induced hypoxia-inducible 
factor-1a (HIF1α) expression (Park et al. 2003), which in 
turn inhibits MMR activity by decreasing both hMSH2 
and hMSH6 expression (Koshiji et al. 2005). Interestingly, 
genome-wide screening showed that H. pylori infection 
caused aberrant DNA methylation of several CpG islands 
in gastric epithelial cells through inflammatory processes 
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(Niwa et al. 2010). Yao et al. suggests that accumulation of 
genomic mutations after H. pylori infection is in part asso-
ciated with CpG methylation of the hMLH1 promoter (Yao 
et al. 2006). After comparing the hMLH1 methylation in 
H. pylori-infected children and adults, Alvarez et al. found 
that DNA methylation of the genes did not occur in earlier-
stage H. pylori infections but was dependent on the dura-
tion of infection. The frequency of promoter methylation 
for hMLH1 was higher in gastric cancer samples than in H. 
pylori-positive chronic gastritis samples (p < 0.05) (Alvarez 
et al. 2013).

Also, since both cagA-positive and cagA-negative H. 
pylori strains can reduce MMR protein levels, it is unlikely 
that this effect is related to the Cag pathogenicity island 
proteins. Interestingly, Campylobacter jejuni—a Gram-
negative bacterium that is phylogenetically closely related to 
H. pylori—can also impair MMR protein levels (Kim et al. 
2002). This discovery suggests a common molecular path-
way affecting MMR after exposure to these bacteria. Taken 
together, H. pylori infection plays a pivotal role in causing 
MMR deficiency in gastric epithelial cells and increases the 
risk of mutation accumulation in gastric mucosa cells and 
gastric cancer.

Helicobacter pylori triggers DSB repair 
pathways

The major pathways of DSB repair are classically defined 
based on whether sequence homology is used to join the 
DSB ends. In eukaryotic cells, DSBs are mainly repaired 
through two classical DNA repair pathways: non-homolo-
gous end joining (NHEJ), where ends are processed without 
sequence homology or with few end homology sequences; or 
homologous recombination (HR), where sequence homol-
ogy of extensive DNA regions is required in the undam-
aged sister chromatid or homologous chromosomes. The 
repair pathway that is chosen depends on the genomic loca-
tion and cause of the breaks, cell cycle stage and genetic 
background (Sancar et al. 2004). Interfering with either of 
these pathways would cause loss of genetic information or 
induction of abnormal gene expression and caused various 
human pathologies such as cancer (Smith et al. 2010). We 
believe that it is informative to uncover the nature of the 
DSB response and repair after H. pylori infection to prevent 
infection-related tumorigenesis.

Previous studies showed that H. pylori infection inhibits 
the G1–S transition in AGS cells (Shirin et al. 1999), sug-
gesting that NHEJ repair might have a central role in H. 
pylori-induced DSBs repair. Koeppel et al. (2015) compared 
the responses of host cells to damage caused by H. pylori 
infection or by different genotoxic treatments; they found 
that the overall damage during infection was similar to that 

induced by ionizing radiation, which is considered to be 
repaired predominantly by the NHEJ pathway (Branzei and 
Foiani 2008). In the NHEJ pathway, Ku (KU70 and KU80) 
and DNA-dependent protein kinase (DNA-PKcs) have essen-
tial roles in processing DNA ends. Ku proteins bind and pro-
tect the break ends, recruiting DNA-PK as a DNA damage 
sensor and scaffold. DNA-PKcs in turn promotes Artemis 
endonuclease to the damage site and processes DNA ends. 
Finally, DNA ligase 4 (Lig4)–XRCC4–XLF–PAXX com-
plex carries out the ligation reaction to complete the repair 
(X. Liu et al. 2017; Pannunzio et al. 2018).

Ku protein levels are increased in H. pylori-infected 
gastric mucosal tissues of Mongolian gerbils (Bae et al. 
2013), suggesting that H. pylori enhances NHEJ pathways. 
In addition, Lim et al. showed that H. pylori mediated acti-
vation NF-B-Cox2 axis helps to increase the expression of 
KU70/80 in human gastric cancer cells (Lim et al. 2002). At 
the same time, DNA-PKcs expression was positive in most 
H. pylori-associated gastritis, intestinal metaplasia and gas-
tric adenoma tissues, but was negative in foveolar epithelium 
of normal gastric mucosal tissues (Lee et al. 2007). Moreo-
ver, siRNA-mediated knockdown of XRCC4, DNA ligase 
IV or DNA-PKcs resulted in a significant accumulation of 
fragmented DNA in H. pylori-infected cells. These findings 
suggest that abnormalities to the NHEJ pathway participate 
in the pathological processes in gastric carcinoma after H. 
pylori infection (Li et al. 2013).

When DSBs are generated in the S or G2 phases of the 
cell cycle, HR participates and contributes to genome integ-
rity. However, knockdown of the HR protein Rad51, which 
is involved in homology searching and strand pairing, had 
no effect on the amount of fragmented DNA generated dur-
ing H. pylori infection (Hartung et al. 2015), suggesting 
that H. pylori-induced DSBs are repaired via NHEJ rather 
than HR. Interestingly, RNA-seq and microarray analyses 
also showed that H. pylori infection suppresses HR factors, 
including RPA1, Mre11, NBS1, ATR and RAD51; these 
data suggest a shift in the choice of the DNA repair pathway 
away from HR (Koeppel et al. 2015; Hanada et al. 2014). 
Moreover, reduced RAD51 gene expression is not due to 
cell cycle arrest in G1 phase, as the cells infected with H. 
pylori showed a reduced G1 phase and an increased S phase 
(Hanada et al. 2014). Together, these findings suggest that 
H. pylori-induced DSBs are repaired majorly through the 
non-homologous end-joining pathway.

Helicobacter pylori triggers ATM activation

Helicobacter pylori-induced DSBs have been associated 
with the activation of the serine/threonine kinase ATM 
(Santos et al. 2018). This activation is considered as one of 
the most critical events in response to DSBs, as it results 
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in the phosphorylation of several target proteins that are 
involved in DNA repair. For example, ATM-mediated 
H2AX phosphorylation at serine 139 (γH2AX) recruits 
mediator of checkpoint 1 (MDC1), which in turn recruits 
ATM through a positive feedback loop to amplify ATM 
signals (Stucki et al. 2005). The γH2AX/MDC1 complex 
also recruits downstream chromatin modifiers, such as 
the ubiquitin E3 ligases RNF8/168 to facilitate sequential 
loading of repair factor 53BP1 to repair damaged DNA 
(Stucki et al. 2005; Huen et al. 2007; Kolas et al. 2007; 
Mailand et al. 2007). ATM is also essential for NF-κB 
activation in response to DSBs (Li et al. 2001).

γH2AX, MDC1, and 53BP1 nuclear foci have all been 
observed in H. pylori-infected cultured gastric adenocarci-
noma cells; pre-treatment with an ATM inhibitor blocked 
foci formation. Consistently, γH2AX formation was abro-
gated in ATM-deficient cells infected with H. pylori, indi-
cating that H. pylori induces ATM activation (Toller et al. 
2011; Hanada et al. 2014). In a study based on human 
samples, high γH2AX levels were detected by immunohis-
tochemistry and western blotting in H. pylori-infected gas-
tric biopsies (Xie et al. 2014). Moreover, active (phosphor-
S1981) ATM was found in the epithelial cells of gastric 
biopsy specimens from patients with H. pylori gastritis 
(Hanada et al. 2014). Further studies have suggested that 
H. pylori might activate ATM through epigenetic modifi-
cations such as histone H3 and H4 hyperacetylation and 
DNA promoter hypomethylation (Santos et  al. 2018), 
suggesting that H. pylori might affect ATM activation by 
modulating host cell chromatin. In fact, H. pylori infec-
tion causes H3 Ser10 dephosphorylation and other histone 
modification changes that consequently affect the gastric 
epithelium and ultimately affect the pathogenicity of the 
bacterium (Ding et al. 2010; Fehri et al. 2009). Because 
several studies have shown that chromatin modifications, 
including certain types of histone modifications, are mech-
anistically and functionally relevant to ATM activation (Li 
et al. 2018), it is tempting to speculate that H. pylori can 
also activate ATM through sophisticated histone modifi-
cations. These findings demonstrate that H. pylori infec-
tion triggers ATM activation through both activating ATM 
activity and increasing ATM protein levels.

In most cases, ATM is activated as a result of DNA dam-
age. In certain circumstances, however, ATM is activated 
independent of DSBs. For example, oxidative stress activates 
ATM, which is independent of autophosphorylation or MRN 
(Mre11, Rad50 and Nbs1). (Reliene et al. 2004; Guo et al. 
2010). In addition, ATM interacting protein (ATMIN) medi-
ates ATM activation upon hypotonic stress through a MRN-
independent pathway (Liu and Zha 2011; Kanu and Behrens 
2007; Loizou et al. 2011). Whether H. pylori-induced ATM 
activation is solely mediated by infection-dependent DSBs 
or by DSB-independent mechanisms remains to be clarified.

Future perspectives

More than half of the world’s population is infected with 
H. pylori and about 1–3% of the carriers will develop gas-
tric cancer. H. pylori is normally acquired during child-
hood and infection can be life-long or until a treatment is 
provided. H. pylori alone accounts for > 80% of all gastric 
cancer cases; other factors include the H. pylori genotype, 
the host genetics, and the complex relationship between 
host cells and different nutrient conditions (Atherton and 
Blaser 2009). Due to the complicated multistep process of 
gastric carcinogenesis (Correa and Piazuelo 2012) and the 
long time between the initial infection and tumor forma-
tion (Amieva and Peek 2016), very little is known about 
exactly how H. pylori causes gastric cancer. This length of 
time allows for extensive positive selection for cells with 
oncogenic growth advantages to colonize. For example, 
the H. pylori infection increases the phosphorylation of 
HDM2 and the proteasomal degradation of tumor suppres-
sor p53, which was found to be mutated and similar muta-
tions occur in 0–77% of gastric carcinomas (Fenoglio-Pre-
iser et al. 2003). Epithelial cells with decreased p53 levels 
will survive with sustained DNA damage and mutations 
which eventually develop into tumors (Wei et al. 2010). In 
addition to genetic alterations, studies also have shown that 
H. pylori infection-related chronic inflammation enhances 
epigenetic changes as represented by DNA methylation, 
which is an important mechanism that regulates gene 
expression (Chiba et al. 2012). Despite these advances, 
the precise mechanisms that regulate cancer development 
in response to H. pylori need further exploration.

Manipulation of host signaling cascades by H. pylori is 
crucial for prolonging chronic infection and the progres-
sion to gastric cancer. The strategies by which H. pylori 
contacts and subverts host cell signal transmission mainly 
include: (1) adhesion to epithelial cells and T4SS func-
tion, (2) regulation of signal transmission in colonized 
epithelial cells, (3) induced paracrine signaling, and 4) 
perturbations of the DNA damage response (Naumann 
et al. 2017) (Fig. 3).

Most of the DSBs that are generated by H. pylori infec-
tion are repaired by NHEJ pathway, but the ends of the 
broken DNA can sometimes receive an additional adenine 
nucleotide. As a result, this could lead to a frameshift 
mutation and silence a particular gene (Heidenreich et al. 
2003; Lieber 2008). Thus, increased expression level of 
NHEJ factors (KU and DNA-PKcs) by H. pylori could 
possibly lead to the enhancement of gene mutations and 
genomic instability in host epithelial cells. Moreover, 
since H. pylori inhibits components of the HR repair 
pathway, the alternative repair mechanism, alternative end 
joining (A-EJ), will be activated to join the ends using 
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microhomology (usually > 4 bp). Such repair mechanism 
can often lead to insertions or deletions of substantial 
length (Chang et al. 2017). In leukemia, lymphoma, and 
many types of solid tumors including gastric cancer, A-EJ 
can be targeted as a diagnostic marker and a therapeutic 
target (Simsek et al. 2011). It is tempting to look at the 
expression level of A-EJ factors such as DNA ligase III 
or to measure the A-EJ level in H. pylori-infected host 
cells to determine the relationship between A-EJ and 
tumorigenesis.

Biomarkers constitute an important tool to detect and 
diagnose cancers and generate a prognosis in clinic. As DNA 
damage is a hallmark of carcinogenesis, proteins or products 
involved in DNA damage might serve as sensitive and faith-
ful biomarkers for gastric cancer (de Sablet et al. 2011). 
For example, because H. pylori causes an increase in ROS 
levels and oxidative DNA damage in host epithelial cells, 
8-oxoG could be an ideal marker for detecting and assessing 
the prognosis of gastric carcinoma (Borrego et al. 2013). 
Ku80 is another potential DNA repair-related biomarker for 
radiation treatment failure and death, particularly in patients 
with high-risk HPV-negative head and neck squamous-cell 
carcinoma (HNSCC) (Moeller et al. 2011). As such, it seems 
possible and rational to use one of the DNA repair factors as 
a biomarker for gastric cancer.

Numerous antibiotic-based therapies are available to 
avoid the occurrence of H. pylori-induced gastric cancer. 
A 15-year follow-up of a randomized clinical trial found 
that short-term treatment with antibiotics to eradicate H. 
pylori reduced the incidence of gastric cancer by almost 
40% (Ma et  al. 2012). Such therapies, however, have 
several inherent problems, including the development of 

resistance to the antibiotics used and associated adverse 
effects. For patients who have already developed can-
cer, targeting the bacteria itself would not be sufficient. 
Because gastric cancer progression is typically accom-
panied by ATM activation, ATM inhibition with specific 
inhibitors could be a possible alternative therapeutic strat-
egy. Highly selective small molecule ATM inhibitors such 
as AZD1390 are currently in the preclinical development 
stages (Durant et al. 2018). Thus far, this drug has shown 
promising results in brain tumor models. Whether the 
inhibitors could be applied in H. pylori-induced gastric 
cancer would be an interesting question to be explored.

As we learned more about H. pylori, we found that 
H. pylori has a multitude of effects on various molecu-
lar mechanisms that ultimately confer genome instability 
(Fig. 4). However, many questions remain to be resolved 
regarding the relationship between H. pylori and genomic 
instability. How do the host cells choose the DSBs repair 
pathways under H. pylori infection? Does H. pylori infec-
tion increase the tumor latency in patients with DNA 
repair defects? Future studies also will investigate the 
development of biomarkers as well as the therapeutic tar-
gets for the gastric cancer.
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Fig. 3  Helicobacter pylori contacts and subverts host cell signal 
transmission mainly include: adhesion to host cells; regulation of 
signal transmission; induced paracrine signaling, and affect the DNA 
damage response

Fig. 4  Helicobacter pylori influences the gastric epithelial cells by 
direct contact and/or virulence factors. The bacteria induces inflam-
mation and oxidative damage to the cells and caused different kind 
of DNA damage and impairment of the DNA repair pathways. DSBs 
induced by H. pylori infection caused activation of AMT, phospho-
rylation of H2AX and recruitment of 53BP1 to facilitate DNA repair. 
If not properly repaired, the DNA ends will cause genomic instability 
and the cells will transform into cancerous cells
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