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ABSTRACT
Helicobacter pylori (H. pylori) infection causes chronic gastritis and peptic ulceration and is the strongest risk factor for the development of

gastric cancer. The pathogenesis of H. pylori is believed to be associated with infection-initiated chronic gastritis, which is characterized by

enhanced expression of many inflammatory genes. H. pylori utilizes various virulence factors, targeting different cellular proteins, to

modulate the host inflammatory response. In this review, we explore the many different ways by which H. pylori initiates inflammation,

leveling many ‘‘hits’’ on the gastric mucosa which can lead to the development of cancer. We also discuss some recent findings in

understanding the pathogen-host interactions and the role of transcription factor NF-kB inH. pylori-induced inflammation. J. Cell. Biochem.

114: 491–497, 2013. � 2012 Wiley Periodicals, Inc.
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M any factors are known to contribute to the development of

cancer, and gastric cancer development is no different.

Chronic infections, tobacco smoke, diet, and obesity are all major

factors which play into the development of cancer [Aggarwal and

Gehlot, 2009]. There is a single mechanism which underlies many of

these risk factors: inflammation.

The link between inflammation and cancer was proposed by

Virchow in the 19th century with his observation that tumors

often arose at sites of chronic inflammation and that inflammatory

cells were present in tumor samples [Balkwill and Mantovani,

2001]. Inflammation has been observed in many infection-

triggered cancers, and approximately 15% of human cancers are

associated with chronic infection and inflammation [Karin and

Greten, 2005]. For example, Hepatitis B or C virus infections, given

their names because of their ability to cause chronic liver

inflammation, can lead to hepatocellular carcinoma. Infections

with many types of human papillomaviruses are recognized as

key risk factors for cervical cancer, and the inflammation caused

by persistent infection acts as a ‘‘cofactor’’ in carcinogenesis. A

protein product of human T-cell leukemia/lymphotrophic virus

type 1 (HTLV-1) ‘‘hijacks’’ host inflammation-regulating pathways

to induce inflammation and transform T-cells, leading to the

development of adult T-cell leukemia [Sun and Yamaoka, 2005].

Inflammation has become a new hallmark for cancer [Hanahan and

Weinberg, 2011].

Helicobacter pylori AND GASTRIC CANCER

Infection with H. pylori and the resulting chronic inflammation is a

major step in the initiation and development of gastric cancer.

H. pylori is a gram-negative spirochete which infects more than half

of the world’s population. Infections are very common in

undeveloped countries, likely due to water contamination and

less sanitary living conditions. The bacterium colonizes the stomach

of its host, where it attaches to the mucosal epithelia. Infection

persists often for the lifetime of the host unless treatment is received.

H. pylori is susceptible to most antibiotics, although resistance is

becoming more common and triple or quadruple therapy consisting

of two antibiotics, a proton pump inhibitor and bismuth is now used

to eradicate the bacteria [Chuah et al., 2011].

H. pylori has been classified as a Group I carcinogen by the

International Agency for Research on Cancer since 1994. Numerous

studies have been done to elicit the link between H. pylori infection
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and gastric cancer. A pooled reanalysis by the Helicobacter and

Cancer Collaborative Group combined results from 12 studies and

found that the matched odds ratio for the association of H. pylori

infection and non-cardia cancer was 2.97 (95% CI: 2.34–3.77)

[2001]. Both intestinal and diffuse types of gastric carcinomas are

associated with H. pylori infection, but only cancers found distal to

the cardia have been linked to H. pylori infection [Peek, 2005].

Besides gastric adenocarcinoma, infection with the bacterium has

also been linked to gastric ulcers, gastritis, and MALT (mucosa-

associated lymphoid tissue) lymphoma. Worldwide, gastric cancer is

the fourth most diagnosed cancer and the second most common

cause of cancer-related death, and H. pylori is the causative agent in

approximately 63% of these cancers [Peek, 2005].

PATHOGENICITY OF H. pylori

Many proposed mechanisms for the pathogenicity of H. pylori exist,

including changes in host gene expression, infection-induced cell

proliferation, epithelial cell elongation and loss of polarity,

degradation of cell–cell junctions, and decreased gastric acid

secretion [Yamaoka, 2010]. The pathogenicity of H. pylori is

attributed largely to its various virulence components, including

flagella, lipopolysaccharide (LPS), vacuolating toxin VacA, and

cytotoxin-associated gene pathogenicity island (cagPAI) [Yamaoka,

2010]. Of all these, cagPAI is the most potent and the most studied

virulence component.

The cagPAI is a 40 kbp fragment of DNA containing 27 potential

coding regions which is found in many strains of H. pylori [Peek,

2005]. It encodes a type 4 secretion system (T4SS) and the virulence

factor CagA. CagA, a 125–140 kDa protein, is injected intoH. pylori-

infected host epithelial cells where it is often activated by tyrosine

phosphorylation by the host src kinase and targets host proteins to

modify cellular responses [Peek, 2005; Hatakeyama, 2008].

Overwhelming evidence ties the presence of CagA to an increased

risk of non-cardia gastric carcinoma over the risk caused by

infection with CagA-negative H. pylori [Peek, 2005; Hatakeyama,

2008].

It is well known that CagA binds and activates SHP-2

phosphatase, disrupting cell focal adhesions [Hatakeyama, 2008].

CagA also inhibits the polarity regulator PAR1b/MARK2 kinase,

which causes a loss of epithelial cell polarity and plays a role in the

disruption of normal epithelial architecture [Hatakeyama, 2008].

Another hypothesized mechanism for disruption of adherens

junctions within gastric epithelial cells is a H. pylori surface

protein-TLR (toll-like receptor) 2-induced activation of the protease

calpain, which cleaves E-cadherin and allows for increased

b-catenin signaling [O’Connor et al., 2011].

Recently, H. pylori was shown to inactivate the gastric tumor

suppressor RUNX3 by proteasome-mediated degradation induced

by theH. pylori virulence factor CagA [Tsang et al., 2010], or by gene

silencing via promoter hypermethylation of runx3 [Kitajima et al.,

2008; Tsang et al., 2011]. In a similar vein, CagA has also been

shown to induce proteasome-mediated degradation of p53 by

binding a modulator of p53 function and tumor suppressor, ASPP2

[Buti et al., 2011]. CagA is also known to bind E-cadherin, thus

interfering with the normal regulation of b-catenin, a protein whose

dysregulation has been shown to cause transdifferentiation of

numerous cell lineages and increased cell proliferation [Murata-

Kamiya et al., 2007].

H. pylori infection can also inhibit gastric acid secretion. This is

partially due to the inhibition of proton pump gene expression by

the cagPAI genes in parietal cells [Saha et al., 2010]. Hypochlorhy-

dria can lead to gastric colonization by other, more potent bacterial

inducers of inflammation, and this increased inflammation leads to

development of adenocarcinoma in mice [Zavros et al., 2002].

H. pylori infection has been shown to stimulate bone marrow-

derived mesenchymal stem cell (BMDC) migration to the gastroin-

testinal tract via induction of cytokine production, a phenomenon

postulated to provide transdifferentiable cells from which adeno-

carcinomas may arise [Ferrand et al., 2011]. In fact, a recent study

showed that nearly a quarter of dysplastic lesions in the gastric

mucosa ofH. pylori-infected mice were derived from BMDCs [Varon

et al., 2012].

All together, these studies suggest many different mechanisms by

which H. pylori infection may lead to a host of changes in the

stomach epithelia leading eventually to the genesis of cancer. While

many ‘‘hits’’ are required to induce carcinogenesis, one of the most

important mechanisms is likely the induction of chronic inflamma-

tion by H. pylori.

INFLAMMATION INDUCED BY H. pylori

H. pylori infection leads to inflammation through a variety of

pathways, induced both in the gastric epithelial cells which they first

contact and in circulating immune cells recruited to the site of

infection. Inflammatory molecules found to be upregulated in the

stomachs ofH. pylori-infected patients include IL-1, IL-6, IL-8, TNF-

a, and RANTES [McGee and Mobley, 2000].

H. pylori utilizes many different mechanisms for the induction of

pro-inflammatory cytokines. Peptidoglycan can enter host epithe-

lial cells via the cagPAI-encoded T4SS and stimulate the

intracellular pathogen-recognition receptor Nod1, which in turn

signals to activate NF-kB and AP-1 for the induction of cytokines

such as IL-8 [Viala et al., 2004; Allison et al., 2009]. OipA and BabA,

two outer membrane adhesion proteins, were shown by knock-out

studies to be important in the induction of IL-6, IL-8, and IL-11

production, though the mechanism is as yet unclear [Yamaoka et al.,

2000; Sugimoto et al., 2011]. VacA appears to be primarily for

immunosuppression of T-cell activation, allowing persistence of the

bacterial infection, but evidence also shows that the toxin can

induce some NF-kB activity within targeted T-cells [Takeshima

et al., 2009].

The virulence factor CagA has been studied extensively,

especially its role in H. pylori-induced inflammation, and many

studies suggest that it plays a role in NF-kB activation and IL-8

production. Bacteria which translocate CagA into host cells induce

higher levels of IL-8 production, and activate NF-kB, AP-1, and

NFAT [Backert and Naumann, 2010]. NF-kB nuclear translocation

and IL-8 production were induced in gastric epithelial cells by

ectopic expression of CagA [Backert and Naumann, 2010].
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Additionally, NF-kB activation and inflammation was markedly less

in the gastric antra of Mongolian gerbils infected with cagA-

deficient H. pylori as compared to infection with wild-type H. pylori

[Shibata et al., 2006]. However, CagA does not seem to be a major

player in H. pylori-induced IL-12 production [Viala et al., 2004] and

the ability of CagA to activate NF-kB and IL-8 production appears to

be H. pylori strain-specific [Lamb et al., 2010].

Besides activating cytokine release, H. pylori also stimulates the

production of growth factors such as granulocyte–macrophage

colony-stimulating factor (GM-CSF) and inflammation modulators

such as cyclooxygenase-2 (COX-2) and reactive oxygen/nitrogen

species (ROS/RNS). H. pylori is found to stimulate production GM-

CSF from cultured antral biopsies and a human gastric epithelial

cell line [Beales and Calam, 1997].H. pylori infection activates AP-1

to induce COX-2 and inducible nitric oxide synthase (iNOS)

transcription, which in turn produce prostaglandin E2 and nitric

oxide [Cho et al., 2010]. LPS of H. pylori seems to play a role in the

upregulation of iNOS, leading to an increased NO release [Cavallo

et al., 2011]. Interestingly, NO synthesis can be modulated by

H. pylori arginases and induced host arginase II, and this coupled

with activation of heat shock factor-1 by infection result in

decreased anti-inflammatory regulator heme oxygenase-1 expres-

sion [Gobert et al., 2011]. Additionally, VacA was shown to induce

ROS production and mitochondrial DNA mutation in gastric

epithelial cells [Huang et al., 2011]. H. pylori sonicates were

observed to induce oxidative bursts from neutrophils and mono-

cytes in culture [Hansen et al., 1999] via a mechanism involving the

virulence factor H. pylori neutrophil-activating protein (HP-NAP), a

secreted protein which can pass through the epithelial layer into the

lamina propria to attract leukocytes [D’Elios et al., 2007]. HP-NAP

induces ROS release from neutrophils [Evans et al., 1995] and causes

the recruitment of other leukocytes to the site of infection by

stimulating the production of chemokines such as CXCL8, CCL3, and

CCL4 [Polenghi et al., 2007]. Mast cells, recruited by these

chemokines, are stimulated to degranulate by HP-NAP, likely

through a Gi protein-coupled receptor [Montemurro et al., 2002].

Another area that is currently being explored is the modulation of

T-cell responses by H. pylori virulence factors such as VacA, g-

glutamyl transpeptidase, and cholesterol a-glucosides, among

others. Studies currently indicate that Th1, Treg, and Th17 types

predominate in response to H. pylori infection, a mixture that is

believed to encourage the chronicity of the infection and infection-

mediated gastritis is considered a Th1-mediated disease [Beigier-

Bompadre et al., 2011]. All together, these mechanisms create an

inflammatory environment conducive to the initiation and

progression of cancer (Fig. 1A).

ACTIVATION OF NF-kB, THE MASTER REGULATOR
OF INFLAMMATION, BY H. pylori

Transcription factor NF-kB is a master regulator of immune and

inflammatory responses and regulates many cellular processes

important in carcinogenesis, including transformation, prolifera-

tion, angiogenesis, and metastasis [Orlowski and Baldwin, 2002].

Due to its essential role in inflammation and immunity, NF-kB

activation and modulation by H. pylori have been topics of great

interest to many investigators. NF-kB can be activated by numerous

pro-inflammatory stimuli, ranging from TLR activation by pathogen

products to cytokines released by other cells, through the canonical

and the non-canonical pathways [Hayden and Ghosh, 2008]. In the

canonical pathway, the binding of various ligands to their receptors

leads to the activation of the IkB kinase (IKK) complex, which

consists of IKKa, IKKb, and NEMO/IKKg. This kinase complex in

turn phosphorylates and induces the degradation of the inhibitor of

IkB, leading to the nuclear translocation of prototypical NF-kB

heterodimer of p50 and RelA/p65, and the activation of its target

genes involved in inflammation, cell growth, and survival [Chen and

Greene, 2004]. In the non-canonical pathway, signaling from

receptors activates NF-kB-inducing kinase (NIK) and IKKa.

Activated IKKa then phosphorylates p100 and induces its

proteasomal processing to p52, which pairs with RelB to form the

transcriptionally active complex that activates target genes involved

in lymphoid organogenesis, B cell survival and maturation, and

bone metabolism [Sun, 2011].

H. pylori infection activates NF-kB through both the canonical

and the non-canonical pathways in a cell type-specific fashion

[Lamb et al., 2010]. In epithelial cells, H. pylori infection activates

NF-kB via the canonical pathway. But in immune cells, such as B

lymphocytes, H. pylori can activate NF-kB through both the

canonical and the non-canonical pathways [Ohmae et al., 2005].

While it is clear that H. pylori infection activates NF-kB, the precise

mechanics of the H. pylori-NF-kB pathway interface have been

difficult to resolve and appear to be numerous. Three bacterial

products are currently thought to be particularly important for the

activation of NF-kB by H. pylori: LPS, peptidoglycan, and CagA

[Lamb et al., 2010].

H. pylori LPS has been shown to be recognized by host cells either

by binding to TLR2 or TLR4 and has a role in H. pylori-induced NF-

kB activation and inflammatory response [Kawahara et al., 2001;

Ishihara et al., 2004]. However, many of these studies are done in

cells such as HEK293 or gastric epithelial cells in which TLRs are

overexpressed, raising questions about their roles in vivo [Ishihara

et al., 2004]. Consistently, H. pylori LPS has been found to be a very

weak activator of TLRs [Mandell et al., 2004], which may aid the

bacteria’s persistence and its sustenance of a low-grade inflamma-

tion within the stomach without being a major player in the initial

induction of inflammation. Nevertheless, H. pylori LPS might be

especially important in activation of inflammatory pathways in

leukocytes responding to the bacterial colonization, since studies

looking at monocytes and macrophages show the importance of

TLRs in their response but not in the response elicited in gastric

epithelial cells [Maeda et al., 2001; Obonyo et al., 2007].

Another H. pylori bacterial effector molecule, peptidoglycan,

is recognized by gastric epithelial cells through the intracellular

nucleotide binding and oligomerization domain 1 (NOD1). The

delivery mechanism of peptidoglycan into the host cells is proposed

to be through either the T4SS pili or via outer membrane vesicles

which bind to lipid rafts on the host cell [Viala et al., 2004; Grubman

et al., 2010]. Peptidoglycan-induced NOD1 signaling activates

MAPKs in both the NF-kB and the AP-1 pathways, leading to

cytokine release [Allison et al., 2009].
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One of the most studiedH. pylori effectors, CagA, has been shown

to have a myriad of effects within gastric epithelial cells, one of

which is the activation of NF-kB. After translocation into host

gastric epithelial cells, CagA can interact with the intramembrane

hepatocyte growth factor receptor Met, causing sustained activation

of PI3K and Akt which leads in turn to b-catenin and NF-kB

activation [Suzuki et al., 2009]. Multimerization of CagA seems to be

important for Met-PI3K-Akt-mediated NF-kB activation [Suzuki

et al., 2009]. Additionally, CagA was found to interact with TNF

receptor associated factor 6 (TRAF6) and TGF-b-activating kinase 1

(TAK1) for the activation of TAK1, which is responsible for

phosphorylation and activation of the IKK complex leading to NF-

kB activation [Lamb et al., 2009]. This finding will be discussed

further below.

TARGETING OF TAK1 BY H. pylori CagA

TAK1 is a key regulator of signal transduction cascades leading to

the activation of IKK in response to various stimuli including

cytokines and pathogen infections [Adhikari et al., 2007]. TAK1

activates IKK2 by phosphorylation of two serine residues in the

activation loop [Wang et al., 2001]. K63-linked ubiquitination has

long been shown to be involved in the activation of TAK1 and IKKs

[Wang et al., 2001]. For example, ubiquitination of IL-1b receptor-

associated kinase 1 (IRAK1) is important for IKK activation in the IL-

1 pathway [Conze et al., 2008; Windheim et al., 2008]. Auto-

ubiquitination of TRAF6 has also been shown to be a critical

determinant of TAK1 and IKK activation [Lamothe et al., 2007].

Recent studies indicate that TRAF6-mediated K63-linked ubiqui-

tination of TAK1 at specific lysines is essential for its auto-

phosphorylation and activation [Sorrentino et al., 2008; Yamazaki

et al., 2009; Fan et al., 2010]. TRAF6-mediated K63-linked

ubiquitination at lysine 34 of TAK1 has been reported to induce

TGF-b-mediated p38 and JNK activation [Sorrentino et al., 2008].

Ubiquitination of TAK1 at a different lysine, lysine-158, is required

for TNF-a or IL-1b-induced TAK1 activation and IKK/NF-kB

activation [Fan et al., 2010].

We have recently reported that TRAF6-mediated ubiquitination

of TAK1 is also essential for the H. pylori-induced NF-kB activation

and production of pro-inflammatory cytokines. Activation of

TRAF6 typically takes place near the plasma membrane, where

membrane-associated proteins transfer signals from transmembrane

receptors such as TLRs or TNFR [Jiang and Chen, 2012]. CagA has

recently been shown to be a membrane-associate protein which

binds phosphatidylserine in the inner leaflet and acts as a scaffold

protein [Murata-Kamiya et al., 2010], which may explain its ability

to interact with and activate TRAF6.H. pylori CagA is critical for the

stimulation of TAK1 ubiquitination and activation. An isogenic

cagA-deficient H. pylori mutant failed to induce the ubiquitination

Fig. 1. H. pylori induces gastric cancer-related inflammatory response. A: Schematic model for H. pylori-induced inflammation. H. pylori infection activates various

transcription factors via its different virulence factors in gastric epithelial cells or inflammatory cells such as T-cells and macrophages. Activated transcription factors then

induce the expression of genes encoding pro-inflammatory cytokines, chemokines, inflammatory modulators, and growth factors, creating an inflammatory microenvironment

that facilitates the transformation of gastric epithelial cells. B: Modulation of TAK1 ubiquitination and activation by H. pylori CagA. After translocation into the epithelial cells,

CagA enhances TRAF6- and Ubc13-mediated K63-linked polyubiquitination of TAK1 by directly associating with TRAF6 and TAK1. The enhanced ubiquitination of TAK1 might

result from a stimulation of the activity of TRAF6 or Ubc13 or from an inhibition of an unidentified deubiquitinase (DUB) of TAK1. Polyubiquitinated TAK1 is then activated,

leading to the activation of IKKs and NF-kB, and the subsequent inflammatory response.
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and auto-phosphorylation of TAK1 in AGS cells. CagA physically

associates with TAK1 and TRAF6 to enhance the activity of TAK1

and TAK1-induced NF-kB activation via the TRAF6-mediated K63-

linked ubiquitination of TAK1 [Lamb et al., 2009]. The mechanism

by which CagA enhances the ubiquitination and activation of TAK1,

however, remains largely unclear. Several lysines within TAK1,

including K34, K158, and K209, have been shown to be K63-linked

ubiquitinated [Sorrentino et al., 2008; Yamazaki et al., 2009; Fan

et al., 2010]. Of all these lysines, K158, but not K34 or K209, appears

to be involved in the CagA-mediated TAK1 ubiquitination since

mutation of K158 blocks CagA-facilitated ubiquitination and

activation of TAK1 [Lamb and Chen, unpublished results].

Ubiquitination is an ATP-dependent three-step enzymatic

cascade involving an ubiquitin-activating enzyme (E1), an

ubiquitin-conjugating enzyme (E2), and an ubiquitin-protein ligase

(E3) [Adhikari et al., 2007]. While it is clear that TRAF6 is the E3

ligase for K63-linked ubiquitination and activation of TAK1 in

response to H. pylori infection, the identity of the E2 for the

ubiquitination remains to be identified. Biochemical studies reveal

that Ubc13/Uev1A are the E2 conjugating enzymes for TRAF6-

catalyzed K63-linked polyubiquitination and activates TAK1 kinase

activity in vitro [Wang et al., 2001]. Consistently, Ubc13/Uev1A

has been shown to be essential for the ubiquitination of TRAF6 in the

IL-1R/TLR signaling [Yamazaki et al., 2009]. Our preliminary data

also suggest that Ubc13/Uev1A is involved in H. pylori-mediated

TAK1 ubiquitination and activation [Lamb and Chen, unpublished

results].

It remains unclear how CagA enhances TAK1 ubiquitination

and how TAK1 ubiquitination activates its kinase activity. One

possibility is that CagA functions as a scaffold protein to bring TAK1

to the proximity of TRAF6 or other components of ubiquitination

machinery, since CagA binds to both TAK1 and TRAF6 (Fig. 1B).

Binding of CagA to TRAF6 might also facilitate the dimerization of

TRAF6, a step critical for the activation of TRAF6. Furthermore, the

K63-linked ubiquitin chain of TAK1 might serve as an adaptor for

the recruitment of ubiquitin-binding molecules such as TAB2/3 or

NEMO, resulting in the stabilization of the signaling complex and

the activation of down-stream IKK2.

CONCLUDING REMARKS AND FUTURE PROSPECTS

H. pylori infection is one of the leading factors for the development

of gastric carcinoma. Infection with this common bacterium is often

chronic, thriving for decades in the stomach of its host. Such a long

incubation time allows for many changes to accumulate as a result

of this interaction, and even small changes, such as subclinical

inflammation, can cause great problems over a lifetime. Studying

the pathways through which H. pylori virulence factors cause

cellular or tissue changes, or activate signaling pathways such as the

NF-kB, will be instrumental in better understanding host-pathogen

interactions and also developing a better understanding of the ways

in which inflammatory pathways are regulated.

Activation of NF-kB is a double-edged sword. It is essential for

the activation of innate and adaptive immune responses against

pathogens. However, sustained and constitutive NF-kB activation

results in the pathogenesis of many diseases, including chronic

inflammation, infectious diseases, and cancer [Hayden and Ghosh,

2008]. Therefore, activated NF-kB needs to be turned off properly to

avoid prolonged and detrimental inflammatory responses. Cells

utilize many mechanisms at multiple levels for the termination of

NF-kB signaling. For example, physiologic NF-kB signaling induces

down-regulation of its own activity, via IkBa resynthesis and

cylandromatosis (CYLD) expression, mechanisms which are often

lost or overpowered in cancer. Additionally, direct ubiquitination

and degradation of nuclear NF-kB, is another means by which NF-

kB can be turned off [Yang et al., 2009]. While current studies

largely focus on how H. pylori utilizes its various components to

interact with different cellular signaling molecules to activate NF-

kB or other transcription factors for the induction of inflammation,

little is known regarding whether NF-kB termination signals could

also be targeted forH. pylori to maintain sustained NF-kB activation

and inflammation. Activation of NF-kB by H. pylori might be only

part of the story. How those normal checks and balances are

overcome on the road to carcinogenesis, and seemingly must remain

impaired throughout the life of a cancer, remains to be investigated.

NF-kB activity is many-faceted; it has a role in every aspect of

cancer, from development to metastasis, and studying the induction

of its activity is only the beginning. Can H. pylori not only establish

an environment conducive to the promotion of carcinogenesis, but

also direct signaling within cells and tumors towards angiogenesis,

proliferation, and even metastasis, all regulated by the NF-kB

pathway? Many questions remain in our search to understand the

pathogenesis of H. pylori in cancer, but it seems that many could be

answered with a better appreciation of the ways in which H. pylori

activates NF-kB. A better understanding of the molecular mecha-

nism for H. pylori-mediated NF-kB activation and inflammation

would allow the identification of agents that suppress the

inflammatory response for the prevention and treatment of gastric

cancer.
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