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ABSTRACT
Runt-related transcription factor 3, or RUNX3, is a tumor suppressor in gastric cancer. Inactivation of RUNX3 is causally associated with the

genesis of gastric cancer, since RUNX3 is frequently inactivated in gastric cancers by hemizygous deletion, hypermethylation of its promoter,

or protein mislocalization. Infection with Helicobacter pylori is the strongest risk factor for the development of gastric cancer. Recent studies

have indicated that H. pylori infection plays an important role in the inactivation of RUNX3, and that this inactivation contributes to the

pathogenesis of H. pylori. Here we summarize these recent advances and discuss their significances in understanding the initiation and

development of gastric cancer. J. Cell. Biochem. 112: 381–386, 2011. � 2010 Wiley-Liss, Inc.
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W orldwide, gastric cancer is the fourth most diagnosed

cancer and the second most common cause of cancer-

related death. It is estimated that 10,570 people will die from gastric

cancer in 2010 in the United States alone [Altekruse et al., 2009].

Two main subtypes of gastric cancers exist. Intestinal-type

adenocarcinomas, which occur primarily in the distal regions of

the stomach, predominate in countries where gastric cancer is more

common. Diffuse-type adenocarcinomas occur more frequently in

younger populations [Vauhkonen et al., 2006]. Adenocarcinomas of

the stomach are often not diagnosed until they have metastasized to

other tissues, which makes their prognoses very poor [Bornschein

et al., 2009]. Gastric carcinogenesis is a complex, multistep, and

multifactorial event, and like all cancers, many etiological factors

contribute to the development and progression of gastric cancer.

These can include the activation of oncogenes, inactivation of tumor

suppressors, diet, tobacco use, and infection withHelicobacter pylori

[Peek and Blaser, 2002].

RUNX3 is a transcription factor that regulates lineage-specific

gene expression in developmental processes and is involved in the

formation of a variety of cancers [Ito, 2004]. RUNX3 elicits its tumor

suppressor functions by controlling the expression of many genes

involved in the growth, apoptosis, and differentiation of gastric

epithelial cells [Chi et al., 2005; Yamamura et al., 2006; Yano et al.,

2006] as well as genes involved in angiogenesis and cell junctions

[Peng et al., 2006; Chang et al., 2009]. RUNX3 is expressed in

glandular stomach epithelial cells, and loss of expression of RUNX3

is causally related to the genesis and progression of gastric cancer

and also correlates with differentiation, metastasis, and poor

prognosis of gastric cancer [Li et al., 2002; Wei et al., 2005;

Sugiura et al., 2008; Hsu et al., 2009]. A study in 2002 found that

knocking out runx3 in mice led to hyperplasia of the gastric

epithelium, an early developmental step in carcinogenesis [Li et al.,

2002]. Furthermore, it was found that 82% of human gastric cancer

samples showed reduced RUNX3 activity due to hemizygous

deletion, hypermethylation of its promoter, or protein mislocaliza-

tion [Li et al., 2002; Ito et al., 2005]. The inactivation of RUNX3

appears to occur both at an early stage as well as during progression

of gastric cancer [Li et al., 2002; Ito et al., 2005], and its expression

correlates with the stage of the cancer; fewer late-stage tumors

expressed RUNX3 than early-stage tumors [Li et al., 2002]. While

emerging evidence suggests that RUNX3 is a tumor suppressor

whose inactivation is involved in the initiation and progression of

gastric cancer, the trigger for RUNX3 inactivation within the cells is

largely unknown.

Helicobacter pylori is the only bacterium classified by the World

Health Organization as a Type I carcinogen, with an estimated 63%

of all stomach cancers caused by infection with the bacterium [Peek

and Blaser, 2002]. The Gram-negative spirochete persistently

Journal of Cellular
Biochemistry

PROSPECT
Journal of Cellular Biochemistry 112:381–386 (2011)

381

Ying-Hung Nicole Tsang and Acacia Lamb contributed equally to this work.

Grant sponsor: NIH; Grant number: DK-085158.

*Correspondence to: Dr. Lin-Feng Chen, Department of Biochemistry, College of Medicine, MC-714, University of
Illinois at Urbana-Champaign, Urbana, IL 61801. E-mail: lfchen@life.illinois.edu

Received 12 November 2010; Accepted 15 November 2010 � DOI 10.1002/jcb.22964 � � 2010 Wiley-Liss, Inc.

Published online 6 December 2010 in Wiley Online Library (wileyonlinelibrary.com).



colonizes the mucosa of the stomach, where it may attach directly to

the epithelial cells. Over half the world’s population is infected with

H. pylori, though the wide majority of these infections are

symptomless. However, significant pathologies are found in the

minority, including chronic gastritis, peptic ulcer disease, and

gastric cancers [Peek and Crabtree, 2006]. Infection is most

commonly associated with intestinal-type gastric adenocarcinoma,

though infection can also lead to the development of non-Hodgkin’s

or MALT lymphomas [Peek and Crabtree, 2006]. Many proposed

mechanisms for the pathogenicity of H. pylori exist, including

infection-induced cell proliferation, epithelial cell elongation and

loss of polarity, and degradation of cell–cell junctions. Recent

studies indicate that H. pylori infection is important in the

inactivation of RUNX3 by both protein degradation and promoter

hypermethylation [Kitajima et al., 2008; Tsang et al., 2010], which

may represent another critical element for the pathogenesis of

H. pylori.

H. PYLORI AND INACTIVATION OF RUNX3 BY
PROTEASOME-MEDIATED DEGRADATION

Ubiquitination of Runt family proteins has long been described, but

the physiological significance of this process is not well defined

[Huang et al., 2001]. Recent studies indicate that ubiquitination-

dependent proteolytic degradation of RUNX3 is an important

regulatory mechanism for controlling its tumor suppressor activity

[Bae and Lee, 2006]. Ubiquitination occurs via a series of reactions

mediated by three different enzymes: E1, E2, and E3. Catalysis is

initiated by ubiquitin activating enzyme E1, which uses energy from

ATP to activate a ubiquitin molecule. Activated ubiquitin is

transferred to a ubiquitin conjugating enzyme E2 and is then

transferred to the substrate by a ubiquitin E3 ligase. Of all three

enzymes, only the E3 ligase confers substrate specificity [Weissman,

2001]. Several E3 ligases for RUNX3 ubiquitination have been

identified. For example, RUNX3 is ubiquitinated by Smurfs (Smad

ubiquitin regulator factors), and Smurf-mediated ubiquitination of

RUNX3 reduces the stability and activity of RUNX3 [Jin et al., 2004].

Additionally, RUNX3 has been shown to be a target of MDM2, an E3

ligase known for regulating the function of the tumor suppressor

p53 [Chi et al., 2009].

Our recent studies indicate that H. pylori infection induces the

ubiquitination and degradation of RUNX3 [Tsang et al., 2010].

Infection with H. pylori leads to reduced cellular levels of RUNX3 in

cultured gastric epithelial cells as well as in gastric epithelial cells of

infected mice [Tsang et al., 2010]. The reduced expression of RUNX3

appears to be a result of H. pylori-induced ubiquitination and

degradation of RUNX3 [Tsang et al., 2010]. Interestingly, H. pylori-

induced degradation of RUNX3 depends upon the virulence factor

CagA, since the wild-type but not the cagA-deficient H. pylori

strains down-regulate the cellular levels of RUNX3 [Tsang et al.,

2010].

Virulence factor CagA is encoded by the cag pathogenicity island

(cagPAI) of H. pylori, which also encodes a type IV secretion system.

The 120–140 kDa CagA is injected into host epithelial cells via the

type IV secretion system [Peek and Blaser, 2002]. Within the cells,

CagA interacts with many different intracellular host proteins to

elicit its many roles in the pathogenesis of H. pylori. For example,

CagA associates with and activates the cytoplasmic protein tyrosine

phosphatase SHP-2, resulting in cytoskeletal reorganization, cell

elongation and cell scattering, and the ‘‘hummingbird’’ phenotype

[Higashi et al., 2002a,b]. CagA also associates with TAK1 to activate

NF-kB and regulate the NF-kB-dependent inflammatory response

[Lamb et al., 2009]. Through its association with various host

proteins, H. pylori CagA is actively involved in H. pylori-induced

gastric carcinogenesis.

The ability of H. pylori to induce the degradation of RUNX3 also

relies on the specific interaction of CagAwith RUNX3. CagA directly

interacts with RUNX3 in vivo and in vitro. More importantly, the

interaction is mediated by the specific recognition of the PPxY (Py)

motif of RUNX3 by the WW domain of CagA. Blocking the

interaction either by the mutation of the Py motif or by deletion of

the WW domain reduces the ability of CagA to induce the

ubiquitination and degradation of RUNX3, emphasizing the

importance of this interaction in the degradation of RUNX3 [Tsang

et al., 2010].

How does the binding of CagA to RUNX3 trigger its ubiquitina-

tion and degradation? The WW domain has been found in a variety

of E3 ligases and is involved in the binding of these E3 ligases to

their substrates [Yang and Kumar, 2010]. One possibility is that

CagA could contain intrinsic E3 ligase activity. However, a cysteine

residue, the amino acid which is essential for an E3 ligase to form a

thioester bond with ubiquitin [Pickart, 2001], is not found within

CagA. Another possibility is that CagA might function as a scaffold

protein to recruit an E3 ubiquitin ligase for the ubiquitination

and degradation of RUNX3. Supporting this, we found that CagA

immunoprecipitates from transfected cells were able to ubiquitinate

RUNX3 in vitro (unpublished data, Tsang and Chen). Furthermore, it

should be noted that two WW domains, defined as WW1 and WW2,

were identified within the N-terminal region of CagA. Although

both WW domains of CagA are involved in the ubiquitination and

degradation of RUNX3, only WW2 of CagA is essential for CagA’s

interaction with the Py motif of RUNX3. Currently, it is not

clear why CagA needs two WW domains for the ubiquitination

and degradation of RUNX3 but only one WW domain for the

interaction with RUNX3. It is possible that WW2 is involved in the

interaction with RUNX3 while WW1 is involved in the

recruitment of an E3 ligase. However, the identity of the E3 ligase

remains to be established. Several E3 ligases, including Smurfs

and MDM2, have been identified for the ubiquitination of RUNX3

[Jin et al., 2004], and it will be interesting to investigate whether any

one of them is actually involved in the CagA-induced degradation of

RUNX3.

In addition to the recruitment of a potential E3 ligase for RUNX3,

binding of CagA to RUNX3 might facilitate the cytoplasmic

localization of RUNX3, which seems to be a critical step in

the degradation of RUNX3 [Kim et al., 2009]. Jun-activation

domain-binding protein 1 (Jab/CSN5) induces the cytoplasmic

localization and degradation of RUNX3 [Kim et al., 2009]. In

addition, histone methyltransferase G9a has also been shown to

promote the nuclear export and induce the degradation of RUNX3 in

response to hypoxia [Lee et al., 2009]. Similarly, since CagA is a cell
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membrane-associated protein and RUNX3 shuttles between the

nucleus and the cytoplasm, CagA might promote down-regulation

of RUNX3 by sequestering it in the cytoplasm where it can be

ubiquitinated and degraded by the 26S proteasome.

H. PYLORI AND SILENCING OF RUNX3 VIA
HYPERMETHYLATION OF THE runx3 PROMOTER

Aberrant DNAmethylation of CpG islands in promoters is one of the

major mechanisms for inactivating tumor suppressor genes and is

closely involved in the formation of cancer [Jones and Baylin, 2007].

DNA methylation is mediated by a class of enzymes called DNA

methyltransferases (DNMT) that catalyze the transfer of the methyl

group from S-adenosyl-methionine onto cytosine. DNA methyla-

tion often occurs on CpG dinucleotides which are concentrated in

large clusters called CpG islands [Kulis and Esteller, 2010]. CpG

islands are found primarily in the promoter and/or the first exon

region of genes, and their methylation results in the inactivation of

gene expression [Kulis and Esteller, 2010]. In cancer cells, global

DNA hypomethylation is accompanied by region-specific hyper-

methylation, especially of the promoters of tumor suppressors,

leading to heritable transcriptional silence, and to carcinogenesis

[Kulis and Esteller, 2010].

Not surprisingly, methylation of the runx3 promoter represents a

major mechanism for the inactivation of RUNX3 in gastric cancer.

Hypermethylation of the runx3 promoter is found in many gastric

cancer cell lines and gastric cancer samples as well as in, with less

frequency, non-cancerous gastric diseases including chronic

gastritis, intestinal metaplasia, and gastric adenoma [Guo et al.,

2002; Kim et al., 2004]. Several factors, including H. pylori

infection, inflammation, and oxidative stress, have been indicated to

be involved in the epigenetic inactivation of RUNX3 [Chuang and

Ito, 2010]. Among these, H. pylori infection appears to be the most

critical factor, since H. pylori infection triggers inflammation and

oxidative stress in gastric tissues [Farinati et al., 2008]. Consistent

with the high levels of aberrant methylation of several CpG islands

in H. pylori-infected gastric mucosa [Maekita et al., 2006], H. pylori

infection has been shown to be an independent risk factor for runx3

promoter methylation in gastric cancer [Kitajima et al., 2008].

Furthermore, H. pylori infection positively correlates with the

methylation of the runx3 promoter in gastric cancer as well as in

gastric atrophy and intestinal metaplasia [Kitajima et al., 2008].

Supporting the role of H. pylori infection in the methylation of the

runx3 promoter, eradication of H. pylori increases the expression of

RUNX3 in the glandular epithelial cells of the corpus [Suzuki et al.,

2010].

It is still not clear how H. pylori initiates or maintains the

hypermethylation of the runx3 promoter. H. pylori-induced runx3

promoter hypermethylation might be due to its ability to directly

regulate DNMT, or the bacteria may induce hypermethylation

indirectly via the inflammatory response it generates. Up-regulation

of DNAmaintenancemethylation enzyme DNMT1 has been reported

to be responsible for hypermethylation of the promoters of some

tumor suppressors [Hodge et al., 2005]. It is plausible to assume that

a similar mechanism might account for H. pylori infection-initiated

DNA methylation. Surprisingly, this does not seem to be the case for

the runx3 promoter, since H. pylori infection does not up-regulate

the mRNA levels of dnmts in infected Mongolian gerbils [Niwa et al.,

2010]. However, it is still possible that H. pylori might alter the

distribution or the activity of DNMTs, since DNMT1 is essential for

maintaining the hypermethylation of the runx3 promoter. For

example, in human gastric cancer cells, depletion of DNMT1 leads to

decreased DNA methylation of the runx3 promoter and the re-

expression of RUNX3 [Jung et al., 2007].

In addition to the possible involvement of DNMTs, H. pylori-

induced methylation of the runx3 promoter might be caused by

infection-associated inflammatory mediators (e.g., reactive oxygen

species or nitric oxide [NO]). Studies from Katayama et al.

demonstrate that H. pylori infection induces the production of

NO in macrophages and that macrophage-derived NO causes the

methylation of the runx3 promoter and the loss of RUNX3

expression in epithelial cells [Katayama et al., 2009]. The production

of NO is likely a result of the enhanced expression of iNOS induced

by H. pylori-associated inflammation [Jaiswal et al., 2001].

Intriguingly, virulence factor CagA appears not to be involved in

the inflammation-initiated methylation of the runx3 promoter

[Kitajima et al., 2008], although CagA plays a key role in the

H. pylori-induced inflammatory response [Lamb et al., 2010]. The

role of CagA inH. pylori-induced runx3 promoter hypermethylation

or in general DNA methylation merits further investigation.

PATHOLOGICAL FUNCTIONS OF H. PYLORI-
MEDIATED INACTIVATION OF RUNX3

It is well documented that RUNX3 functions as a tumor suppressor in

the TGF-b signaling pathway through the attenuation of cell growth

and the induction of apoptosis [Ito and Miyazono, 2003]. For

example, RUNX3 suppresses gastric epithelial cell growth by

inducing cell cycle regulator p21(WAF1/Cip1) expression and induces

apoptosis of gastric epithelial cells by up-regulating proapoptotic

factor Bim [Chi et al., 2005; Yano et al., 2006]. Therefore,

inactivation of RUNX3 by H. pylori might result in enhanced

gastric epithelial cell proliferation and survival, which in turn may

facilitate H. pylori colonization [Mimuro et al., 2007].

Additionally, inactivation of RUNX3 by H. pylori might

contribute to the disruption of the proper architecture of the gastric

epithelium. Claudin-1, a main component of the tight junction

family of proteins, is a direct target of RUNX3 transcription

activation in gastric epithelial cells [Chang et al., 2009]. runx3�/�

mice-derived gastric epithelial cells have reduced levels of claudin-1

and increased tumorigenic potential when compared with the

runx3þ/þ cells [Chang et al., 2009]. Disruption of the tight junctions

between epithelial cells might allow H. pylori to invade inter-

cellularly, which may facilitate the induction of cell motility

and elongation and expression of mitotic genes involved in cell

proliferation.

Finally, since hypermethylation of the runx3 promoter is also

found in precancerous conditions such as chronic gastritis and

intestinal metaplasia [Kim et al., 2004], silencing RUNX3might alter

how frequently the gastric epithelial cells near the site of infection
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are converted to intestinal-type cells [Tsuji et al., 2006]. H. pylori

infection-initiated promoter methylation of runx3 and the resulting

inactivation of RUNX3, combined with other factors, triggers the

transdifferentiation of gastric epithelial cells into intestinal-type

cells, followed by intestinal hyperplasia, which leads to the

development of gastric cancer [Fukamachi, 2006; Kitajima et al.,

2008].

CONCLUDING REMARKS

In this review, we summarize the recent findings that define the

important role for H. pylori in the inactivation of gastric tumor

suppressor RUNX3. Multiple lines of evidence demonstrate that

various pathways and factors are involved in theH. pylori-mediated

inactivation of RUNX3 (Fig. 1). While the degradation of RUNX3

might represent one of the first results of the host–pathogen

interaction, quickly inducing the proliferation and survival of

gastric epithelial cells and improving the growth conditions for the

H. pylori, the infection-mediated long-term silencing of RUNX3 at

the epigenetic level might allow for the transdifferentiation of

gastric epithelial cells into intestinal-type cells.H. pylori infection is

a major risk factor for the development of gastric cancer and its

precursor lesions [Peek and Blaser, 2002], and H. pylori eradication

with triple therapy has been an effective approach for the prevention

of gastric cancer [Tsuji et al., 2006]. However, due to increased

antibiotic resistance and newly recognized beneficial effects of H.

pylori infection, alternative medical approaches to H. pylori

infections must be considered [Cover and Blaser, 2009]. New

approaches should rely on a better understanding of the molecular

and cellular mechanisms for H. pylori-induced gastric cancer.

Although the detailed mechanisms for the H. pylori-mediated

inactivation of RUNX3 remain to be determined, this line of research

promises to yield new insights into the pathogenesis ofH. pylori and

gastric cancer. Since inactivation of RUNX3 is closely associated

with the pathogenesis of H. pylori, specifically blocking the

interaction betweenH. pylori CagA and RUNX3 inH. pylori-infected

patients or reactivation of RUNX3 in gastric lesions or gastric

cancers by reducing the methylation of the runx3 promoter might

reduce the tumorigenic potential of H. pylori while at the same time

retaining its beneficial effects.
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