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Abstract

Background: Currently, it is well established that cancer arises in chronically inflamed tissue. A number of NOD-like
receptors (NLRs) form inflammasomes, intracellular multiprotein complexes critical for generating mature pro-inflammatory
cytokines (IL-1b and IL-18). As chronic inflammation of the gastric mucosa is a consequence of Helicobacter pylori infection,
we investigated the role of genetic polymorphisms and expression of genes involved in the NLR signalling pathway in H.
pylori infection and related gastric cancer (GC).

Materials and Methods: Fifty-one genetic polymorphisms were genotyped in 310 ethnic Chinese (87 non-cardia GC cases
and 223 controls with functional dyspepsia). In addition, gene expression of 84 molecules involved in the NLR signalling
pathway was assessed in THP-1 cells challenged with two H. pylori strains, GC026 (GC) and 26695 (gastritis).

Results: CARD8-rs11672725, NLRP3-rs10754558, NLRP3-rs4612666, NLRP12-rs199475867 and NLRX1-rs10790286 showed
significant associations with GC. On multivariate analysis, CARD8-rs11672725 remained a risk factor (OR: 4.80, 95% CI: 1.39–
16.58). Further, NLRP12-rs2866112 increased the risk of H. pylori infection (OR: 2.13, 95% CI: 1.22–3.71). Statistical analyses
assessing the joint effect of H. pylori infection and the selected polymorphisms revealed strong associations with GC (CARD8,
NLRP3, CASP1 and NLRP12 polymorphisms). In gene expression analyses, five genes encoding NLRs were significantly
regulated in H. pylori-challenged cells (NLRC4, NLRC5, NLRP9, NLRP12 and NLRX1). Interestingly, persistent up-regulation of
NFKB1 with simultaneous down-regulation of NLRP12 and NLRX1 was observed in H. pylori GC026-challenged cells. Further,
NF-kB target genes encoding pro-inflammatory cytokines, chemokines and molecules involved in carcinogenesis were
markedly up-regulated in H. pylori GC026-challenged cells.

Conclusions: Novel associations between polymorphisms in the NLR signalling pathway (CARD8, NLRP3, NLRP12, NLRX1, and
CASP1) and GC were identified in Chinese individuals. Our genetic polymorphisms and gene expression results highlight the
relevance of the NLR signalling pathway in gastric carcinogenesis and its close interaction with NF-kB.
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Introduction

The overall incidence of gastric cancer (GC) ranges widely

among countries. According to global cancer statistics, a total of

952,000 new GC cases and 723,000 GC-related deaths are

estimated to have occurred in 2012, accounting for 6.8% of the

total cancer cases and 8.8% of total cancer-related deaths [1].

Over 70% of new cases and deaths occur in developing countries,

with the highest incidence rates being reported in East Asia,

Eastern Europe, and Central and South America [2].

The bacterial pathogen Helicobacter pylori is an essential

aetiological factor for GC (IARC, 1994), however, previous

studies suggest that in addition to H. pylori infection and dietary

factors, host genetics contribute to GC [3]. Genetic polymor-

phisms have emerged in recent years as determinants of disease

susceptibility and severity, which is particularly true in gastroin-

testinal malignancy [4]. Therefore, polymorphisms within genes

involved in innate and adaptive immunity might play an

important role in the pathogenesis of H. pylori infection and

development of H. pylori-related complications including GC.

Germ-line encoded receptors known as pattern-recognition

receptors (PRRs) are part of the innate immune system and are

pivotal for the detection of invariant microbial motifs known as

pathogen-associated molecular patterns (PAMPs). PRRs have

been divided into five distinct genetic and functional clades:

nucleotide-binding oligomerization domain (NOD)-like receptors
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(NLRs), Toll-like receptors, C-type lectin receptors, retinoic acid-

inducible gene (RIG)-I-like receptors and absent in melanoma 2

(AIM2)-like receptors [5] [6].

The NLR family not only recognise PAMPs but also damage-

associated molecular patterns (DAMPs) in the cytoplasm, which

are endogenous ligands produced after tissue injury or cell death

[7]. The NLRs characteristic structure includes a central

nucleotide-binding and oligomerization (NACHT) domain that

is present in all NLR family members, a C-terminal leucine-rich

repeats (LRRs) and an N-terminal caspase recruitment (CARD) or

pyrin (PYD) domain. Based on phylogenetic analysis of NACHT

domains, it was determined that the NLR family comprises three

subfamilies: 1) the NOD family which includes NOD1–2, NOD

3/NLRC3, NOD4/NLRC5, NOD5/NLRX1 and CIITA, 2) the

NLRPs including NLRP1–14 (also known as NALPs), and 3) the

IPAF subfamily which consists of IPAF (NLRC4) and NAIP [7].

The NLRP3 inflammasome, the most fully characterized inflam-

masome, consists of the NLRP3 scaffold protein, the apoptosis

associated speck-like protein (ASC) and caspase-1. NLRP3

interacts and recruits the adaptor ASC via PYD-PYD interaction

[8]. This interaction leads to the recruitment of caspase-1, an

intracellular aspartate specific cysteine protease, which would

subsequently lead to the maturation and release of proinflamma-

tory cytokines such as IL-1b and IL-18.

In H. pylori infection, the first four physical-chemical barriers are

the mucus layer, gastric epithelial cells, the TLRs and the NLRs. A

limited number of studies have assessed the interaction between

the NLR signalling pathway and H. pylori. For example, an initial

study by Basak et al. [9] showed that not only H. pylori

lipopolysaccharide (LPS) activates caspase-1 but that this cas-

pase-1 activation is involved in LPS-induced IL-1b maturation.

Later, Hitzler et al. [10] showed that H. pylori infection activates

caspase-1, leading to IL-1b/IL-18 processing and secretion, both

in cultured dendritic cells (DCs) and in vivo. Consistently, two

recent studies, using human gastric cell lines, confirmed increased

expression of caspase-1, IL-1b and IL-18 in H. pylori-infected cells

[11,12]. Further, a recent study by Kim et al. [13] has shown that

secretion of IL-1b by DCs infected with H. pylori requires TLR2,

NOD2 and the NLRP3 inflammasome.

Therefore, previous studies clearly show that, in response to H.

pylori, inflammasome-dependent caspase-1 activation is critical for

generating mature pro-inflammatory cytokines that are crucial for

Th1 responses associated with gastric immunopathology. Given

that little is known about the role of inflammasomes and other

molecules involved in the NLR signalling pathway in response to

H. pylori infection, and that functionally relevant polymorphisms in

genes of this arm of the immune system have the potential to affect

the magnitude and direction of the host response against the

infection, we investigated the role of the NLR signalling pathway,

including inflammasome-related molecules, in H. pylori-related GC

development by assessing 51 genetic polymorphisms in Chinese

individuals, a known high risk population for GC, and addressing

the gene expression of 84 molecules involved in NLR signalling

pathways in a monocytic cell line upon exposure to H. pylori.

Materials and Methods

Genotyping of Polymorphisms Involved in the NOD-like
Receptor Signalling Pathway

Ethics statement. This study was approved by the Human

Ethics Committee (HREC) of the University of New South Wales

(UNSW) (HREC 08115 and HREC 02144). Written informed

consent was obtained from each individual recruited to the study.

Study subjects. Subjects were ethnic Chinese individuals

who underwent upper gastrointestinal endoscopy at the Changi

General Hospital (Singapore) and the University Hospital of

Malaysia (Kuala Lumpur), between January 2004 and April 2007.

Patients known to be infected with the human immunodeficiency

virus or who had been prescribed non-steroidal anti-inflammatory

drugs, anti-microbial agents or acid suppressants in the two-month

period prior to recruitment were excluded.

Eighty-seven patients newly diagnosed with a primary non-

cardia GC (International Classification of Diseases, 9th revision,

code 151) based on histological confirmation were invited to

participate in the study. The control group comprised 223

individuals diagnosed with functional dyspepsia (FD), which was

defined as persistent or recurrent symptoms (pain or discomfort

centred in the upper abdomen) in the absence of organic disease

(including at upper endoscopy), in accordance with Rome II

classification system [14].

Helicobacter pylori detection. H. pylori IgG antibodies in

these Chinese individuals were determined using an in-house

enzyme-linked immunosorbent assay [15] and immunoblot (MPD

Helico Blot 2.1, MP Biomedicals, Australia).

Polymorphisms selection. Electronic databases

(PUBMED, Scopus, Science Direct, Ovid, Biosis Previews, Scirus

databases, CINAHL, IMBIOMED, Scielo and LILACS) were

searched up to February 2013 for polymorphisms involved in the

NLR signalling pathway that were associated with cancer,

infectious disease or were functionally relevant. Fifty one

polymorphisms in 6 genes, which were reported to have a minor

allele frequency .1% in the National Center for Biotechnology

Information (NCBI) dbSNP, were selected for analysis (Table S1

in Tables S1).

Genotyping techniques. For genotyping of the 51 selected

polymorphisms in the NLR signalling pathway of each individual

included in the study, genomic DNA was extracted from

peripheral whole blood samples using the QIAamp Blood DNA

Mini Kit as described by the manufacturer (Qiagen; Chadstone,

Australia). DNA was rehydrated in sterile water and normalised to

10 ng/ml for customized SNP genotyping through the application

of matrix assisted laser desorption ionization time-of-flight

(MALDI-TOF) mass spectrometry, the Sequenom MassARRAY

iPLEX?assay (San Diego, CA, USA) [16,17] at the Australian

Genome Research Facility Ltd, St Lucia, University of Queens-

land, Australia.

One polymorphism that could not be included in the Sequenom

MassARRAY iPLEX assay, known as NLRP3–42 bp-VNTR, was

genotyped through standard PCR. Primers were designed with

Oligo Primer Analysis Software version 6.71 (Molecular Biology

Insights, Inc; Colorado Springs, USA). Experiments were

performed using the 2720 Thermal Cycler (Applied Biosystems;

Foster City, USA). PCR products were subjected to 1.5% agarose

gel electrophoresis and visualised under UV transillumination

using the Gel Doc 2000 System (Bio-Rad; Hercules, USA). The

primer sequences and thermal cycling conditions for genotyping of

this polymorphism are described in Table S2 in in Tables S1.

Four polymorphisms (CARD8-rs2043211, CARD8-rs6509368,

CARD8-rs12984929 and NLRP3-rs10754558) genotyped by

MALDI-TOF mass spectrometry were randomly selected for

confirmation of the results using real-time PCR. The primer

sequences and thermal cycling conditions are outlined in Table S2

in Tables S1. As a validation of the methodology implemented for

the genotyping of NLRP3–42 bp-VNTR, sequencing analyses

were performed in 10% of randomly selected study samples, at the

Ramaciotti Centre, UNSW, Australia.

NOD-Like Receptors in Gastric Cancer
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Statistical analysis. The unpaired Student’s t-test was used

to analyse the clinical characteristics. The direct count method was

used to estimate the genotype and allele frequencies. Deviation

from Hardy-Weinberg equilibrium (HWE) was tested using the

chi-square goodness-of-fit test (x2). Determination of linkage

disequilibrium (LD) was based on a likelihood ratio test in which

the significance of the observed likelihood ratio is found by

computing the null distribution of this ratio under the hypothesis

of linkage equilibrium, using a permutation procedure [18].

Haplotype inference was performed by means of the Expectation-

Maximization (EM) algorithm for multi-locus genotypic data [19].

The odds ratios (OR) and 95% confidence intervals (CI) were

calculated by means of the Fisher’s exact probability test (two-

tailed p-values). In order to correct for confounding factors, a

binary logistic regression (LR) adjusted by H. pylori status and

gender was performed. P-values,0.05 were considered as

statistically significant. Quality filters for exclusion of polymor-

phisms from the statistical analysis included call rates below 95%

and deviation from HWE. The data was analysed by means of the

programs Arlequin version 3.1 [20], GraphPad Prism version 5.02

(GraphPad Software Inc; San Diego, USA) and SPSS version

19.0.0 (SPSS Inc; Chicago, USA).

Gene Expression of Molecules Involved in the NOD-like
Receptor Signalling Pathway

Mammalian cell culture. The human monocytic leukaemia

cell line THP-1 (code: TIB-202) (American Type Culture

Collection; Manassas, USA), was cultured in RPMI 1640 medium

supplemented with 10% heat-inactivated fetal bovine serum (FBS)

(Invitrogen; Mulgrave, Australia), 1 mM sodium pyruvate (Invi-

trogen), 2500 mg/L sodium bicarbonate (Invitrogen) and 100 mg/

mL penicillin-streptomycin solution (Invitrogen). Cells were

maintained in 25-cm2 tissue culture flasks (Greiner-Bio-On;

Frickenhausen, Germany) at 37uC with 5% CO2.

Bacterial culture. The H pylori strain GC026 (cagA+, cagE+,

cagL+, cagT+, vacA s1 m1+, babA+, oipA+, dupA+ and sabA+) was

isolated from a GC patient at the University Hospital of Malaysia,

Kuala Lumpur [21,22]. The H. pylori strain 26695 (cagA+ and vacA

s1m1+) was isolated from a patient with gastritis [23] (ATCC code

700392). Both H. pylori strains were grown for two days on horse

blood agar plates (Blood Agar Base No.2 supplemented with 6%

sterile defibrinated horse blood (Oxoid, Heidelberg West, Vic.,

Australia) at 37uC in an anaerobic jar containing a gas generating

kit (Oxoid) to provide a microaerobic atmosphere of 6% O2, 10%

CO2 and 84% N2.

Infection assay. THP-1 cells were seeded in a 6-well culture

plate at a concentration of 56105 cells/ml and subsequently

differentiated into macrophages with phorbol myrastate acetate

(Sigma-Aldrich) for 72 hours [24]. Prior to bacterial infection,

mammalian cells were incubated in antibiotic-free medium. The

H. pylori strains GC026 and 26695 were then added to the medium

at a multiplicity of infection of 1, and incubated for 6 hours at

37uC and 5% CO2. The bacterial concentration added was

determined based on a standard curve and optical density (OD)

readings at 595 nm using a Bio-Rad microplate reader model 550

(Bio-Rad). The actual concentration added was confirmed by

counting colony forming units (CFU) grown on horse blood agar

plates after serial dilution of the bacterial suspension.

RNA extraction, cDNA preparation and PCR

arrays. After infection, non-challenged and H. pylori-challenged

THP-1 cells were used for the isolation of mRNA using the

Qiagen RNeasy Mini Kit as described by the manufacturer

(Qiagen). For the analysis of the gene expression of 84 molecules

involved in the NLR signalling pathway, cDNA was synthesised

from 0.8 mg total RNA using the RT2 First Strand cDNA Kit

(Qiagen) and further analysed using the Human Inflammasome

RT2 Profiler PCR array (PAHS-097R) (Qiagen) as recommended

by manufacturer. Gene expression profiles were obtained from

three independent experiments of H. pylori GC026-infected, H.

pylori 26695-infected and corresponding non-infected (control)

samples. The experiments were performed employing the Rotor-

Gene Q cycler (Corbett Life Sciences; Doncaster, Australia).

For gene expression data analysis, the DD Ct-based method of

relative quantification was implemented using the Web-based RT2

Profiler PCR Array Data Analysis version 3.5 (http://

pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). At

least two-fold changes ($2, #0.5) and P-values,0.05 were

considered as statistically significant.

SDS-PAGE and Western Blotting
THP-1 cells were seeded, differentiated and infected at a MOI

of 1, as previously described. Proteins were extracted using RIPA

buffer, separated on 12% sodium dodecyl sulfate polyacrylamide

gel electrophoresis gels, and transferred to methanol-treated

polyvinylidine difluoride membranes using the Trans-blot cell

transfer system (Bio-Rad). Membranes were immunolabeled with

rabbit anti-human polyclonal antibodies against NLRX1 (1:200)

or mouse anti-human monoclonal antibodies against b-actin

(1:1000) (Santa Cruz). Goat anti-rabbit and anti-mouse IgG

antibodies coupled to HRP (1:2000; Bio-Rad) were used as

secondary antibodies, respectively. Membranes were probed in

accordance with the Pierce ECL Western Blotting Substrate

protocol (Thermo Scientific; Scoresby, Australia).

Results

Clinical Characteristics
The clinical characteristics of the study subjects including

gender, H. pylori infection status and median age are shown in

Table S3 in Tables S1. Male gender was found to be more

predominant in GC patients than in FD controls, showing a

positive association with the development of GC in this ethnic

Chinese population (OR: 2.15, 95% CI: 1.29–3.58, P-value:

0.0036). H. pylori infection was found to be present in 68.7% of

individuals in this study (73/87 GC patients and 140/223 FD

controls). Comparison of the prevalence of H. pylori infection in

GC patients and FD controls showed that H. pylori infection was a

risk factor for the development of GC (OR: 2.38, 95% CI: 1.41–

3.99, P-value:,0.0001). Even though subjects in this study were

matched according to 5-years age groups, the median age of GC

patients (65.3 yrs) was significantly higher than that of FD controls

(54.3 yrs) (P-value:,0.0001).

Polymorphisms in Genes Involved in the NOD-like
Receptor Signalling Pathway are Associated with Gastric
Cancer in Ethnic Chinese Individuals

Fifty-one polymorphisms in genes involved in the NLR

signalling pathway were genotyped in 310 ethnic Chinese

individuals (87 GC cases and 223 FD controls). The call rate of

all the selected polymorphisms was 97–100% in this study. All

polymorphisms in the NLR signalling pathway were found to be in

HWE in the control group showing non-significant x2 values

except for CARD8-rs12984929 (x2: 35.98), CARD8-rs4802445 (x2:

5.87) and CARD8-rs6509368 (x2: 5.43). Twenty one polymor-

phisms in NLRP3 (n = 5), NLRP12 (n = 3), NLRX1 (n = 3), ASC

(n = 4) and CASP1 (n = 6) were found to be non-polymorphic in

this ethnic Chinese population (Table S1 in in Tables S1).

NOD-Like Receptors in Gastric Cancer
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Allele and genotype frequencies as well as ORs and 95% CI for

the remaining 27 polymorphisms are shown in Table 1 and Table

S4 in Tables S1. The CARD8-rs11672725 TT genotype showed a

strong association with GC in the bivariate statistical analysis (OR:

4.80, 95% CI: 1.39–16.58). In addition to CARD8-rs11672725,

another four polymorphisms showed borderline results in the

bivariate analysis (NLRP3-rs10754558, NLRP3-rs4612666,

NLRP12-rs199475867 and NLRX1-rs10790286) (Table 1). Further

multivariate statistical analyses, adjusting for H. pylori infection and

male gender, showed that the CARD8-rs11672725 TT genotype

remained a risk factor for GC in this ethnic Chinese population

(Table 2).

Haplotype-based analyses are a powerful approach to dissect

the architecture of complex diseases. In the current study, the EM

algorithm identified 25 haplotypes with a frequency .0.01 in GC

cases (Table S5 in Tables S1). Using the major haplotype in the

control group as the reference haplotype, two CARD8-NLRP12

(Hap1 and Hap8), one NLRP3 (Hap3) and three NLRX1-CASP1

(Hap21, 23 and 24) haplotypes were found to increase the risk of

GC in this ethnic Chinese population. Interestingly, Hap1

harbours the CARD8-rs11672725 T allele, and Hap21 and

Hap23 harbour the NLRX1-rs10790286 C allele, which shows

consistency with the results obtained from the allele and genotype

analyses.

Polymorphisms in Genes Involved in the NOD-like
Receptor Signalling Pathway are Associated with
Helicobacter Pylori Infection in Ethnic Chinese Individuals

Given that H. pylori is known to be a major risk factor associated

with GC, further analyses were performed to assess the association

between genetic polymorphisms involved in the NLR signalling

pathway and H. pylori infection. Interestingly, our ethnic Chinese

case-control study showed that NLRX1-rs10790286, NLRP12-

rs2866112, NLRP12-rs4419163 and ASC-rs8056505 were associ-

ated with a significantly increased risk of H. pylori infection in these

individuals (Table S6 in Tables S1). Multivariate statistical analysis

confirmed that NLRP12-rs2866112 was associated with an

increased risk of H. pylori in Chinese individuals (OR: 2.13, 95%

CI: 1.22–3.71).

Joint Effect of Helicobacter Pylori Infection and Genetic
Polymorphisms Markedly Increases the Risk of Gastric
Cancer in Ethnic Chinese Individuals

Further analyses were performed to assess not only the presence

or absence of the selected polymorphisms but also H. pylori status

in relation to the risk of GC, in an attempt to determine the

existence of biological interaction in the form of synergism or

antagonism. Strikingly, individuals harbouring ten of the selected

polymorphisms (CARD8-rs10405717, NLRP3-rs12079994, NLRP3-

rs3806265, NLRP3-rs4612666, NLRP12-rs2866112, NLRP12-

rs4419163, NLRX1-rs10790286, CASP1-rs2282659, CASP1-

rs530537 and CASP1-rs61751523) and infected with H. pylori were

observed to be at most risk of GC, the majority of these ORs being

in the range 4.0–5.0 (Table 3). In contrast, in the absence of H.

pylori infection, CARD8-rs2043211 significantly decreased the risk

of GC (OR: 0.19, 95% CI: 0.06–0.63).

Helicobacter Pylori Influences the Expression of Several
Molecules Involved in the NOD-like Receptor Signalling
Pathway

To further characterise the effect of H. pylori on molecules

involved in the NLR signalling pathway, we assessed the

expression of 84 genes encoding NLRs, other inflammasome

components, negative regulators, pro-inflammatory cytokines, pro-

inflammatory caspases and molecules involved in downstream

signalling, in THP-1-derived macrophages following exposure to

two different H. pylori strains (GC026 and 26695). In H. pylori

GC026-challenged THP1 cells, 49 genes were differentially

expressed when compared to the control group (Table S7 in

Tables S1and Figure S1 in Figures S1). Of these, statistically

significant up-regulation and down-regulation of at least two-fold

was found in 17 and 28 genes, respectively (Tables 4 and 5). Thirty

five genes were differentially expressed between the control group

and the group exposed to H. pylori 26695 (Table S7 in Tables S1

and Figure S2 in Figures S1). Of these, statistically significant up-

regulation and down-regulation of at least two-fold was found in 5

and 23 genes, respectively (Tables 4 and 5).

Helicobacter Pylori Strains Associated with Gastric Cancer
and Gastritis Lead to Different Expression Levels of
Cytokines and Chemokines

Given that inflammation is a hallmark of gastric carcinogenesis,

we further analysed the expression of pro-inflammatory cytokines

and chemokines upon exposure to two H. pylori strains. The

expression of nine genes encoding pro-inflammatory cytokines

(IFNB1, IL1B, IL12B, IL6, IL33 and TNF) and chemokines

(CXCL1, CXCL2, CCL5) were significantly up-regulated in THP-1

cells challenged with both H. pylori GC026 and 26695 strains

(Table 4). Further, an intense immune response (CXCL1, CXCL2,

CCL5, IL6, IL12B, TNF and IFNB1) was initiated against H. pylori

GC026 (Figure 1A). Interestingly, a number of genes encoding

chemokines (CCL2 and CCL7) and cytokines (IL18, TNFSF11 and

CD40LG) were down-regulated in H. pylori-challenged THP-1 cells

(Table 5).

Helicobacter Pylori Infection Results in Up-regulation of
NFKB1 with Simultaneous Marked down-Regulation of
NLRP12 and NLRX1

Given that NF-kB is negatively regulated by NLRP12 and

NLRX1, we further compared the expression of NFKB1 and RELA

between H. pylori GC026- and 26695-challenged cells. Remark-

ably, although RELA showed decreased levels in THP-1 cells

exposed to both H. pylori strains (fold regulation: 0.49, p-value:

0.044673 and fold regulation: 0.26, p-value: 0.131017 for H. pylori

GC026 and 26695, respectively), statistically significant up-

regulation of NFKB1 was only observed in H. pylori GC026-

challenged cells (fold regulation: 2.50, p-value: 0.006825)

(Figure 1C).

Helicobacter Pylori Increases the Expression of PTGS2 and
BIRC3

Expression of other molecules involved not only in the NLR

signalling pathway but also in carcinogenesis was also analysed by

comparing THP-1 cells responses to both H. pylori strains.

Interestingly, PTGS2 was significantly up-regulated in THP-1 cells

upon exposure to both H. pylori strains, H. pylori GC026-challenged

cells (fold regulation: 54.03, p-value: 0.0247) showing significantly

higher expression levels when compared to H. pylori 26695-

challenged cells (fold regulation: 19.56, p-value: 0.016089)

(Figure 1d). Further, a second gene involved in carcinogenesis,

BIRC3, was exclusively up-regulated in H. pylori GC026-chal-

lenged cells (fold regulation: 12.28, p-value: 0.001638) (Figure 1D).

NOD-Like Receptors in Gastric Cancer
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Discussion

GC is now considered a multifactorial process, in which

bacterial, environmental and host genetics factors are involved at

different stages in cancer pathophysiology. Currently, it is well

established that cancer arises in chronically inflamed tissue, and

this is particularly notable in the gastrointestinal tract [4]. As

chronic inflammation of the gastric mucosa is a consequence of H.

pylori infection and this bacterium is initially targeted by PRRs, we

investigated the role of molecules involved in the NLR signalling

pathway in H. pylori infection and related GC.

To our knowledge, this is the first reported evidence that

polymorphisms involved in the NLR signalling pathway are

associated with an increased risk of GC in a human population.

Multivariate statistical analysis showed that the CARD8-

rs11672725 TT genotype is a consistent risk factor for GC in

Chinese individuals. CARD8, located at 19q13, encodes the

caspase recruitment domain protein 8 (CARD8), also known as

TUCAN, which has been reported to interact with NLRP3,

suppress NF-kB activating signals and be overexpressed in human

cancer tissues including ovarian, lung and breast cancer tissues

[25–27]. To date, only one study, conducted in a German

population, has assessed the role of this polymorphism in disease

[28]. These authors addressed the association between CARD8-

rs11672725 and colorectal cancer but failed to show any

significant results (OR: 1.02, 95% CI: 0.86–1.21) [28]. Differences

in cancer type and study population might account for these

conflicting outcomes.

As H. pylori is known to be a major risk factor for GC, we also

examined the effect of genetic polymorphisms involved in the

NLR signalling pathway on H. pylori infection. On the multivariate

analysis, NLRP12-rs2866112 consistently increased the risk of H.

pylori infection in this ethnic Chinese population. Like NLRP3,

NLRP12 has been shown to interact with ASC to generate an IL-

1b-processing inflammasome [29]. To date few studies have

addressed the role of NLRP12 in host resistance or susceptibility to

infectious agents. Recently, however, a study by Vladimer et al.

[30], demonstrated that NLRP12-deficient mice had higher

mortality and increased bacterial loads after infection with Yersinia

pestis, which correlated with decreased levels of IL-1b, IL18 and

IFN-c suggesting that NLRP12 might form an inflammasome in

response to this bacteria. In contrast, Allen et al. [31] showed that

NLRP12 did not significantly contribute to the in vivo host innate

immune response to Klebsiella pneumonia or Mycobacterium tuberculosis.

Further, Zaki et al. [32] have recently showed that NLRP12-

deficient mice were highly resistant to Salmonella enterica serovar

Typhimurium infection which was associated with the NLRP12-

mediated inhibition of NF-kB and ERK activation. Thus, current

evidence suggests that NLRP12 may play a dual pathogen-specific

role, one in which a NLRP12 inflammasome-dependent response

facilitates the eradication of the pathogen (e.g. Y. pestis infection),

and a further one in which negative regulation of NF-kB signalling

leads to survival and persistence of the pathogen (e.g. S.

Typhimurium and possibly, H. pylori infection).

Given that GC is a complex disease, further multivariate

statistical analyses were performed to investigate the potential

interaction between H. pylori and the selected polymorphisms in

the development of GC. Among H. pylori-infected individuals,

those ones harbouring CARD8-rs10405717, NLRP3-rs12079994,

NLRP3-rs3806265, NLRP3-rs4612666, NLRP12-rs2866112,

NLRP12-rs4419163, NLRX1-rs10790286, CASP1-rs2282659,

CASP1-rs530537 and CASP1-rs61751523, were at most risk of

developing GC. Interestingly, a number of these genetic variants

have previously been associated with diverse inflammation-related

pathologies including cancer and autoimmune disorders [33,34].

Surprisingly, in the absence of H. pylori infection, CARD8-

rs2043211 significantly decreased the risk of GC in these Chinese

individuals. Consistent with this finding, a recent publication by

Roberts et al. [35], found that the presence of the CARD8-

rs2043211 T allele in combination with the NLRP3-rs35829419 C

allele conferred a protective effect against Crohn’s disease (CD) in

Caucasian individuals (OR: 0.35, 95% CI: 0.15–0.82 and OR:

0.66, 95% CI: 0.48–0.90 for CARD8 1,1/NLRP3 1,2 and CARD8

1,2/NLRP3 1,1, respectively). In contrast, a study conducted in a

Korean population revealed an association between CARD8-

rs2043211 and ulcerative colitis (UC) (OR: 1.50, 95% CI: 1.12–

2.00, P-value: 0.011) [36]. Further, CARD8-rs2043211 was also

associated with elevated levels of IL-1b in female UC patients in

this study [36]. Thus, further studies are required to elucidate the

association between CARD8-rs2043211 and gastrointestinal in-

flammatory disorders among different ethnic groups.

Recently, inflammation has been considered the seventh

hallmark of cancer and an enabling characteristic that facilitates

the acquisition of the other hallmarks (tissue invasion/metastasis,

limitless replicative potential, sustained angiogenesis, evasion of

programmed-cell death (apoptosis), self-sufficiency in growth

signals and insensitivity to growth-inhibitory signals) [37]. Inflam-

mation initiated by innate immune cells, mainly macrophage

subtypes, neutrophils, myeloid progenitors and mast cells [38–41],

designed to fight infections and heal lesions, can instead result in

unintentional support of multiple cancer hallmark functions,

thereby manifesting the widely accepted tumour-promoting

consequences of inflammatory responses [37]. Therefore, to assess

the direct effect of H. pylori on the NLR signalling pathway, an

important component of innate immunity that has been involved

in gastric immunopathology, the expression of 84 genes was

investigated in THP-1 cells challenged with two unrelated H. pylori

strains (GC026 and 26695). Because pro-inflammatory cytokines

play an essential role promoting inflammation in the context of

gastrointestinal carcinogenesis [42], we first compared the

expression of these genes between non-infected and H. pylori-

infected THP-1 cells. Nine genes encoding pro-inflammatory

cytokines (IFNB1, IL1B, IL12B, IL6, IL33 and TNF) and

Table 2. Association between identified risk factors and gastric cancer in ethnic Chinese individuals (binary logistic regression).

Variable Adjusted OR 95% CI P-value*

H. pylori infection 3.22 1.68–6.19 0.0001

Male gender 1.99 1.16–3.41 0.013

CARD8 rs11672725 TT 4.8 1.39–16.58 0.013

OR, odds ratio; CI, confidence intervals.
*P-values were obtained from a binary logistic regression (backward Wald) adjusted by Helicobacter pylori status and gender.
doi:10.1371/journal.pone.0098899.t002
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chemokines (CXCL1, CXCL2, CCL5) were found to be significantly

up-regulated in THP-1 cells challenged with both H. pylori strains.

These results are consistent with extensive evidence showing up-

regulation of pro-inflammatory cytokines during H. pylori infection

[43,44]. Interestingly, CXCL1, CXCL2, CCL5, IL6, IL12B, TNF

and IFNB1 were markedly up-regulated in THP-1 cells challenged

with H. pylori GC026, a strain isolated from a GC patient and

known to be positive for multiple virulence factors (cagA+, cagE+,

cagL+, cagT+, vacA s1m1+, babA+, oipA+, dupA+ and sabA+), when

compared to the reference strain H. pylori 26695. Further studies

analysing the potential role of specific H. pylori virulence factors in

the regulation of the NLR signalling pathway are required.

On the other hand, genes encoding a number of cytokines

(IL18, TNFSF11 and CD40LG) and chemokines (CCL2 and CCL7)

were found to be down-regulated in H. pylori-challenged THP-1

cells. Of these, only CCL7 showed decreased expression in THP-1

cells challenged with both H. pylori GC026 and 26695 strains.

Interestingly, H. pylori-induced down-regulation of chemokines

and their receptors has been previously suggested as a novel

mechanism of modulating neutrophil migration and activation in

the gastric mucosa [45]. As H. pylori might exert a similar effect on

CCL7, a chemokine that attracts monocytes and eosinophils and

regulates macrophage function, this potential mechanism requires

further investigation. Notably, we found expression of IL18 to be

significantly down-regulated only in the H. pylori GC026-

challenged cells. Given that it has been reported that IL-18

counteracts the pro-inflammatory activities of IL-1b, thereby

balancing control of H. pylori infection and prevention of excessive

gastric immunopathology [10], it could be postulated that down-

regulation of IL18 contributes to the increased inflammation

associated with GC.

The expression of thirteen genes encoding NLRs was analysed

in the current study. Of these, five genes were significantly down-

regulated at least two-fold in THP-1 cells challenged with H. pylori

GC026 (NLRC4, NLRC5, NLRP12 and NLRX1) and 26695

(NLRC4, NLRC5 and NLRP9). Interestingly, NLRP3, a gene

encoding a NLR that has previously been shown by Kim et al.

[13] to cooperate with TLR2 and NOD2 for the secretion of IL-

1b in H. pylori-infected DCs, was not differentially expressed in H.

pylori infected-cells in our study. However, as described by others,

there is considerable variation in phenotype, cytokine secretion,

phagocytosis and T cell stimulating capabilities between mono-

cytes, DCs and macrophages, in response to H. pylori infection

[46]. Indeed, our results imply that other NLRs expressed in

macrophages might be involved in H. pylori recognition and

subsequent chronic inflammation including NLRC4 (previously

shown to be involved in the recognition of gram-negative bacteria

type III and IV secretion systems [47,48]), NLRC5 (a specific and

master regulator of major histocompatibility complex (MHC) class

I genes as well as related genes involved in MHC class I antigen

presentation [49]) and NLRP9 (recently associated with other

inflammation-related disorders [50]).

In addition, our gene expression analyses showed NLRP12 and

NLRX1, two genes encoding molecules that have recently been

suggested to negatively regulate canonical and non-canonical NF-

kB signalling [32,51–54], to be markedly down-regulated in H.

pylori GC026-challenged cells. Further, statistically significant up-

regulation of NFKB1 was only observed in H. pylori GC026-

challenged cells. These results imply that, in THP-1 cells infected

with highly virulent H. pylori strains, a dual mechanism may

exacerbate the activity of the NF-kB signalling pathway, one of

which increases host response to bacterial components leading to

NF-kB activation through other PRRs, most likely TLRs, andT
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Figure 1. Helicobacter pylori up-regulates NFKB1 and NF-kB target genes, and down-regulates NF-kB-negative regulators. A) Gene
expression of cytokines and chemokines in H. pylori-challenged THP-1 cells, B) Gene expression of NOD-like receptors in H. pylori-challenged THP-1
cells, C) NFKB1 expression in H. pylori-challenged THP-1 cells and D) PTGS2 and BIRC3 expression in H. pylori-challenged THP-1 cells. Fold-change
(2‘(2Delta Delta Ct)) is the normalized gene expression (2‘(2Delta Ct)) in THP-1 cells challenged with H. pylori (GC026 and 26695) divided the
normalized gene expression (2‘(2Delta Ct)) in their respective control group. Fold-regulation represents fold-change results in a biologically
meaningful way. Fold-change values greater than one indicate up-regulation, and the fold-regulation is equal to the fold-change. Fold-change values
less than one indicate down-regulation, and the fold-regulation is the negative inverse of the fold-change. Fold-difference compared to the control
group showing a *P-value,0.05 and a **P-value,0.01. P-values were obtained with a Student’s t-test.
doi:10.1371/journal.pone.0098899.g001
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secondly, down-regulation of the NF-kB-negative regulators

NLRP12 and NLRX1.

NLRP12-mediated attenuation of the non-canonical NF-kB

pathway has been suggested to be due to NLRP12’s ability to

associate with the NF-kB inducing kinase (NIK), which subse-

quently induces proteasome-dependent degradation of this protein

[52]. In addition, evidence suggests that NLRP12 regulates the

canonical NF-kB signalling pathway by targeting the interleukin-1

receptor-associated kinase 1 (IRAK1), which results in blockage of

IRAK-1 hyperphosphorylation [53]. Similarly, NLRX1 was found

to target TNF receptor-associated factor 6 (TRAF6) inhibiting its

capacity to signal to NF-kB [51]. Further, upon LPS stimulation,

NLRX1 is rapidly ubiquitinated, disassociates from TRAF6, and

then binds to the I kappa B kinase (IKK) complex, resulting in

inhibition of IKKa and IKKb phosphorylation and NF-kB

activation [54]. In the context of gastrointestinal carcinogenesis,

Zaki et al. [55] have demonstrated that NLRP12 plays an essential

role in the suppression of pro-inflammatory cytokines and

chemokines by controlling the activation of NF-kB and extracel-

lular-signal-regulated kinase (ERK) pathways in response to

microbial components, colon inflammation and colorectal tumor-

igenesis. Further, Allen et al. [56] have found that NLRP12-

deficient mice were highly susceptible to colitis and colitis-

associated colon cancer showing elevated non-canonical NF-kB

activation and increased expression of target genes associated with

cancer, including CXCL13 and CXCL12.

PTGS2 and BIRC3, two molecules known to be involved in

carcinogenesis, were significantly up-regulated in H. pylori-GC026-

challenged cells. Prostaglandin-endoperoxide synthase 2 (PTGS2),

which is also termed cyclooxygenase 2 (COX2), is the key enzyme

that catalyses the conversion of arachidonic acid to prostaglandins.

Extensive evidence supports a pivotal role of PTGS2 in gastric

inflammation and carcinogenesis [57]. In addition, Zaki et al. [58]

showed that elevated PTGS2 expression was evident in colonic

Figure 2. Polymorphisms in the NOD-like receptor signalling pathway increase the risk of Helicobacter pylori-related gastric cancer.
Individuals harbouring NLRP12, NLRX1 and CARD8 polymorphisms would have decreased levels or defective NLRP12, NLRX1 and CARD8, and thus,
would be more susceptible to acquisition of H. pylori in childhood and present deregulation of NF-kB. Once established, H. pylori infection appears to
intensify the decreased expression of these NF-kB-negative regulators. These factors would lead to the production of pro-inflammatory cytokines
(IFNB1, IL1, IL-12B, IL6, IL33 and TNF), chemokines (CXCL1, CXCL2, CCL5) and carcinogenesis-related molecules (PTGS2 and BIRC3), among others, which
would facilitate the sequence of events that characterises GC development including inflammation, atrophy, intestinal metaplasia, dysplasia,
carcinoma in situ, and finally invasive gastric cancer.
doi:10.1371/journal.pone.0098899.g002
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tumours of NLRP12-deficient mice leading to the possibility that,

in the current study, decreased expression of NLRP12 is related to

increased PTGS2 levels in H. pylori GC026-challenged cells.

Further, because baculoviral IAP repeat containing 3 (BIRC3),

also known as cellular inhibitor of apoptosis protein 2 (cIAP2), is a

member of the inhibitor of apoptosis protein (IAP) family, and is

over-expressed in most cancer tissues [59], it can be postulated

that stimulus with H. pylori GC026 elevates the already high basal

levels of BIRC3 in THP-1 cells, a cell line derived from an acute

monocytic leukemia patient. Consistent with this view, Maeda et

al. [60] have shown that H. pylori infection increases BIRC3

expression in human GC and cervical cancer cell lines. Further, H.

pylori has been shown to increase the expression of BIRC3 in

infected-mice after 2 weeks of exposure [61]. In addition, as

knocking down of BIRC3 resulted in a 30% decrease in cell

proliferation, a 20% increase in apoptosis and delayed migration

of SGC-7901 cells, it has been postulated that BIRC3 is a potential

target for GC therapy [61].

In conclusion, the association between CARD8-rs11672725 and

GC was a consistent and novel finding in this study. Further,

NLRP12-rs2866112 was found to increase the risk of H. pylori

infection in this population, the main risk factor for GC.

Additional analyses in our ethnic Chinese population showed that

the concomitant presence of polymorphisms involved in the NLR

signalling pathway and H. pylori infection dramatically increased

the risk of GC in Chinese. Our gene expression analyses showed

five genes encoding NLRs to be significantly regulated in H. pylori-

challenged cells (NLRC4, NLRC5, NLRP9, NLRP12 and NLRX1).

Interestingly, NLRP12 and NLRX1, two known NF-kB negative

regulators, were markedly down-regulated, and NFKB1 as well as

several NF-kB target genes encoding pro-inflammatory cytokines

(IFNB1, IL12B, IL6 and TNF), chemokines (CXCL1, CXCL2,

CCL5) and molecules involved in carcinogenesis (PTGS2 and

BIRC3) were markedly up-regulated, in THP-1 cells infected with

a highly virulent H. pylori strain isolated from a GC patient. Based

on our findings, we propose a synergistic interaction between

NLRs and H. pylori in GC pathogenesis, which over time, could

facilitate the sequence of events that characterises GC develop-

ment including inflammation, atrophy, metaplasia, dysplasia,

carcinoma in situ, and finally invasive GC (Figure 2).
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molecules involved in the NOD-like receptor signalling
pathway. THP-1 cells were challenged with two H. pylori strains
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differences showing P-values,0.05.
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Figure S3 Helicobacter pylori down-regulates NLRX1
levels in THP-1 cells. The levels of NLRX1 were significantly

decreased in THP-1 cells challenged with either H. pylori strain

GC26 or 26695. A representative experiment of the triplicates
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(TIF)
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