
fourth commonest cause of  cancer death in Europe[1]. On 
a global scale, gastric cancer remains the world’s second 
commonest malignancy, having only been overtaken 
by lung cancer in the late 1980’s[2-4]. There is substantial 
international variation in gastric cancer incidence with the 
highest rates reported from Korea, Japan and eastern Asia. 
Other high incidence areas include Eastern Europe and 
parts of  Latin America, while Western Europe and the US 
generally have low incidence rates. The global burden of  
gastric cancer is shifting rapidly from the developed world 
to the developing world. Despite the worldwide decline in 
incidence and the major improvements in diagnosis and 
treatment, less than 20% of  patients survive to 5 years.

Pathology of gastric cancer
The vast majority of  gastric cancers are sporadic. However 
there is strong evidence that occasional cases have an 
inherited component. Over 95% of  malignancies of  the 
stomach are adenocarcinomas. Lymphoma, sarcomas and 
carcinoid tumours comprise the remaining less common 
neoplasm’s. Adenocarcinoma of  the stomach comprises 
a spectrum of  different conditions classified according to 
the site of  tumour origin and the pathological appearance 
of  the lesion. Lauren composed a histological classification 
that is widely applied. According to this classification 
neoplasms are described as intestinal or diffuse types[5]. 
Intestinal tumours are comprised of  malignant cells that 
are united to form structures resembling functional glands 
of  the gastrointestinal tract. In contrast, the less common 
diffuse tumour type comprises cells that lack cohesion and 
are no longer capable of  gastric function. The evolution 
of  intestinal tumours has been characterised as progressing 
through a number of  sequential steps. These steps begin 
with gastritis which progresses to mucosal atrophy (atrophic 
gastritis) followed by intestinal metaplasia, dysplasia and 
carcinoma with subsequent metastatic dissemination. No 
preceding steps have been identified in the pathogenesis 
of  diffuse carcinoma other than the obvious chronic 
gastritis that is the hallmark of  Helicobacter pylori (H pylori) 
pathogenesis. Diffuse adenocarcinoma has an increased 
propensity for intra and transmural spread and is therefore 
associated with a poorer prognosis. Unfortunately 
the histological classification of  an individual gastric 
adenocarcinoma is not clear-cut with a tumour often 
comprising a mixture of  intestinal and diffuse tissue types.

aetiology of gastric cancer
The pathogenesis of  gastric cancer represents a classic 
example of  gene-environment interactions[6,7]. For many 

 REVIEW

Cellular and molecular aspects of gastric cancer

Malcolm G Smith, Georgina L Hold, Eiichi Tahara, Emad M El-Omar

Malcolm G Smith, Georgina L Hold, Eiichi Tahara, Emad M 
El-Omar, Department of Medicine and Therapeutics, Aberdeen 
University, Foresterhill, Aberdeen AB25 2ZD, Scotland, 
United Kingdom
Correspondence to: Professor Emad M El-Omar, Department of 
Medicine and Therapeutics, Institute of Medical Sciences, Aber-
deen University, Foresterhill, Aberdeen AB25 2ZD, Scotland, 
United Kingdom. e.el-omar@abdn.ac.uk
Telephone: +44-1224-553021  Fax: +44-1224-555766
Received: 2005-08-03                Accepted: 2005-10-26 

Abstract
Gastric cancer remains a global killer with a shifting 
burden from the developed to the developing world. 
The cancer develops along a multistage process that is 
defined by distinct histological and pathophysiological 
phases. Several genetic and epigenetic alterations 
mediate the transition from one stage to another 
and these include mutations in oncogenes, tumour 
suppressor genes and cell cycle and mismatch repair 
genes. The most significant advance in the fight against 
gastric caner came with the recognition of the role of 
Helicobacter pylori (H pylori) as the most important 
acquired aetiological agent for this cancer. Recent work 
has focussed on elucidating the complex host/microbial 
interactions that underlie the neoplastic process. There 
is now considerable insight into the pathogenesis 
of this cancer and the prospect of preventing and 
eradicating the disease has become a reality. Perhaps 
more importantly, the study of H pylori -induced gastric 
carcinogenesis offers a paradigm for understanding more 
complex human cancers. In this review, we examine 
the molecular and cellular events that underlie H pylori -
induced gastric cancer.
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decades it was well established that the cancer developed 
along well-defined histological and pathophysiological 
stages. Chronic inflammation with gastric atrophy was 
shown to be the most important pathological entity with 
hypochlorhydria being the most important physiologi-
cal abnormality. Diets high in food preservatives such as 
salts and nitrates are thought to induce gastric malignancy 
whereas increased consumption of  food containing natural 
antioxidants such as fresh fruit and vegetables may slow or 
prevent the disease. Alcohol and smoking are also thought 
to contribute to the aetiology. Achlorhydria, pernicious 
anaemia and blood group A are also associated with a 
higher risk of  gastric malignancy. 

Hereditary factors clearly increase the risk of  gastric 
cancer and this malignancy is part of  a number of  
familial cancer syndromes. The most celebrated familial 
case of  gastric cancer is that of  Napoleon Bonaparte. It 
is well documented at autopsy that the exiled Emperor 
had a malignant gastric ulcer complicated by a chronic 
perforation and haemorrhage. His father, Charles 
Bonaparte, died from scirrhous carcinoma of  the pylorus 
at the age of  39, and his grandfather, Joseph Bonaparte, 
also died of  “suspected” gastric cancer at the age of  40. 
At least one of  his brothers and one of  his sisters also 
died of  the same malignancy[8]. Lending support to the 
genetic aetiological hypothesis is the recognition that 
patients with hereditary nonpolyposis colon cancer and 
Familial Adenomatous Polyposis are at an increased risk 
of  developing malignancy in the stomach. Following the 
discovery of  H pylori it is has become apparent that the 
preceding aetiological factors only account for a small 
proportion of  the cases and this review will focus primarily 
on H pylori-induced sporadic gastric cancers.

H pylori infection
The discovery of  H pylori infection in the early eighties 
proved a turning point in understanding the pathogenesis 
of  gastric cancer[9]. While the link between H pylori and 
peptic ulcer disease was established soon after successful 
culture of  the bacterium, the association with gastric 
cancer lagged almost a decade before credible evidence 
was presented. The major reason for this delay was 
inability to demonstrate the presence of  active infection 
in gastric tissue of  cancer patients. A major advance in 
this field came with the recognition that chronic H pylori 
infection induces physiological and morphological changes 
within the gastric milieu that increase the risk of  neoplastic 
transformation. It is widely accepted that chronic H pylori 
infection induces hypochlorhydria and gastric atrophy, 
both of  which are precursors of  gastric cancer (Figure 
1). Presence of  the infection in the final stages of  this 
cascade is therefore not necessary for cancer to develop as 
irreversible damage had already occurred.

Microbiology of H pylori
The Helicobacter genus consists of  at least 24 species 
found in the GI tracts of  animals and humans. One of  
these species is H pylori a Gram-negative, spiral shaped, 
microaerophilic bacilli known to chronically infect over 
half  the world’s population[10]. It is usually acquired in 

childhood, and if  left untreated can persist for decades 
within the extreme environment of  the human stomach[11]. 
The infection can be acquired via the faecal/oral or 
gastric/oral routes, and if  not treated with antibiotics, 
can persist throughout l ife. The organism is non-
invasive, nonspore-forming, measuring approximately 
3.5 × 0.5 micrometers, with 4 to 6 unipolar flagellae[12]. 
These flagellae are protected from damage by the acidic 
environment of  the stomach by a sheath. This allows the 
bacterium to move through the mucus layer within the 
stomach and to reside between this layer and the gastric 
epithelium[13]. Eighty percent of  the bacilli are free-living, 
however the remainder adhere tightly to the underlying 
cells and induce ultra-structural changes in the gastric 
epithelial cell[10,14]. 

Adaptation of H pylori to the gastric environment
While H pylori is well equipped to colonise the inhospitable 
acidic gastric environment, it is essentially a neutralophile 
that grows best at a pH of  between 6.0 and 8.0[13]. In order 
to do this, H pylori is equipped with several factors that 
allow it to colonise and evade the host defences including 
the immune response. H pylori possesses a urease enzyme 
that allows it to hydrolyse gastric urea into ammonia 
and carbon dioxide. This permits H pylori to maintain a 
constant internal and periplasmic pH, even in the presence 
of  a very high external H+ concentration. In addition, 
H pylori expresses a urea transport protein (UreI) with 
unique acid-dependent properties that attenuates the rate 
of  urea entry into the cytoplasm[15]. The combination of  
a neutral pH-optimum urease and an acid-regulated urea 
channel explains why H pylori is unique in its ability to 
inhabit the human stomach[16,17]. Indeed, isogenic urease-
negative mutants of H pylori are incapable of  colonising 
the gastric mucosa[18]. To conserve energy and resources, H 
pylori seeks out a niche that does not constantly challenge 
its acid-resisting and acid adaptation machinery. This 
explains why the initial colonisation is maximal in the 
antral part of  the stomach, a region with a higher pH than 
the acid-producing corpus mucosa. This also explains why 
the distribution of  infection changes when gastric acid 
secretion is inhibited by pharmacological means. In these 
circumstances, H pylori and its associated inflammation 
spread to involve the hitherto protected corpus mucosa. 

Figure 1  Divergent responses to H pylori infection.
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H pylori’s role in gastric disease
Since early in the 20th century, it has been known that 
different patterns of  gastritis can occur following H pylori 
infection, which ultimately results in differing clinical 
outcomes. The majority of  H pylori infected individuals 
develop mild pangastritis, a condition that does not 
adversely alter gastric physiology and is not associated 
with significant disease (Figure 1). Antral predominant 
gastritis is associated with hyperchlorhydria, which carries 
a low risk of  developing gastric cancer, but a high risk of  
developing duodenal ulcer disease[19]. In contrast corpus 
predominant gastritis, which leads to hypochlorhydria 
and gastric atrophy, carries an increased risk of  gastric 
cancer[20]. It is thought that following the development 
of  the hypochlorhydric atrophic gastric environment, 
other bacteria, such as nitrogen-fixing bacteria are able to 
colonise. These bacteria produce carcinogenic N-nitroso 
compounds through the conversion of  nitrates, and the 
increasing mutagenic and genotoxic pressure coupled 
with the lack of  free radical scavengers is thought to drive 
gastric cancer progression. 

The key question is how chronic H pylori infection can 
be associated with such divergent clinical outcomes? Much 
research has focussed on H pylori strain differences such 
as virulence factors as the source of  the disease specificity. 
However, although these factors undoubtedly contribute 
to the severity of  the disease, they do not define the 
clinical outcome[21]. This has prompted research in to other 
factors that could affect an individual’s response to H pylori 
infection. These factors include environmental and host 
genetic factors. 

Role of bacterial virulence factors
There is substantial evidence that genetic differences 
play a role in the clinical outcome of  H pylori infection, 
particularly H pylori-virulence associated genes such as 
cagA, vacA, iceA and babA. 
The cag  Island: The best characterised H pylori virulence 
factor is the cag pathogenicity island (cag-PAI), a 40 kb 
chromosomal DNA, which contains approximately 
31 genes[22,23]. Several of  the genes present on the cag-
PAI encode components of  a type IV secretion system, 
which allows CagA (cytotoxin-associated gene A), a 
120-130 kDa protein product and other bacterial proteins 
encoded by the cag-PAI to be injected into the epithelial 
cell cytosol (Figure 2)[10,12]. After entering the cell, CagA 
is phosphorylated and binds to tyrosine phosphatase, 
which induces secretion of  IL-8, a potent chemotactic 
and activating factor for neutrophils, by the activation 
of  nuclear factor kappa B (NF-κB) complexes[10,24]. The 
cag-PAI also induces cell surface remodelling including 
the induction of  pedestal formation, activation of  the 
transcription factor AP-1 and expression of  the proto-
oncogenes c-fos and c-jun by activation of  the ERK/MAP 
kinase cascade[25,26]. H pylori strains which do not contain 
the cag-PAI or possess mutated cag genes do not induce 
these changes or do so to a much lesser extent[24,26,27].

H pylori strains can be divided into 2 groups based 
on the presence/absence of  the cag-PAI: - type 1 strains, 
which possess the cag-PAI, and type 2 which do not. Type 

1 strains are associated with severe gastritis, peptic ulcer 
disease, gastric atrophy and non-cardia gastric cancer, thus 
linking the presence of  PAI to increased virulence[28-30]. 
It should be noted however, that not all type 1 isolates 
contain the entire PAI. Infection with a cagA expressing 
strain is also associated with reduced apoptosis whereas 
infection with a cagA negative strain is associated with 
increased apoptosis. Therefore cagA may act to inhibit 
gastric epithelial-programmed cell death. 
vac A gene: The vacA gene encodes the expression of  
a vacuolating cytotoxin VacA, which induces vacuole 
formation in eukaryotic cells and stimulates epithelial-cell 
apoptosis[31,32]. The toxin inserts itself  into the epithelial-
cell membrane forming a voltage dependent channel 
through which bicarbonate and organic anions can be 
released. Unlike the cag-PAI, all H pylori strains possess the 
vacA gene, although only approximately 50% of  strains 
express the VacA protein. Differences in expression are 
due to gene sequence variation[33]. Humans infected with 
VacA expressing H pylori demonstrate a greater degree of  
gastritis than non-expressing strains. H pylori infection is 
invariably associated with elevated gastric epithelial cell 
proliferation, thought to be a consequence of  the epithelial 
damage. 
babA gene: The babA gene encodes an outer-membrane 
protein BabA, which binds to fucosylated Lewis B blood 
group antigen on gastric cells[11,34]. BabA expressing strains 
adhere more tightly to gastric epithelial cells, and there is 
significant evidence accumulating that BabA expression 
may influence disease severity[11]. H pylori strains that 
possess babA, vacA and cagA carry the highest risk of  
gastric cancer[11]. 
iceA gene: A further putative virulence factor has descri-
bed-iceA (induced by contact with epithelium) comprises 
two main variants iceA1 and iceA2 [35]. However, the 
function of  iceA2 is currently undefined[36]. Significant 
homology has been found between iceA1 gene and nlaIII 
a type II restriction endonuclease of  Neisseria lactamica. 
Expression of  iceA1 is up-regulated by contact of  H pylori 
with human gastric epithelial cells and in some populations 
it is associated with peptic ulcer disease. 

Host genetic factors and gastric cancer 
It is now well recognised that the development of  gastric 
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cancer and the precursory changes of  gastric atrophy and 
hypochlorhydria are strongly influenced by host genetic 
factors. The importance of  these factors was indicated by 
the association of  Interleukin-1β gene polymorphisms and 
those affecting its receptor antagonist with an increased 
risk of  developing hypochlorhydria and gastric atrophy 
in a Caucasian population of  gastric cancer relatives, in 
the presence of  H pylori[37]. The risk of  gastric cancer is 
also exacerbated by carriage of  these polymorphisms. 
The estimated odds ratio in a logistic regression model 
for IL-1B-511T +/-31C+ and IL-1RN*2/*2 were 1.6 
(95% CI, 1.2-2.2) and 2.9 (95% CI, 1.9-4.4) respectively, 
in a Caucasian population[38]. The influence of  these 
proinflammatory IL-1β and IL-1 receptor antagonist 
gene polymorphisms on the development of  gastric pre-
malignant lesions and carcinoma has subsequently been 
verified by other investigators[39,40]. IL-1β is relevant to 
the pathogenesis of  H pylori-induced inflammation and 
the subsequent neoplastic process as the expression is 
up-regulated by the infection, it has proinflammatory 
actions and it is a powerful inhibitor of  acid secretion[41]. 
Emphasising the multi-factorial nature of  H pylori related 
gastric carcinoma, when these polymorphisms are 
combined with bacterial virulence factors, such as CagA, 
vacA s1 and vacA m1 positivity, the risk of  developing the 
disease is greatly enhanced[36].

Several other cytokines in addition to IL-1β are 
involved in the inflammatory response to H pylori and 
are potential host-genetic risk factors. TNF-α is also up-
regulated at an early stage after infection and subsequently 
influences transcription of  several mediators[42]. Conversely 
IL-10 is an anti-inflammatory cytokine that inhibits cell-
mediated immune responses. Functional, pro-inflammatory 
polymorphisms affecting both the genes encoding TNF-α 
and IL-10 have been associated with an increased risk of  
non-cardia gastric cancer[43]. The combination of  three or 
four pro-inflammatory cytokine polymorphisms affecting 
IL-1β (IL-1B-511T), IL-1 receptor antagonist (IL-1RN*2), 
TNF-α (TNF-A-308A) and IL-10 (IL-10 haplotype 
ATA) results in a highly significant increased risk of  
developing non-cardia gastric cancer (OR 27.3 95% CI 
7.4-99.8)[43]. More recently a functional pro-inflammatory 
polymorphism affecting the IL-8 gene (IL-8-251A) has 
been associated with increased gastric cancer[44-46].

Several other candidate genes have been studied in the 
attempt to discover associations with the development 
of  gastric cancer. Cytochrome P450 is involved in the 
metabolism of  dietary carcinogens such as N-nitrosamines 
and the CYP2E1 (c1/c1) genotype appears to be associated 
with an increased risk of  cardia cancer, particularly in 
smokers[47]. HLA class II DR-DQ alleles also appear to 
influence gastric carcinoma development with DRB1*1601 
being associated with an increased risk of  gastric cancer, 
particularly in the absence of  H pylori[48]. 

the role of inflammation in 
gastric cancer
H pylori-induced inflammation
It is known that H pylori is a potent activator of  NF-

κB in gastric epithelial cells[49-52] (Figure 2). H pylori 
infection causes activation of  the NF-κB pathway by 
a variety of  mechanisms which are discussed in more 
detail below. Activation of  NF-κB by H pylori induces 
nuclear translocation, which causes an increase in 
IL-8 messenger RNA and protein levels[50,53]. This has 
important implications since other NF-κB responsive 
genes including pro-inflammatory cytokines have been 
found in elevated levels in H pylori infected gastric 
mucosa. NF-κB activation is known to regulate cellular 
growth responses, including apoptosis, and is required for 
the induction of  inflammatory and tissue-repair genes, 
including macrophage inflammatory protein (MIP)-2, 
metalloproteinase 3 (MMP3) and vascular endothelial 
growth factor (VEGF). The NF-κB pathway is also 
responsible for the generation of  several cell adhesion 
molecules including ICAM-1 whose expression is 
significantly correlated with an increase in H pylori induced 
gastritis[54].

Mechanism of H pylori-induced activation of NF-κB
Lipopolysaccharide (LPS), which is a component of  the 
outer membrane of  Gram-negative bacteria including H 
pylori, is a signalling molecule for the innate immune system 
and is the main source of  inflammation in Gram-negative 
infections[55]. LPS targets the transmembranous pattern-
recognition receptor called toll-like receptor 4 (TLR4), 
which is expressed on macrophages and monocytes[56]. 
LPS binding to TLR4 activates signal transduction through 
MyD88, interleukin-1 receptor associated kinase and 
TRAF6 to activate the NF-κB and mitogen-activated 
protein kinase pathways[57-59], which leads to the synthesis 
and release of  inflammatory cytokines such as IL-1, IL-8 
and TNF-α, various chemokines GROα, IP10, MIG and 
MIP -1α & β[60], iNOS[61,62] and antimicrobial peptides 
providing a critical link to the adaptive immune system[63,64].

Induction of  inflammation is an important component 
in the defence against H pylori. The presence of  H pylori 
leads to the release of  mutagenic substances such as 
metabolites of  inducible nitric oxide synthase (iNOS), 
which is known to promote oncogenesis[65]. Nitric oxide 
generated by iNOS is converted to reactive nitrogen 
species, which can exert oncogenic effects including 
direct DNA and protein damage, inhibition of  apoptosis, 
mutation of  DNA and cellular repair functions such as p53 
and also promotion of  angiogenesis[66]. H pylori infection is 
also known to induce the expression of  pro-inflammatory 
Cyclooxygenase enzyme (COX-2)[67-71]. COX-2 expression 
is normally undetectable in most normal tissues, but is 
induced rapidly during an inflammatory reaction[72,73]. 
Cox-2 activity is induced by a variety of  mediators 
including inf lammatory cytokines such as TNF-α , 
interferon-γ and IL-1[74]. COX-2 facilitates tumour growth 
by inhibiting apoptosis, maintaining cell proliferation and 
stimulating angiogenesis within cancer cells[75-77]. 

Production of reactive oxygen species
A positive association between ROS production and H 
pylori infective load has been established[78]. It has also been 
suggested that the source of  ROS production was most 

2982         ISSN 1007-9327      CN 14-1219/ R      World J Gastroenterol      May 21, 2006      Volume 12     Number 19

www.wjgnet.com



probably host neutrophils, which had been activated by 
the presence of  H pylori. It has also been shown that ROS 
production is enhanced by infection with cagA-positive H 
pylori strains[79]. 

molecUlar mechanisms of gastric 
carcinogenesis
The bacterial, environmental and host genetic factors 
discussed above influence the development of  gastric 
carcinoma. In the following section, we discuss the 
molecular mechanisms underlying the disease. These 
include abnormalities of  oncogenes, tumour suppressor 
genes, cell adhesion molecules and cell cycle regulators. 
Additionally genetic instability and alterations in growth 
factors and cytokines contribute to the complex pathways 
involved in gastric carcinogenesis. Differences exist in the 
pathways leading to diffuse- and intestinal-type gastric 
carcinoma, and these are summarised in Figures 3 and 4. 

Oncogenes
Many proto-oncogenes are activated in gastric carcinoma, 
with variations between the differing histological subtypes. 
The c-met gene, encoding a receptor for hepatocyte growth 
factor/scatter factor is amplified in 19% of  intestinal-
type and 39% of  diffuse-type gastric cancers[80]. The 
majority of  gastric carcinomas express two different c-met 
transcripts, of  7.0 kb and 6.0 kb. Expression of  the 6.0kb 
transcript correlates well with prognostic factors such as 
tumour staging, depth of  tumour invasion and lymph node 
metastasis[81]. The K-sam (KATO-III cell-derived stomach 
cancer amplified) oncogene is also frequently activated in 
gastric carcinomas, and has at least four transcriptional 
variants[82]. One of  these, Type II, encodes a receptor 
for keratinocyte growth factor. K-sam is preferentially 
amplified in 33% of  advanced diffuse or scirrhous -type 
gastric carcinomas but not in intestinal-type cancers[83]. 
Over-expression of  this gene in gastric carcinoma is 
associated with a poorer prognosis.

Another proto-oncogene, c-erbB2, is preferentially 
amplified in 20% of  intestinal-type gastric cancers but this 
is not a feature of  the diffuse-type[84]. Over-expression of  
this gene is also correlated with poorer prognosis and liver 
metastases[85,86]. Mutations of  K-ras are seen in intestinal-
type gastric adenocarcinomas and the precursor lesions 
intestinal metaplasia and adenomas[87-89]. The incidence of  
this mutation is low and it is not a feature of  diffuse-type 
carcinomas.

Tumour suppressor genes
The tumour suppressor gene p53 is frequently inactivated 
in gastric carcinoma by loss of  heterozygosity (LOH), 
missense mutations and frame shift deletions. This 
occurs in over 60% of  gastric cancers, regardless of  
the histological subtype, and is frequently observed in 
precursor lesions such as intestinal metaplasia, dysplasia 
and adenomas[88,90-94]. Mutations commonly occur at 
A:T sites in intestinal-type carcinomas, with GC-AT 
transitions being common in diffuse-type carcinomas[91]. 
These GC-AT transitions can be caused by carcinogenic 

N-nitrosamines that are found in several foodstuffs and 
can be produced from dietary amines and nitrates in the 
acidic gastric environment[95,96]. Mutations in the codon 72 
of  exon 4 of  the p53 gene have recently been associated 
with an increased risk of  distal gastric cancer[97]. LOH of  
p73, a tumour suppressor gene related to p53 is detected 
in 38% of  gastric cancers, and alterations of  this gene are 
predominant features of  foveolar-type gastric cancers with 
pS2 expression[98]. pS2 is a gastric-specific trefoil factor 
normally expressed in gastric foveolar epithelial cells. 
Inactivation of  the pS2 gene results in dysplasia, adenoma 
and adenocarcinomas in mice[99,100]. Reduction or loss of  
the pS2 gene by DNA methylation in the promoter region 
occurs in intestinal metaplasia and gastric adenomas, 
suggesting this process may be important at an early stage 
in intestinal-type gastric carcinoma development[101]. 

Mutations of  the tumour suppressor gene APC, 
involved in familial polyposis coli, are also observed in 
intestinal-type gastric carcinoma[102]. Although APC gene 
missense mutations are common in the intestinal subtype, 
occurring in over 50% of  cases, they are not involved 
in diffuse-type cancers. Somatic mutations of  the APC 
gene are observed in 20%-40% of  gastric adenomas and 
6% of  intestinal metaplasias[103,104]. The expression of  
β-catenin, which acts as an oncogene, is enhanced by APC 
inactivation.
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A further tumour suppressor is nuclear retinoic acid 
receptor β (RARβ). Hypermethylation of  this gene with 
reduced expression is observed in 64% of  intestinal 
gastric cancers but this is not observed in the diffuse 
subtype[105]. Additional tumour suppressor gene alterations 
include those affecting distinct chromosomal loci. LOH 
at 1q and 7q are frequently associated with intestinal-type 
cancers while 1p is commonly affected in advanced diffuse 
cancers[88]. LOH of  the bcl-2 gene is also frequently 
observed in intestinal-type cancers[106].

The RUNX gene family is composed of  three 
members, RUNX1/AML1, RUNX2 and RUNX3[107]. It 
also encodes the DNA-binding α subunits of  the Runt 
domain transcription factor polyomavirus enhancer-
b inding prote in 2 (PEBP2)/core-b inding factor 
(CBF), which is a heterodimeric transcription factor. 
Of  the RUNX family, RUNX3 is involved in gastric 
carcinogenesis, being necessary for the suppression 
of  cell proliferation in the gastric epithelium. The 
gastric epithelium of  RUNX3 knockout mice exhibits 
hyperplasia, reduced rate of  apoptosis and reduced 
sensitivity to TGFβ1, suggesting the tumour suppressor 
activity of  RUNX3 operates downstream of  the TGFβ 
signalling pathways. In humans, loss of  RUNX3 by 
hypermethylation of  the promoter CpG island is observed 
in several different cancers, including 64% of  gastric 
carcinomas. RUNX3 methylation is also a feature of  8% 
of  chronic gastritis, 28% of  intestinal metaplasia and 27% 
of  gastric adenomas[108]. This suggests RUNX3 is a target 
for epigenetic gene silencing in gastric carcinogenesis[109,110].

Other genes that appear to be affected in gastric 
carcinogenesis include the FHIT gene and loss of  
heterozygosity at the DCC locus, which is a feature of  
intestinal-type cancers[88,111]. Promoter hypomethylation 
of  a novel cancer/testis antigen gene CAGE has recently 
been described in 35% of  chronic gastritis and 78% of  
gastric cancer[112]. Histone H4 is progressively deacetylated 
during the development of  gastric cancer, and this is a 
common event in both intestinal-type and diffuse type 
cancers[113].

Cell-adhesion molecules and metastasis-related genes
Cell adhesion molecules may act as tumour suppressors, 
with mutations in the E-cadherin gene occur ring 
preferentially in 50% of  diffuse type gastric carcinoma[114]. 
This homophilic cell adhesion molecule belongs to a 
family of  cell-cell adhesion molecules with an important 
role in intercellular adhesion by establishing cell polarity, 
maintaining tissue morphology and cellular differentiation 
in normal cells[115,116]. E-cadherin binds to the actin 
cytoskeleton via a series of  catenin proteins[117]. Therefore 
changes in E-cadherin expression have a direct effect on 
cell adhesion and therefore plays an important step in 
cancer development. E-cadherin mutations affecting exons 
8 or 9 induce the scattered morphology, decreased cellular 
adhesion and increased cellular motility of  diffuse gastric 
cancers[118]. Mutations in β-catenin and γ-catenin have also 
been observed in gastric cancer cell lines, and together 
with E-cadherin mutations appear to be involved in the 
development and progression of  diffuse and schirrhous-

type cancers[119-121].
Abnormal CD44 transcripts are frequently associated 

with gastric carcinomas and metastatic deposits, with the 
pattern of  these abnormal transcripts varying between 
the intestinal and diffuse subtypes[122]. All gastric cancer 
cell lines and tissues exhibit abnormal CD44 transcripts 
containing the intron 9 sequence[123]. This feature is also 
observed in 60% of  gastric intestinal metaplasias but is 
absent from normal mucosa[124]. Osteopontin (OPN), 
a protein ligand of  CD44, is overexpressed in 73% of  
gastric carcinomas and when co-expressed with CD44v9 
correlates lymphatic invasion and metastasis[125,126]. Reduced 
expression of  nm23, involved in c-myc transcriptional 
activation, and galectin-3, a galactoside-binding protein, 
are also implicated in metastatic gastric carcinoma[127,128].

Cell-cycle regulators
The cell-cycle regulator, cyclin E, is amplified in 15%-20% 
of  gastric carcinomas that are associated with its 
overexpression. Gene amplification or overexpression 
of  cyclin E are associated with aggressiveness and 
lymph node metastasis[129]. The expression of  the CDK 
inhibitor p27 that binds to a wide variety of  cyclin/CDK 
complexes and inhibits kinase activity is frequently reduced 
in advanced gastric carcinoma while being preserved 
the majority of  gastric adenomas and early cancers[130]. 
Reduced p27 expression correlates with tumour invasion 
and nodal metastasis. This reduction in p27 occurs at 
a post-translational level, and results not from genetic 
abnormalit ies but rather from ubiquitin-mediated 
proteosomal degradation[131]. A family of  E2F transcription 
factors is an important target of  cyclin/CDKs at the G1/s 
transition. Overexpression of  E2F is observed in 40% of  
primary gastric cancers, and this tends to be co-expressed 
with cyclin E[132]. Gene amplification and abnormal 
expression of  the E2F gene may permit the development 
of  gastric cancer.

Micosatellite and chromosomal instability
Microsatellite instability (MSI) is a hallmark of  the DNA 
mismatch repair deficiency that is one of  the pathways 
of  gastric carcinogenesis. Microsatellites are short DNA 
sequence repeats that are scattered throughout the human 
genome and occur in nearly every case of  gastric cancer 
associated with germline mutations of  the mismatch 
repair (MMR) genes hMSH2, hMLH1, hPMS1, hPMS2, 
and MS H6/GTBP [133,134]. Errors that occur in DNA 
mismatch repair mechanisms in tumour cells can cause 
expansion and contraction of  these repeats. MSI due to 
epigenetic inactivation of  hMLH1 is found in 15%-39% 
of  sporadic intestinal-type cancer, 70% of  which are 
associated with loss of  hMLH1 by hypermethylation of  
the promoter[135,136]. Such intestinal type cancers with MSI 
often occur in older patients and arise in the antrum. 
They are associated with lymphocyte infiltration, multiple 
tumours and a potentially favourable prognosis. Meanwhile 
MSI of  the D1S191 locus is found in 26% of  intestinal 
metaplasia and 46% of  intestinal type gastric cancer. An 
identical pattern of  this MSI of  D1S191 is observed in 
adjacent intestinal metaplasia and intestinal type cancer 
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that suggests the sequential development from the former 
to the latter[137]. Diffuse type cancers with MSI are more 
commonly observed in younger patients and have no 
germline mutations of  hMLH1 and hMSH2, with no 
alteration in BAT-RII[138]. However, these cancers are 
frequently associated with LOH on chromosome 17q21 
including the BRCA1 gene.

Human telomerase reverse transcriptase (hTERT) is an 
important determinant of  telomerase activity, the enzyme 
that catalyses the telomere DNA synthesis. The majority of  
intestinal carcinomas have shortened telomere length, high 
levels of  telomerase activity and a significant expression 
of  hTERT[139]. Over 50% of  intestinal metaplasias express 
low levels of  telomerase activity, equivalent to 10% of  the 
activity in gastric carcinoma[140]. hTERT is unregulated at 
an early stage in gastric carcinogenesis and H pylori may 
act as a trigger factor for hyperplasia in hTERT positive 
“stem cells” in intestinal metaplasia[139].

Growth factors and cytokines
Gastric cancer cells express a wide array of  growth 
factors and cytokines that act via autocrine, paracrine and 
juxtacrine mechanisms. Again the expression of  these 
mediators varies depending on the histological subtype. 
These interactions are summarised in Figure 5. The EGF 
family, which includes EGF, TGFα, IGF II and bFGF, 
are commonly overexpressed in intestinal-type carcinoma. 
Meanwhile TGFβ, IGF II and bFGF are predominantly 
overexpressed in the diffuse subtype[101]. Co-expression 
of  EGF/TGFα , EGFR and cripto correlates well 
with the biological malignancy, as these factors induce 
metalloproteinases[141,142]. Overexpression of  cripto is 
frequently associated with intestinal metaplasia and gastric 
adenoma[143]. Gastric cancer cells express neutrophilin-1 
(NRP-1), a co-receptor for VEGF receptor 2 endothelial 
cells[144]. EGF induces both NRP-1 and VEGF expression, 
suggesting that regulation of  NRP-1 expression in gastric 
cancer is intimately associated with the EGF/EGFR 
system.

Interleukin-1α is produced by inflammatory cells and 
also gastric cancer cells. It acts as an autocrine growth 
factor for gastric carcinoma cells and is important in 
EGF and EGF receptor expression[145]. The interplay 
between IL-1α and the EGF/receptor system acts to 
stimulate gastric cancer growth. IL-6 also acts in an 
autocrine fashion to stimulate gastric cancer cells. Il-1α 
and IL-6 both stimulate the expression of  each other by 
tumour cells{167}. IL-8, a member of  the CXC family of  
chemokines has numerous roles in gastric carcinogenesis 
with over 80% of  gastric tumours expressing both this 
cytokine and its receptor[146,147]. IL-8 enhances expression 
of  EGF receptor, type IV collagenase (metalloproteinase 
(MMP)-9), VEGF and IL-8 mRNA itself  by gastric cancer 
cells, while reducing E-cadherin mRNA expression.

The negative growth factor TGFβ is frequently 
overexpressed in gastric carcinoma, particularly diffuse 
type carcinomas with diffusely productive fibrosis[148]. 
Angiogenic factors such as vascular endothelial growth 
factor (VEGF), basic fibroblast growth factor (bFGF) 
and IL-8 are produced by tumour cells and result in 

neovascularisation within gastric carcinoma tissue. 
VEGF promotes angiogenesis and progression of  gastric 
carcinomas, particularly those of  the intestinal subtype, 
while bFGF is has a stronger association for diffuse gastric 
carcinoma[149,150]. HGF/SF (hepatocyte growth factor/
scatter factor) is produced by stimulated stromal cells such 
as fibroblasts, and functions in a paracrine manner as a 
morphogen or motogen[101].

It can be seen that several of  the molecular mecha-
nisms are distinct for intestinal- and diffuse-type gastric 
carcinoma development, while some are common to both. 
Regarding intestinal-type carcinogenesis, there are three 
possible routes leading to carcinoma development. Firstly, 
progression through the pre-cancerous lesions of  intestinal 
metaplasia to adenoma and finally carcinoma. Secondly, 
intestinal metaplasia may proceed directly to carcinoma. 
The third route involves the development of  de novo 
gastric carcinoma with no preceding stage.

Summary of Molecular Mechanisms involved in gastric 
carcinogenesis
The first two pathways are summarised in Figure 3 and 
Figure 4. Genetic instability and hyperplasia of  hTERT 
positive stem cells precede replication error at the DS191 
locus, DNA hypermethylation at the D17S5 locus, pS2 
loss, RARβ loss, RUNX3 loss, CD44 abnormal transcripts 
and p53 mutation, all of  which accumulate in 30% of  
incomplete intestinal metaplasia. All of  these epigenetic 
and genetic changes are common events in intestinal-type 
cancers.

An adenoma to carcinoma sequence is observed in 
around 20% of  gastric adenomas with APC mutations. 
Molecular events associated with this sequence are loss 
of  heterozygosity and mutation of  p53, reduced p27 
expression, loss of  RUNX3, over-expression of  cyclin E 
and abnormal c-met transcription. The resulting advanced 
intestinal-type gastric carcinomas frequently exhibit DCC 
loss, APC mutations, 1qLOH, loss of  p27, reduced TGFβ 
receptor expression, reduced nm23 and c-erbB2 gene 
amplification. The “de novo” pathway of  gastric carcinoma 
development involves LOH and abnormal expression of  
p73 exhibited in the development of  foveolar-type gastric 
cancers. Meanwhile, diffuse-type gastric carcinogenesis 

↑

Stromal cells,
Fibroblasts,
Macrophages

Autocrine  loop

Growth
promotion

Induction of GF receptors
EGF-R, c-met, c-erbB2

Escape from growth
inhibition by TGF-β

Due to loss of RUN × 3

TGF-α, EGF, amphiregulin,PDGF, TGF-β,
cripto, IGF-II, VEGF, IL-1α, IL-8

IL-1α, TGF-α

KGF

Abnormalities
        in
cell adhesion

Cell dissociation

Signal
transduction
disorders due to
integrin system

Enhanced motility and
local invasion

Induction of matrix
metalloproteases
and inhibitors
MMP-1, -3, -7, -9
TIMP-1

Degradation of
extracellular matrix

Angiogenesis
Endothelial cells

HGF
Paracrine loop

IL-1α, TGF-α
EGF, TGF-β

CD44
variants

Oste opontin

OP↑, IL-8↑, VEGF↑

bFGF, VEGF, IL-8

Phosphorylation of catenin
by EGF-R, c-met, c-erbB2

Figure 5  Cancer-stromal interaction in gastric cancer through growth factors and 
cytokines.
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involves LOH at chromosome 17p, MOH or mutation 
of  p53, RUNX3 loss and mutation or loss of  E-cadherin. 
Several of  the above molecular events may be present in 
mixed gastric cancers that have both intestinal and diffuse 
components.

conclUsion
It is evident that gastric carcinoma results from a complex 
interaction between bacterial, environmental, host-genetic 
and molecular mechanisms. The importance of  H pylori 
and the mechanisms by which the host recognises and 
responds to the bacterium are crucial in determining the 
resulting phenotype. Several common events are shared 
between the differing histological subtypes while distinct 
differences also highlight the fascinating divergence in 
histogenesis. The aetiology of  these differences remains to 
be elucidated. Better understanding of  these events will no 
doubt contribute significantly to our fight against this killer 
cancer. More importantly, the improved understanding of  
the pathogenesis of  gastric cancer will serve as a paradigm 
for understanding other human cancers.
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