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INTRODUCTION 

Gastric cancers are typically the cancers arising from the 

epithelium of the stomach. It is the fifth most common 

cancer as regards the prevalence and remains one of the 

leading causes of cancer related deaths among both the 

sexes.
[1,2,3]

 In the year 2012, numbers of cases suffering 

from gastric cancer were reported to be 951,600, of 

which 723,100 cases died of the disease, its rate being 

twice high in men as in women.
[4]

 It still remains a major 

clinical challenge having a poor prognosis with a five- 

year survival rate of only 5%.
[5]

 Clinically, due to late 

onset of symptoms, disease is often diagnosed in the 

advanced stages thus limiting the available curative 

therapeutic options in more than 50% of the cases.
[2,3,6,7]

 

Despite the tremendous efforts in the past few decades, 

the genetic and the molecular mechanisms inducing, the 

genomic instability in gastric cancer initiation and 

progression remains yet to be elucidated. With the result, 

the disease prognosis remains poor and only a little 

improvement has been achieved regarding the long term 

survival of the patients with gastric cancer.
[8]

 

 

The new advances towards the understanding of 

molecular basis of the malignant transformation of 

gastric epithelium, may lead to an identification of new 

diagnostic and prognostic markers and new treatment 

strategies for combating this global issue. The present 

review will make an attempt to provide an insight 

regarding the major molecular mechanisms contributing 

towards the development of gastric adenocarcinoma. 

 

Pathology 

The major histological type of gastric cancer, 

adenocarcinoma, arises from the glandular cells of the 

stomach mucosa and accounts for about 90-95% of all 

the gastric malignancies. The gastric adenocarcinoma has 

been largely classified on the basis of Lauren’s criteria 

into two distinct pathological entities intestinal and 

diffuse types, which differ in the clinicpathological and 

prognostic features.
[3]

 Intestinal type gastric cancer is 

well differentiated arising generally from a premalignant 

state, such as chronic gastritis followed by chronic 

atrophy, intestinal metaplasia and dysplasia.
[9]

 It is often 

associated with H. pylori infection, obesity and certain 

dietary factors (such as smoked foods, high salt intake 

and foods preserved with nitrates and nitrites), occurring 

more commonly in older patients.
[3,10,11]

 Diffuse gastric 

cancer is poorly differentiated, with non-cohesive, 

infiltrating cells arising from a normal gastric mucosa, 

and does not follow the step-wise neoplastic 

progression.
[10,12]

 It is often associated with a negative H. 

pylori status and is more frequent in younger 

patients.
[13,14]
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Gastric cancer is a multifactorial process, involving the action of various genes at numerous levels, along the 

multistage process of carcinogenesis. Exhaustive efforts have been made towards the unravelling of molecular 

mechanisms underlying the process of gastric carcinogenesis. However, a detailed mechanism of its development 

still remains unclear. Majority of gastric cancers are characterized by two major genomic instability pathways 

including Microsatellite Instability (MSI) and Chromosomal Instability (CIN). Chromosomal destabilizations like 

these occur as an early event in the disease progression. This review describes our current knowledge of instability 

pathways and various oncogenes and tumor suppressor genes implicated in gastric carcinogenesis, which could aid 

in the development of new therapeutic strategies for combating this global issue. 
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A vast majority of the gastric cancers are sporadic, with 

no evident inherited predisposition. Less than 15% of the 

gastric carcinomas show familial clustering,
[15]

 mostly 

not being associated with definitive germline mutations. 

Approximately, 1-3% of gastric carcinomas arise from 

inherited gastric cancer predisposition syndromes
[16]

 such 

as hereditary diffuse gastric carcinoma (HDGC), familial 

adenomatous polyposis, hereditary nonpolyposis 

colorectal carcinoma (HNPCC or Lynch Syndrome, 

juvenile polyposis syndrome, Peutz-Jeghers syndrome, 

Li- Fraumeni syndrome, gastric hyperplastic 

polyposis
[17,18,19]

 and Gastric adenocarcinoma and 

proximal polyposis of the stomach (GAPPS).  

 

Hereditary Diffuse Gastric Cancer (HDGC) is the most 

frequent of the hereditary gastric cancer 

syndromes.
[20,21,22]

 It is a high penetrance autosomal 

dominant condition, associated with a heterozygous 

germline mutation in E-cadherin or CDH1 tumor 

suppressor gene. And these mutations have been reported 

in approximately 30% of the individuals with HDGC.
[23]

 

 

Molecular Basis of gastric carcinogenesis 

Being a highly aggressive disease, gastric cancer has a 

rapid pattern of spreading, with the resulting late stage 

diagnosis of the patients. Although the mechanism 

responsible for this aggressive phenotype is not 

completely understood but, the loss of genomic stability 

is a key molecular step. Occurring at an early stage of 

carcinogenesis process, genomic instability creates a 

permissive environment for the accumulation of genetic 

and epigenetic alterations in tumor suppressor genes and 

oncogenes.
[24]

 The two major genomic instability 

pathways involved in the pathogenesis of gastric cancer 

are microsatellite instability (MSI) and chromosomal 

instability (CIN).  

 

MSI has been documented as one of the earliest changes 

occurring in the gastric carcinogenesis and is defined as 

the presence of the replication errors in the microsatellite 

sequences, being responsible for a well-defined subset of 

gastric cancers.
[25,26,27]

 CIN, on the other hand, is 

characterized by gross chromosomal abnormalities, 

either qualitative or quantitative, such as gain or loss of 

whole chromosome or a fraction of chromosome, 

amplifications and translocations.
[28]

 In addition to these 

genetic alterations, the epigenetic alterations including 

the CpG island methylator phenotype (CIMP) have also 

been reported in gastric cancer, being characterised by 

the hypermethylation of CpG islands localized in the 

promoter regions of various genes, leading to their 

transcriptional silencing.
[29]

 

 

Proto-oncogenes and oncogenes 

Over the past century the oncogene research has been 

one of the major advancements in understanding of the 

molecular basis of malignant diseases. Oncogenes are 

structurally and functionally the heterogeneous group of 

genes, whose protein products act pleiotropically and 

affect multiple complex regulatory cascades within the 

cell.
[30]

 These are derived from normal host genes, also 

known as proto-oncogenes that are deregulated as a 

result of mutation. These mutations result in constant 

activation of these genes, which normal conditions (wild 

type genes) are not active. They include the proteins, 

such as growth factors, growth factor receptors, signal 

transducers, transcription factors, and apoptosis 

regulators as well as chromatin remodelers, functioning 

at critical steps in signalling pathways.
[31,32]

 

 

A mutation that transforms a proto-oncogene into an 

oncogene is dominant one, mutation of even a single 

allele being sufficient.
[33]

 Transformation of proto-

oncogene to an oncogene can take place by four different 

pathways, all leading to gain-of-function of the gene. 

These include  

i. Intragenic deletion or a point mutation, increasing 

the expression of the oncoprotein.
[34]

  

ii. The amplification of proto-oncogenes resulting in 

overproduction of the protein than normal.
[35]

 

iii. Chromosomal translocation that places the proto-

oncogene under the influence of a strong enhancer 

sequence, producing a higher level of protein.
[36]

 

iv. Retroviral transduction activating an oncogene.
[37]

 

 

To date, more than 100 different proto-oncogenes have 

been identified through a variety of experimental 

strategies,
[32,38,39]

 and the development of gastric cancer 

has been closely related to a variety of these oncogenes, 

few of which are discussed below. 

 

K-sam (FGFR2) 

The K-sam (KATO-III cell-derived stomach cancer 

amplified gene) oncogene encodes for a keratinocyte 

growth factor receptor that by origin is a receptor 

tyrosine kinase.
[40]

 It was the first gene found to be 

amplified in stomach cancer cell line KATO-III. K-sam 

has at least four transcriptional variants and belongs to 

the heparin-binding growth factor receptor or fibroblast 

growth factor receptor (FGFR), gene family.
[41,42]

 The 

Keratinocyte Growth Factor (KGF) receptor has a potent 

mitogenic activity for a wide variety of epithelial cells, 

but lacks any activity in fibroblasts or endothelial cells. 

 

The Immunohistochemical analysis carried out by 

Hattori et al, revealed that 20 out of 38 advanced diffuse 

or scirrhous type of gastric cancer cases (53%) were 

FGFR2/K-sam positive, whereas none of the 11 

intestinal type cases revealed FGFR staining. Thus, being 

suggestive of the fact that the Fibroblast growth factor 

receptor 2 (FGFR2/K-sam) gene is preferentially 

amplified in poorly differentiated (comprising 33% of all 

cancers) but not in intestinal type of gastric 

cancers.
[40,43,44]

 A number of studies have also revealed 

that an overexpression of this gene is associated with a 

worse prognosis of gastric malignancy and FGFR2 

targeting may also serve as a promising treatment 

strategy for scirrhous gastric cancer.
[43,45,46,47,48]
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ErbB2/HER2 

Homologue of epidermal growth factor receptor, HER2 

(HER2/neu or ErbB-2) is a glycoprotein with tyrosine 

kinase activity. HER2 is encoded by a gene located on 

chromosome 17q21 and is a v-erbB related proto-

oncogene that does not directly bind any specific ligands. 

It is a key driver of tumorigenesis being associated with 

tumor cell proliferation, apoptosis, adhesion, migration, 

and differentiation and is suggested to be associated with 

an aggressive disease.
[49]

 It is commonly amplified in the 

intestinal type of gastric carcinoma
[50,51,52,53]

 showing an 

increased expression in advanced stages of the disease. It 

has been reported that the overexpression of HER2 

protein in gastric cancer ranges from 7.4% to 38%
[54,55,56]

 

and may also serve as a prognostic indicator of tumor 

invasion and lymph node metastasis. However, 

controversial findings have been reported regarding the 

prognostic value of HER2 expression and/amplification. 

Most of the studies revealing that the overexpression of 

HER2 is a prognostic indicator of tumor invasion and 

lymph node metastasis, its amplification being associated 

with shorter disease free and overall survival.
[57,58,59]

 

However some studies have failed to confirm any 

prognostic role of HER2 overexpression and survival 

parameters/rate.
[57,60]

 

 

c-Met/ HGFR 

The oncogene MET encodes for a transmembrane 

tyrosine kinase receptor (c-Met/HGFR) for the 

hepatocyte growth factor (HGF) also known as the 

scatter factor (SF).
[61,62]

 MET is located on long arm of 

chromosome number 7 at position 21-31. Both, c-Met 

and HGF are required for normal mammalian 

development and are particularly important for cell 

migration, morphogenic differentiation, cell growth, 

angiogenesis and formation of three dimensional tubular 

structures (e.g. gland formation, renal tubular cells, etc.) 

during development and tissue repair.
[63,64]

 Both c-Met 

and HGF ligand have been reported to be deregulated in 

major human cancers, correlating with poor prognosis, 

an overexpression being associated with a poor 

survival.
[65,66]

 

 

The c-Met gene is preferentially found to be amplified in 

diffuse type (39%) compared to the intestinal type gastric 

cancers (19.2%). The c-Met transcripts, sized 6.0 kb and 

7.0 kb, are expressed in majority of gastric cancers. The 

6.0 kb transcript of the gene is reported to be expressed 

at a level of 52% in gastric carcinoma tissues, and is well 

correlated with the tumor stage, lymph node metastasis, 

and depth of tumor invasion and prognosis.
[67,68]

 

Additionally, C-Met gene amplification could be used as 

an important biomarker for selecting the targeted 

therapy, as a fraction of gastric cancer cell lines appeared 

to be sensitive to a specific c-Met inhibitor.
[69]

 

 

K-ras 

In 1982, Chang et al discovered Kirsten rat Sarcoma 

Viral Oncogene Homolog (KRAS) as a tumor suppressor 

gene located on chromosome 12p12.
[70]

 It belongs to the 

RAS oncogene protein family and is a small GTPase 

involved in cellular signal transduction.
[71]

 It has six 

exons and alternative splicing of exon 4 produces 

KRAS4A and KRAS4B each containing 188 and 189 

amino acids respectively.
[72]

 Other members of the 

family include HRAS and NRAS-all three being 

common targets for the somatic mutations in human 

cancers.
[73]

 Ras gets activated by the activation of RTKs 

(for example EGFR) through the Ras-Raf-Mek-Erk 

pathway,
[74]

 finally altering the gene transcription, 

cellular growth and proliferation.  

 

The point mutations occurring in codon 12 and 13 (of 

exon 1) leaves the K-ras protein in a constitutively active 

state, activating the mitogenic signal transduction 

pathway.
[75,76]

 Frequency of these mutations varies 

among different tumor types,
[77]

 being predominant in the 

adenocarcinomas including gastrointestinal cancers. 

KRAS activating mutations are seen in intestinal type 

gastric adenocarcinomas and the precursor lesions, 

intestinal metaplasia and gastric adenoma.
[78,79,80]

 The 

incidence of these mutations being low or absent in 

diffuse type gastric adenocarcinoma.
[81] 

 

A few studies have also investigated the KRAS 

amplifications in addition to KRAS mutations with 

contradictory results. Some of these studies stated that 

the incidence of KRAS amplification was higher than 

that of KRAS mutations in gastric cancer.
[82,83,84]

 While 

other studies reported that the KRAS mutations are more 

frequent than amplification
[85,86]

 or may be occurring at a 

similar frequency.
[87]

 The KRAS amplifications and 

mutations were found to be exclusive in GC and the 5-

year survival rate of patients with KRAS amplifications 

was worse compared to the patients with KRAS 

mutations.
[88]

 

 

Cyclin E 

Cyclin E is a 395 amino acid protein,
[89]

 encoded by 

human cyclin E1 gene (CCNE1) located on chromosome 

19q12-13.
[90]

 An activating subunit of cyclin dependent 

kinase 2 (CDK2), cyclin E plays a key role in promotion 

of cell cycle transition from G1 to S-phase, contributing 

to the normal cell proliferation and development.
[91,92]

 

Cyclin E drives the cell towards proliferation by 

phosphorylating the protein product of the 

retinoblastoma (pRB) gene which then initiates the DNA 

synthesis by releasing the bound transcription factors of 

E2F family. Cyclin E is a regulator and also a target of 

E2F family of transcription factors in an autoregulatory 

loop that is important for progression of the cell from G1 

to S phase of cell cycle.
[93,94,95]

 

 

Cyclin E amplification and overexpression has been 

reported in a variety of 

cancers,
[96,97,98,99,100,101,102,103,104,105,106]

 and correlates with 

the invasiveness and proliferation and may be used as a 

marker of tumor aggressiveness. The cyclin E gene 

appears to be amplified in 15% of the human gastric 

cancers, although increased mRNA and protein levels are 
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seen in even greater percentages of gastric 

carcinomas.
[107,108,109,110]

 It is also reported that high 

levels of cyclin E, in association with a reduced p27 or 

p21 levels, correlates with poor prognosis of the 

disease.
[107,108,110,111,112,113]

 Also, the abnormalities of 

cyclin E gene could be an early event in gastric 

carcinogenesis, its overexpression being reported in 57% 

of the patients with precancerous lesions and 42% of 

patients exhibiting gastric cancer.
[114,115]

 

 

EZH2 

The oncogene Enhancer of zeste homologue 2 (EZH2), 

also called histone lysine methyltransferase (HKMT) is 

one of the polycomb group proteins involved in 

regulation of proliferation and cell cycle progression.
[116]

 

Located on the chromosome 7q35-q36, it is the catalytic 

subunit of polycomb-repressive complex 2 (PRC2), 

which targets lysine-9 and 27 of histone 3.
[117,118,119,120]

 It 

does not possess any enzyme activity, but is assumed to 

associate with other specific polypeptides in polycomb 

repressive complexes (PRC2/3) to work as the gene 

repressor in various organs.
[117,118,119,120,121,122,123,124]

 

Evidences suggest that EZH2 activity and stability is 

regulated by post-translational modifications that are also 

critical for the biological functioning of the PRC2 

complex, and is controlled by the E2F transcription 

factors that are known to regulate the cell cycle transition 

from G2 to mitotic phase.
[125]

 

  

Frequently overexpressed in a wide variety of cancerous 

tissues, EZH2 is associated with higher proliferation, 

aggressive behaviour of cancer cells and also a poor 

prognosis.
[126,127,128,129]

 The possible reason being that 

EZH2 is required for cancer cell proliferation, migration, 

invasion and EMT (Epithelial-Mesenchymal transition), 

all associated with the cancer initiation, progression and 

metastasis.
[130,131,132,133]

 It is identified as a biomarker for 

tumor progression with expression levels, shown to be 

higher in cancerous gastric mucosa than in non-

cancerous tissue. It has also been highly correlated with 

tumor size, vessel invasion, depth of invasion, lymph 

node metastasis and clinical stages.
[134]

 

 

Tumor Suppressor Genes 

Tumor suppressor genes (TSGs) can directly or 

indirectly inhibit the cell growth, protecting the cells 

from dysregulated growth and division. An alteration in 

these genes eliminates the growth control checkpoints 

and a loss of their function, directly contributes to the 

altered phenotype of the cancer cells.
[135,32]

 Broadly 

speaking there are two types of tumor suppressor genes: 

‘gatekeepers’ and ‘caretakers’.
[136]

 Gatekeeper genes 

directly regulate the cell proliferation, their activity being 

a rate limiting step for tumorigenesis. In contrast, the 

caretaker genes do not directly suppress the proliferation 

but are responsible for maintenance of the genetic 

stability. Mutations in these genes lead to an accelerated 

conversion of a normal cell to a neoplastic cell.  

 

The TSG inactivation can result from complete loss of 

the gene, localized mutations, or epigenetic alterations, 

interfering with the gene expression reducing the activity 

of the gene product.
[32]

 In accordance with the multi-hit 

mechanism of carcinogenesis, inactivation of several 

different tumor suppressor genes can occur in one tumor 

and one tumor suppressor gene can be inactivated in 

many different tumor types.
[137,138]

 Mostly, alterations in 

both the alleles are required to confer an impairment of 

the gene product, except in case of haploinsufficiency 

(where a single wild-type allele is unable to maintain the 

function of two wild-type alleles).
[139]

 Some of the tumor 

suppressor genes implicated in gastric carcinogenesis are 

discussed. 

 

TP53 
The TP53 gene has gained most attention, and is 

probably the most famous tumor suppressor gene, that 

could not be absent from the list of genes involved in 

gastric carcinogenesis.
[140,141]

 The TP53 gene maps to the 

short arm of chromosome 17 at position (p13.1), 

encoding a 393 amino acid nuclear phospho-protein of 

53 kDa. p53 protein contains phosphorylation sites at the 

amino (N) and carboxy (C) terminal end, a central zinc-

binding domain, which interacts with DNA, and a 

termination domain at C.
[134]

 The p53 protein plays a 

fundamental role in cell growth and division, being 

involved in the maintenance of genomic integrity.
[142]

 An 

increased expression of this gene is a result of DNA 

damage, with the resulting arrest of the cell cycle in the 

G1 stage. This is followed by the expression of proteins, 

either involved in DNA repair, or the factors inducing 

apoptosis, for a severely damaged cell. The function of 

this gene is frequently inactivated in gastric carcinomas 

by the loss of Heterozygosity (LOH), frameshift or 

missense mutations.
[143]

 

 

The mutations frequently occurring at the p53 gene 

locus, in diffuse type gastric carcinomas, are the GC-AT 

transitions.
[144,145,146]

 Approximately, 40% of early and 

advanced well differentiated gastric cancers show p53 

mutations.
[147]

 These mutations are observed in more 

than 60% of gastric carcinomas and are reported to be 

present during early stages of intestinal metaplasia 

(38%), gastric dysplasia (58%) and adenomas.
[148]

 Thus, 

these mutations are considered to occur as an early event 

in gastric carcinogenesis with an increase in its incidence 

over age.
[149]

 However, a recent study has suggested that 

p53 mutations occur at a later stage in gastric 

carcinogenesis, contributing to the final cancerous 

transition.
[150]

 Some studies have reported that a positive 

TP53 expression may be associated with a poor 

survival
[151,152]

 while other studies have revealed no such 

association. Thus, the prognostic value of TP53 remains 

controversial, but reactivation of this gene has long been 

considered as an attractive therapeutic strategy for 

combating gastric cancer.
[153,150]
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APC 

The Adenomatous polyposis coli (APC) is a multidomain 

protein involved in the Wnt signalling pathway. APC 

gene is located on chromosome 5q21, encoding a protein 

of 2,843 amino acid and molecular weight of 300 kDa. 

It’s a tumor suppressor gene that regulates the cell 

adhesion, cell migration, spindle formation and 

chromosome segregation.
[151]

 As a component of β-

catenin degradation complex main function of APC gene 

product is to induce the catenin ubiquitination. Thus, 

controlling its levels for preventing the catenin based 

induction of genes involved in growth control.
[152,153]

 

Somatic mutations of APC gene are common in the 

gastrointestinal cancers.
[154,155,156]

 Truncation of APC 

results in disruption of the complex formation and 

increased levels of β-catenin, up regulating the TCF 

responsive genes critical for proliferation and 

transformation of epithelial cells of the gastrointestinal 

tract.
[157,158]

 More than 50% of the intestinal gastric 

cancers have been reported to show mutations and LOH 

of the APC gene.
[159,160]

 These mutations occur during 

the preneoplastic stages of gastric carcinogenesis, being 

present in gastric adenoma (20-40%) and intestinal 

metaplasia (6%)
[161,162]

 and are the second most frequent 

mutations in gastric cancer.
[152]

 

 

PTEN 

The tumor suppressor gene PTEN (Phosphatase and 

tensin homolog) located on chromosome 10q23.3, 

codes for the 403 amino acid protein. It acts as a plasma 

membrane lipid phosphatase and antagonizes the 

PI3K/AKT survival pathway, mediated through 

the conversion of PIP2 to PIP3 by PI3K following their 

activation.
[163]

 This gene is known by three different 

names-PTEN (phosphatase and tensin homolog deleted 

on chromosome 10),
[164]

 MMAC1 (mutated in multiple 

advanced cancers 1),
[165]

 and TEP1 (TGFβ regulated and 

epithelial cell-enriched phosphatase 1).
[166]

 

 

PTEN inactivation has been implicated in the gastric 

carcinoma initiation. It’s Loss of Heterozygosity (LOH), 

homozygous deletion and inactivation mutations being 

associated with an infiltrating and metastatic gastric 

cancers.
[167,168]

 Interestingly, the lack of PTEN in gastric 

carcinoma is more often in the cardia than in other areas 

of the stomach.
[167]

 PTEN mutations are restricted to 

advanced gastric cancer being significantly related to 

TNM staging and to the degree of cell 

differentiation.
[169]

 It is also a promising tool that can be 

used as an indicator of pathogenic state an d  c a n  s e r ve  

a s  a  p ro g no s t i c  ma r ke r  fo r  t he  g a s t r i c  

ma l i g na n c y .
[ 1 7 0 ]

 

 

RUNX3 

One of the first identified members of RUNX family is 

the, tumor suppressor gene RUNX3 that is reported to be 

located on chromosome 1p36.11. The three members of 

RUNX (mammalian Runt related Genes) gene family 

include RUNX1/AML1, RUNX2 and RUNX3.
[171]

 The 

RUNX3 gene encodes for a protein that forms a part of 

the heterodimeric transcription factor complex that 

activates or suppresses the gene expression. It modulates 

the apoptosis, cellular proliferation, angiogenesis, and 

metastasis in gastric cells and is a potential candidate 

tumor suppressor gene that is frequently lost in the 

molecular process of gastric 

carcinogenesis.
[172,173,174,175,176,177,178,179,180]

 

 

In humans the loss of RUNX3 expression, due to gene 

deletion or promoter CpG island hypermethylation, is 

observed in approximately 64% of the gastric 

carcinomas.
[181]

 This loss increases with an advancement 

of the disease, reaching up to 90%. RUNX3 methylation 

is observed in chronic gastritis (8%), intestinal 

metaplasia (28%) and gastric adenomas (27%), 

suggesting it as a gene for epigenetic silencing in gastric 

carcinogenesis.
[182,183]

 A study carried out by Zhifang Liu 

et al reported that RUNX3 exerts its tumor suppressor 

activity through inhibition of survivin expression and 

induction of cell apoptosis in gastric cancer. Loss of 

RUNX3 expression in gastric cancer thus leads to an 

upregulation of survivin contributing to the tumor 

progression, adversely affecting the prognosis of the 

disease.
[184,185]

 

 

E-Cadherin 

The E-cadherin gene (CDH1) located on chromosome 

16q22.1, encodes for a calcium dependent trans-

membrane cell-cell adhesion glycoprotein.
[186]

 Expressed 

in epithelial cells this gene/protein plays a crucial role in 

epithelial architecture and maintenance of cell polarity, 

differentiation and structural integrity.
[187,188]

 It interacts 

with the actin filaments in the cytoskeleton, through the 

catenins, and regulates the intracellular signalling and 

also promotes tumor growth via the Wnt signalling 

pathway.
[189]

 Loss of E-cadherin function leads to an 

increased cellular proliferation, tissue invasion and 

cellular migration to distant metastasis. The germline 

mutations of E-cadherin gene, a potential 

invasion/metastasis suppressing gene, are responsible for 

one-third of the cases of familial hereditary diffuse 

gastric cancer (HDGC).
[218]

 These mutations are quite 

common in diffuse type gastric cancer compared to other 

histological types.
[190]

 

 

Mutations commonly occurring in E-cadherin gene 

include in-frame deletions and point mutations, reported 

to be present in 50% of the patients with sporadic diffuse 

gastric cancer.
[190]

 HDGC is inherited in an autosomal 

dominant manner, with an average age of onset during 

the fourth decade of life and penetrance of approximately 

80%.
[191]

 About 25-40% of HDGC result from the 

heterozygous E-cadherin wherein the patients remain 

normal until the second allele is inactivated through the 

promoter hypermethylation, or mutation resulting in the 

complete loss of protein expression.
[192,193]

 The frequency 

of E-cadherin hypermethylation is reported to be about 

40-50%
[194,195,196]

 being comparable among chronic 

gastritis, intestinal metaplasia, gastric adenoma and 

gastric cancer.
[197]

 E-cadherin is also an excellent 
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prognostic marker and an attractive target for therapeutic 

interventions. The high levels of E-cadherin correlate 

with the depth of tumor invasion and inoperability.
[198]

 

And patients with E-cadherin positive gastric cancers 

show a prolonged 3- and 5-year survival rates compared 

to E-cadherin negative tumors.
[196,199]

 

 

VEGF 

Vascular Endothelial Growth factor (VEGF) is a 

multifunctional cellular factor which can induce the cell 

proliferation, differentiation, and migration of vascular 

endothelial cells.
[200]

 It is located on chromosome 6p21.1 

and plays a determinant role in regulating the tumor 

angiogenesis. It’s a dimeric heparin-binding glycoprotein 

that exerts a powerful mitogenic action on endothelial 

cells, promoting the growth in primary tumor and also in 

metastasis.
[24]

 VEGF is also a pro-angiogenic factor that 

can promote the neovascularization of gastric cancer.  

 

Reports suggest that mutations of p53, which 

downregulates VEGF under physiological conditions, 

may be responsible for its overexpression.
[201]

 

Overexpression of VEGF levels has been observed in the 

serum of gastric cancer patients compared to normal 

controls and correlates with the tumor stage and 

mass.
[202]

 Circulating VEGF may be better in predicting 

disease prognosis compared to tissue expression.
[203]

 This 

expression is a prognostic marker of the lymph node and 

liver metastasis
[204]

 with VEGF-positive tumors showing 

a worse prognosis compared to the VEGF negative 

tumors.
[205,206]

 

 

CD44 

The cluster of differentiation 44 (CD44) is a ubiquitous 

multi-structural and multifunctional cell surface 

glycoprotein located on chromosome 11p12-13. It is 

involved in cell-cell adhesion, cell-matrix interactions, 

cell migration and cell homing. The CD44 gene has 19 

exons encoding for a protein of 360 amino acids, of 

which 270 amino acids code for an extracellular region, 

23 amino acids for a transmembrane region and 72 

amino acids code for a cytoplasmic region.
[207]

 Of these 

19 exons, 10 are expressed in the hematopoietic cells as 

standard form of the gene. While other exons may 

generate a wide variety of CD44 splice variants through 

alternate splicing. These splice variants are expressed in 

various types of human malignancies, and also have been 

considered in tumor progression and metastasis.
[208]

 

Contradicting reports have been presented regarding the 

biological role of CD44 in tumorigenesis and its 

prognostic value remains controversial.
[209]

 The 

expression of CD44 potentiates the tumor cells to adhere 

to the extracellular matrix and facilitates the formation of 

cellular colonies.
[210,211]

 

 

Abnormal CD44 splice variants containing the intron 9 

sequence are frequently associated with the gastric 

carcinomas and metastasis.
[212]

 CD44 variant 9 

expression has been reported to be a potential predictive 

marker for the recurrence in early gastric 

carcinogenesis.
[213]

 Expression of these abnormal 

transcripts is reportedly more common in intestinal type, 

than the diffuse type of gastric carcinomas.
[214,215,208]

 The 

intensity of this expression correlates with an increased 

depth of tumor invasion,
[216]

 and is observed in 60 % of 

intestinal metaplasia’s, remaining absent from normal 

mucosa.
[217]

 

 

P73 

Sharing its structural and functional homology with the 

TP53 gene, P73 is located on chromosome 1p36, a 

region that is frequently deleted in a variety of human 

cancers. The highest degree of structural homology with 

p53 is in the DNA binding domain,
[218]

 which is the most 

frequently mutated region of p53 in cancer.
[219]

 As p73 

shares substantial structural homology with p53, it may 

serve as the tumor suppressor gene acting efficiently in 

the induction of apoptosis, prohibition of uncontrolled 

proliferation and transactivation of the p53 responsive 

genes like p21.
[220,221]

 Regulation of p53 and p73 is 

however different, as the MDM2 pathway existing for 

p53 only reduces the p73 transcription, and does not 

induce its degradation.
[222]

 

 

Further conflicting results exist on whether p73 is 

imprinted, as some normal tissues and tumor tissues 

showed monoallelic expression, whereas others showed a 

biallelic expression. Studies also suggest that p73 gene 

mutations are rare in cancer.
[223,224,225]

 However, in a 

subset of stomach, prostrate and lung cancers 

overexpression of wild type p73 and its biallelic 

expression compared to normal counterparts has been 

reported.
[224,226]

 All these findings suggest that despite 

the structural and functional homology, p73 and p53 

have different roles in the pathogenesis of cancer. Loss 

of Heterozygosity (LOH) and abnormal expression of the 

p73 gene occurring preferentially in the well 

differentiated gastric adenocarcinomas.
[227]

 

 

E2F1 

A unique member of the E2F family of transcription 

factors E2F1 is involved in a vast number of cellular 

functions including cell cycle progression and apoptosis 

in response to the DNA damage.
[228,229]

 The prototype 

member, E2F1 in cancer is associated preferentially with 

the pRB protein (product of the retinoblastoma 

susceptibility gene), that also is a negative regulator of 

its transcription and also depends on the interaction with 

E2F1 for the growth suppression activity.
[230,231]

 E2F1 as 

a transcription factor activates a number of genes that are 

involved in DNA repair and synthesis, cell cycle control 

and apoptosis.
[232,233,234,235]

 E2F1 also attracts numerous 

upstream cell signalling pathways, determining the fate 

of a cell, which either advances through the cell cycle or 

dies via apoptosis. It promotes the cellular proliferation 

by stimulating the expression of a number of genes that 

stimulates the cellular transition from G1 to S phase, thus 

proposed to act as an oncogene.
[230,236,237,238,239]
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E2F1 plays a critical role in malignant phenotypes of 

some cancers, affecting the cell proliferation and 

inducing apoptosis through increased 

expression.
[240,241,242,243,244]

 This aggressive behaviour of 

E2F1 in malignant cells is partially mediated by an 

induction of the epidermal growth factor receptor 

pathway.
[245]

 In addition, E2F1 may also increase the 

expression of MDR1 gene coding P-glycoprotein, by 

stimulating the gene promoter of MDR1, thus 

contributing to the development of multidrug 

resistance.
[246]

 E2F1 overexpression has been reported in 

about 40% of the gastric adenocarcinomas, gene 

amplification being rare.
[247-49]

 A tumor suppressor role 

of E2F1 in gastric cancer cells is evident from the 

adenovirus mediated E2F1 overexpression in these cells. 

With the resulting induction of apoptosis, through the 

direct or indirect up-regulation of PTEN expression, 

caspase-3 and-9 activation, decrease in nuclear factor 

kappa light chain enhancer of activated B-cells 

expression, through PI3K/PTEN/Akt signalling 

pathway.
[244,250,251,252,253]

  

 

E2F1 downregulation has been reported to inhibit the 

infiltration and proliferation abilities of human gastric 

cancer cells, being attributed to the differential activation 

of E2F1 at various points of cell cycle for maintenance 

of a dynamic balance.
[254]

 It is also suggested to be a 

potential biological marker for this cancer type, 

predicting a favourable overall survival and also 

correlates with the localized tumor and the intestinal 

histological subtype.
[255]

 An overexpression of E2F1 has 

been reported to promote the Multiple Drug Resistance 

(MDR) in gastric carcinoma, proposing that E2F1 may 

represent as an effective target for gastric cancer 

therapy.
[256]

 

 

P27 

Encoded by the CDKN1B (cyclin-dependent kinase 

inhibitor 1B) gene in humans, p27 is an enzyme inhibitor 

that belongs to the Cip/Kip family of cyclin dependent 

kinase inhibitors (CDKI). The encoded protein binds to a 

wide variety of cyclin/CDK complexes, including cyclin 

E-CDK2 or cyclin D-CDK4 complexes, inhibiting the 

kinase activity and blocking the G1/S transition 

necessary for cell cycle progression.
[257,258,259,260]

 P27 is a 

tumor suppressor gene involved in cell adhesion, 

apoptosis and triggering of cellular 

differentiation.
[261,262,263,264]

 Unlike many other tumor 

suppressor genes loss of Heterozygosity and gene 

mutation is infrequent for P27 gene. But studies have 

revealed a reduced expression of the p27KIP1 due to 

transcriptional repression by C-MYC, by blocking 

nuclear transport of p27 from cytoplasm, mediated by 

increased synthesis of cyclin D1 and D2.
[265,266,267,268,269]

 

 

Reduced p27 expression is determined in approximately 

40-50% of gastric cancer patients
[270]

 being an indicator 

of poor prognosis, and is associated with more 

aggressive characteristics and tumor proliferation.
[271,272]

 

Some studies have also correlated the reduced p27 

expression with poorly differentiated tumor and an 

advanced stage of the disease.
[273,274]

 However certain 

studies have reported no difference in the overall 

survival of gastric cancer patients having high or low p27 

expression.
[275]

 A few studies.
[276,277,278]

 have also 

revealed a significant association between reduced p27 

expression and lymph node metastasis. And the finding 

that p27 functions in the adhesion-dependent cell 

growth
[279]

 suggests, that p27 may aid in tumor cell 

growth in presence of an altered extracellular matrix 

properties and altered adhesion, allowing the cells to 

escape from primary tumor, facilitating metastasis. 

 

Cyclin D1 

The cyclin D1 gene (CCND1) is located on chromosome 

11q13 and encodes for one of the most important 

members of the cyclin G1 family, which is a group of 

proteins playing an important role in progression of cell 

cycle and replication. This gene is also referred to as 

PRAD1 gene, as it was initially found to be frequently 

rearranged in benign parathyroid adenomas.
[280]

 Cyclin 

D1 is the first of the family to be expressed in cell cycle, 

regulating the transition from G1 to S phase. Beyond this 

checkpoint the cells are committed to progress through 

another cycle of cell division, even in presence of mild 

protein synthesis.
[281]

 Its function is to phosphorylate the 

retinoblastoma (Rb) gene during G1 phase, forming a 

holoenzyme in association with cyclin –dependent 

kinases (CDKs), CDK4 and CDK6.
[311]

 Once 

phosphorylated, pRB no longer binds or represses the 

E2F transcription factors, and proceeds to activate the 

genes essential for progression to S-phase of cell 

cycle.
[282]

  

 

In addition to the CDK binding function, cyclin D1 can 

also physically associate with more than 30 transcription 

factors or transcriptional regulators, exerting an 

important role in cellular growth, metabolism and 

differentiation.
[283,284,285,286,287,288]

 Due to an 

overexpression in different human neoplasias, cyclin D1 

is reported to act as an oncogene, DNA amplification 

being the most frequent abnormality, mostly associated 

with an overexpression of cyclin D1 protein.
[289]

 Cyclin 

D1 overexpression is reportedly found in 50% of the 

gastric cancers,
[290]

 but an association of its 

overexpression with the pathological features and cancer 

survival remain controversial. Some studies have 

reported it to be associated with a worse outcome, better 

outcome and no difference, although most of the studies 

have reported no prognostic value of cyclin D1 in gastric 

cancer.
[291,292]
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Table 1: List of important proto-oncogenes implicated in gastric carcinogenesis. 

Oncogene  Full Name Chromosomal Location* 

 

K-sam (or) FGFR2 

 

KATO-III cell-derived stomach cancer amplified gene (or) 

Fibroblast Growth Factor Receptor 2 

 

 10q26.13 

 

Her-2 

 

Homologue of epidermal growth factor receptor 

  

 17q21 

 

c-Met/ HGFR 

 

Hepatocyte Growth Factor Receptor 

  

 7q21-23 

 

K-Ras 

 

Kirsten rat Sarcoma Viral Oncogene Homolog 

  

 12p12 

 

CCNE1 

 

Cyclin E1 

  

 19q12-13 

 

EZH2 

 

Enhancer of Zeste Homologue 2 

  

 7q35-36 

* https://ghr.nlm.nih.gov/gene 

 

Table 2: List of important tumor-suppressor genes implicated in gastric carcinogenesis. 

Tumor Suppressor Gene Full Name  Chromosomal Location* 

 

TP53 

 

Tumor Protein p53 

 

 17p13.1 

 

APC 

 

Adenomatous polyposis coli 

 

 5q21 

 

PTEN 

 

Phosphatase and Tensin Homologue 

 

 10q23.3 

 

RUNX3 

 

Mammalian Runt related gene 3 

 

 1p36.11 

 

CDH1 

 

E-cadherin 

 

 16q22.1 

 

VEGF 

 

Vascular Endothelial Growth Factor 

 

 6p21.1 

 

CD44 

 

Cluster of Differentiation 44 

 

 11p12-13 

 

TP73 

 

Tumor protein p73 

 

 1p36 

 

E2F1 

 

 E2F transcription factor 1 

 

 20q11.22 

 

CDKN1B 

 

Cyclin-dependent Kinase Inhibitor 1B 

  

 12p13 

 

CCDN1 

 

Cyclin D1 

 

 11q13 

* https://ghr.nlm.nih.gov/gene. 

 

CONCLUSION 

In the recent past, the understanding of biological basis 

of gastric carcinogenesis has undergone a considerable 

progress. However, the exact genetic steps involved in 

the process, still remains uncertain. Recent studies have 

supported the fact that an overlap of Microsatellite 

Instability (MSI) and Chromosomal Instability (CIN) 

occurs as an early event in the development of a 

malignant phenotype. In addition the complex gene-gene 

and gene-environment interactions, life style and the 

ethnicity further complicates the elucidation of the 

pathogenesis of this disease. In order to tackle this issue 

a further research is required, emphasising the collection 

of as many genetic changes as possible, which could 

provide us with a better understanding of the disease and 

aid in the evaluation of potential biomarkers for 

determination of susceptibility, diagnosis, prognosis and 

treatment of this disease. 
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