
65

4.0

Южно-Российский 
онкологический журнал 

South Russian 
Journal of Cancer

Vol. 4
No. 1, 2023

For correspondence:
Andrey V. Dashkov – Cand. Sci. (Med.), senior researcher at the department of abdominal oncology No. 2, National Medical Research Centre of 
Oncology, Rostov-on-Don, Russian Federation.
Address: 63 14 line str., Rostov-on-Don 344037, Russian Federation
E-mail: dashkovandrei1968@mail.ru
ORCID: https://orcid.org/0000-0002-3867-4532
SPIN: 4364-9459, AuthorID: 308799

Funding: this work was not funded.
Conflict of interest: authors report no conflict of interest.

For citation: 
Gevorkyan Yu. A., Dashkov A. V., Soldatkina N. V., Kolesnikov V. E., Timoshkina N. N., Kutilin D. S., Bondarenko O. K. Molecular features of malignant 
gastric tumors. South Russian Journal of Cancer. 2023; 4(1): 65-78. https://doi.org/10.37748/2686-9039-2023-4-1-7, https://elibrary.ru/izbfnt 
The article was submitted 06.09.2022; approved after reviewing 31.01.2023; accepted for publication 06.03.2023.

© Gevorkyan Yu. A., Dashkov A. V., Soldatkina N. V., Kolesnikov V. E., Timoshkina N. N., Kutilin D. S., Bondarenko O. K., 2023

MOLECULAR FEATURES OF MALIGNANT GASTRIC TUMORS 
Yu. A. Gevorkyan, A. V. Dashkov�, N. V. Soldatkina, V. E. Kolesnikov, N. N. Timoshkina,  
D. S. Krutilin, О. К. Bondarenko 

National Medical Research Centre for Oncology, Rostov-on-Don, Russian Federation
� dashkovandrei1968@mail.ru

ABSTRACT

Gastric cancer is one of the most widespread cancers and makes a significant contribution to the global mortality rate from 
malignant neoplasms. The late onset of clinical symptoms is the main reason why the disease is often diagnosed at an ad-
vanced stage, and this limits the available therapeutic approaches. Despite the fact, that extensive studies have been carried 
out to identify the mechanisms and markers of the development and progression of the disease, their results are currently not 
fully included in clinical practice. As a consequence, only marginal improvement in long-term survival has been achieved and 
patient prognosis remains poor. Understanding the molecular genetic features of gastric malignant tumors can provide insight 
into their pathogenesis, help identify new biomarkers for prognosis and diagnosis, and identify new therapeutic targets. In 
recent decades, advances in high throughput sequencing technologies have improved understanding of the molecular genetic 
aspects of gastric cancer. This review considers molecular level changes, including information on tumor suppressor genes, 
oncogenes, cell cycle and apoptosis regulators, cell adhesion molecules, loss of heterozygosity, micro-satellite instability and 
epigenetic aberrations (change in methylation level and modification of histones). The review is also devoted to the molecular 
aspects of pathogenesis – changes in the signaling pathways involved in the gastric cancer development; the classification 
of sporadic and hereditary gastric cancer at the molecular genetic level is considered. The characteristics and classification 
of GC presented in this review at the genetic and epigenetic levels confirms that this disease is heterogeneous. These data 
can be used both to develop and test potential markers and new targeted therapeutic approaches.
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МОЛЕКУЛЯРНЫЕ ОСОБЕННОСТИ ЗЛОКАЧЕСТВЕННЫХ  
ОПУХОЛЕЙ ЖЕЛУДКА
Ю. А. Геворкян, А. В. Дашков�, Н. В. Солдаткина, В. Е. Колесников, Н. Н. Тимошкина, Д. С. Кутилин, О. К. Бондаренко 

НМИЦ онкологии, г. Ростов-на-Дону, Российская Федерация
� dashkovandrei1968@mail.ru

РЕЗЮМЕ

Рак желудка является одним из широко распространенных онкологических заболеваний и вносит существенный 
вклад в показатель глобальной смертности от злокачественных новообразований. Позднее появление клинических 
симптомов является основной причиной того, что заболевание часто диагностируется на запущенной стадии, а это 
ограничивает доступные терапевтические подходы. Несмотря на то, что были проведены обширные исследования 
для выявления механизмов и маркеров развития и прогрессирования заболевания, их результаты в настоящее 
время полностью не вошли в клиническую практику. Как следствие этого, достигнуто лишь незначительное улуч-
шение долгосрочной выживаемости, и прогноз у пациентов остается неблагоприятным. Понимание молекулярно-
генетических особенностей злокачественных опухолей желудка может дать представление об их патогенезе, помочь 
в идентификации новых биомаркеров для прогнозирования и диагностики, а также выявить новые терапевтические 
мишени. В последние десятилетия достижения в области технологий высокопроизводительного секвенирования 
улучшили понимание молекулярно-генетических аспектов рака желудка. В этом обзоре рассмотрены изменения 
на молекулярном уровне, включающие информацию о генах-супрессорах опухолей, онкогенах, регуляторах клеточ-
ного цикла и апоптоза, молекулах клеточной адгезии, потери гетерозиготности, микросателлитной нестабильности 
и эпигенетических аберрациях (изменение уровня метилирования и модификации гистонов). Обзор также посвящен 
молекулярным аспектам патогенеза – изменениям в сигнальных путях, вовлеченных в развитие рака желудка; рас-
сматривается классификация спорадического и наследственного рака желудка на молекулярно-генетическом уровне. 
Представленная в данном обзоре характеристика и классификация РЖ на генетическом и эпигенетическом уровне 
подтверждает, что это заболевание является гетерогенным. Эти данные можно использовать как для разработки, 
так и для тестирования потенциальных маркеров и новых таргетных терапевтических подходов.

Ключевые слова:
рак желудка, наследственность, спорадические формы, гены-супрессоры опухолей, онкогены, эпигенетика, 
микросателлитная нестабильность
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INTRODUCTION

Worldwide, gastric cancer (GC) remains one of the 
leading causes of cancer death. The late appearance 
of clinical symptoms is the main reason that the dis-
ease is often diagnosed at an advanced stage, and 
this limits the available therapeutic approaches [1]. 
Despite the fact that extensive studies have been 
conducted to identify signaling pathways and genes 
involved in the development and progression of the 
disease, their results have not fully entered clinical 
practice at the present time. As a consequence, only 
a slight improvement in long-term survival has been 
achieved and the prognosis in patients with GC re-
mains unfavorable. Adenocarcinoma is the main his-
tological type of GC, which accounts for 90–95 % of 
all malignant neoplasms of the gastric. Morbidity is 
closely related to environmental factors reflecting 
the peculiarities of the geographical distribution of 
this disease [2].

GC is the result of a complex interaction of en-
vironmental factors and multiple genes. Obvious 
risk factors for GC are Helicobacter pylori infection 
and Epstein-Barr virus (EBV), smoking, consump-
tion of foods with a high salt content or N-nitroso 
compounds, family history and molecular factors [2; 
3]. The latter include multiple genetic and epigene-
tic changes in oncogenes, tumor suppressor genes 
(TSG), cell cycle regulators and DNA repair genes [4].

Thus, a systematic look at the molecular basis of 
GC is necessary for the development of new strate-
gies for the prevention and treatment of this disease. 
Therefore, the purpose of this review was to analyze 
and systematize information about currently known 
epigenetic and genetic changes in GC of various 
subtypes.

1. Classification of gastric cancer based on 
molecular profile studies.
According to the Lawrence classification, gastric 

adenocarcinoma is divided into intestinal, diffuse, 
mixed and non-deterministic [5]. They differ not only 
in morphology, but also in epidemiology, the nature 
of progression, genetics and clinical picture. Histo-
pathologically, the intestinal type is characterized by 
malignant epithelial cells that exhibit cohesiveness 
and glandular differentiation infiltrating surround-
ing tissues [6]. On the contrary, the diffuse subtype 
is characterized by tumor cells that exhibit poor 

differentiation and lack of cohesion. It is believed 
that the intestinal type of GC is associated mainly 
with the influence of environmental (exogenous) 
factors, whereas the diffuse type is due to genetic 
hereditary and non-hereditary (endogenous) factors. 
These histological classifications are not sufficient 
to reflect the molecular characteristics of GC or to 
develop personalized treatment strategies. Sev-
eral molecular classification systems have been 
proposed, and individual molecular subtypes have 
been identified [7–9].

To date, the Cancer Genome Atlas (TCGA) has 
characterized 295 cases of gastric adenocarcino-
ma using high-throughput sequencing technologies, 
including gene copy number analyses, DNA methyl-
ation, matrix RNA and microRNA sequencing, pro-
teome and microsatellite instability (MSI) analysis, 
as well as genome-wide sequencing data [7]. Based 
on this, four subtypes of GC were described in 2014 
(Table 1):

(1) EBV-positive (8.8 %),
(2) microsatellite unstable (MSI, 21.7 %),
(3) genomically stable (19.7 %),
(4) chromosomally unstable (CIN, 49.8 %) [7].
These subtypes of GC showed various epigene-

tic changes and mutations in different genes. Thus, 
EBV+ tumors had mutations in PIK3CA and ARIDIA, 
DNA hypermethylation and significant amplification 
of JAK2, PD-L1 and PD-L2. Most EBV-positive tumors 
occurred in male patients in the bottom or body of 
the gastric. All EBV-positive RS demonstrated hy-
permethylation of the CDKN2A promoter and the 
absence of hypermethylation of the MLH promoter 
characteristic of the RS phenotype associated with 
MSI (CIMP) [7; 10].

Tumors of the MSI-H subtype, as a rule, occur in 
female patients, are diagnosed at late stages and 
are characterized by an increased frequency of mu-
tations, including mutations of genes encoding target 
oncogenic signaling proteins [11].

The genomically stable subtype (GS) lacked nu-
merous molecular changes and correlated well with 
the diffuse histological variant of Loren, but contained 
mutations in CDH1 and RHOA or CLDN18-ARCHGAP 
fusion. It is known that the active form of RHOA as-
sociated with GTP activates STAT‑3 to stimulate on-
cogenesis. According to the Lauren classification, 
GC is divided into intestinal and diffuse types, which 
have different clinical, pathological and prognostic 
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features. They differ not only in morphology, but also 
in epidemiology, the nature of progression, genetics 
and clinical picture. It has recently been observed 
that the location of the tumor is also important, since 
there is a difference between proximal and distal 
non-diffuse GC in terms of the expression level of 
different sets of genes [12; 13]. Despite significant 
progress in the diagnosis and treatment of GC, the 
survival rate is still low, only about 20 % of patients 

with GC can achieve 5‑year survival. At the same time, 
surgical treatment is the only therapeutic method that 
provides the greatest probability of cure.

Finally, tumors of the CIN subtype were often found 
in the gastrointestinal junction/cardia, correlated 
well with the intestinal histological variant of Loren, 
showed pronounced aneuploidy and contained focal 
amplifications of receptor tyrosine kinases, in addi-
tion to TP53 mutations and RTK-RAS activation [7].

Table 1. Molecular classification of gastric adenocarcinoma based on cancer genome atlas with characteristic features of 
each subtype

Classification of the Cancer 
genome Atlas Defining characteristics 

EBV+

Mutations in PIK3CA, ARID1A, TP53 genes

CDKN2A inhibition 

PD-L1/L2 gene over-expression

Hypermethylation of CpG residues

Prevalence in males

Over-expression of the signals by neural cells

MSI

TP53, KRAS, PIK3A, ARID1A mutations

Hypermethylation of CpG residues

MLH1 inhibition 

Prevalence in elderly people 

Prevalence in female

GS

CDH1, RHOA gene mutations

Cell adhesion genes excess expression 

CLDN18-ARHGAP fusion

Diagnosed prevalently in younger patients 

Diffuse histology 

CIN

 RTK-RAS gene activation 

Aneuploidy

Mutations in TP53

More often in the gastro-esophageal junction and cardia

intestinal histology
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In 2015, the Asian Cancer Research Group (ACRG) 
proposed a new classification system related to vari-
ous genomic changes, disease progression and prog-
nosis [10]. Four molecular subtypes were identified 
based on genome-wide sequencing, profiling of gene 
expression and the number of their copies, as well 
as targeted gene sequencing:

(1) Microsatellite unstable (MSI),
(2) with signs of epithelial-mesenchymal transition 

(MSS/EMT),
(3) Microsatellite stable with TP53 mutation (MSS/

TP53+),
(4) microsatellite stable with wild-type TP53 (MSS/

TP53) [10].
MSI tumors are hypermuted, intestinal type, 

usually antral, and are diagnosed at clinical stage 
I/II. MSI tumors had the best prognosis; their re-
currence rate after surgical removal of primary GC 
was the lowest among all four subtypes (22 %). 

MSS/TP53+ tumors were associated with EBV 
infection and also had a good prognosis. MSS/
EMT tumors appeared at a younger age, were 
mainly diagnosed at clinical stage III/IV and had 
a diffuse histological type according to Loren. The 
MSS/EMT subtype had the worst prognosis and 
the highest recurrence rate (63 %), with relapses 
localized mainly in the abdominal cavity [10]. In 
one of the studies, the RS samples were divided 
into two clusters according to the frequency of 
mutations in the genes – with a normal frequency 
(cluster 1) and with a high frequency of mutations 
(cluster 2). Cluster 1 was further divided into two 
subgroups, C1 and C2. The first subgroup (C1) had 
mutations in the TP53, XIRP2 and APC genes and 
was associated with a significantly better outcome 
than C2. And C2 was associated with mutations 
in the genes ARID1A, CDH1, PIK3CA, ERBB2 and 
RHOA (Table 2) [10].

Table 2. Molecular classification of gastric adenocarcinoma based on the Asian Cancer Research Group with characteristic 
features of each subtype

Classification of the Asian Cancer 
Research Group Defining characteristics 

MSI

Primary histology of intestinal type

Predominantly in the antrum

A large number of mutations in genes

High rate of relapses and metastases confined to the liver

Worse overall survival, higher stage at diagnosis

MSS /ЕМТ

Worse overall survival, higher stage at diagnosis

Young age

Primarily diffuse histology

Highest relapse rate, peritoneal spread

Lowest mutation load

MSS / ТР53 +
Second best overall survival

The highest percentage among EBV1 related tumors

MSS / ТР53 - Higher rate of recurrence and metastases confined to the liver
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2. Molecular profile of sporadic malignant 
tumors of the stomach.
The molecular characterization of GC continues 

to evolve. Many molecular classifications have been 
proposed and various molecular subtypes have been 
identified [9]. An important role in this was played by 
the study of the gene copy index.

It is known that the genes of various receptor ty-
rosine kinases (RTK), such as the human epidermal 
growth factor receptor (EGF), EGFR1, mesenchymal 
epithelial transition factor (MET) and GF2 fibroblast 
receptor (FGFR2) are amplified in GC [10; 11; 14; 
15]. According to GI-screen (a nationwide cancer 
genome screening project), changes in gene copy 
are often detected: ERBB2 (11.3 %), CCNEI (11.1 %), 
KRAS (3.7 %), FGFR2 (3.3 %), ZNF217 (3.3 %), MYC 
(2.7 %), CCND1 (2.3 %) and CDK6 (2.1 %) [16].

A change in the copy Number Variation (CNV) is 
a type of genetic polymorphism, the result of which 
may be a decrease or increase in the number of cop-
ies of a certain gene (which is often observed in var-
ious oncopathologies), and, consequently, a reduced 
or increased expression of the gene product – protein 
or non-coding RNA [17].

A lot of works by Russian authors have been de-
voted to the study of changes in the copyicity of 
genes in gastric cancer. In 2014–2015, the National 
Medical Research Centre for Oncology received data 
indicating the important role of changes in the copy-
icity of the genes BAX, CASP3, CASP8, OCT4, C–MYC, 
SOX2, BCL2, NANOG, CASP9, NFKB1, HV2, ACTB, 
MKI67, IL‑10, GSTP1 and P53 in the malignancy of 
gastric tissues. It was found that the change in the 
copyicity of these genes is specific for cancer of 
a certain histological type, and also depends on the 
stage of differentiation of tumor cells and metas-
tasis [18–23]. The obtained data formed the basis 
of the "Method of differential diagnosis of gastric 
cancer of various histological types" (Patent for 
invention No. 2613139. Date of state registration 
03/15/2017), "Method for predicting the develop-
ment of metastases in patients with gastric cancer" 
(Patent No. 2016122160 dated 06/03/2016), "Meth-
od for predicting the development of metastases to 
regional lymph nodes in patients with gastric ade-
nocarcinoma" (Patent No. (19) RU(11)2661600(13) 
C1 dated 07/17/2018) and "Test systems for pre-
dicting the development of metastases in patients 
with gastric cancer" based on the determination of 

the number of copies of HV2 mtDNA (Patent No. 
2683571 dated 03/29/2019).

Currently, the understanding of the molecular 
aspects of GC is improving thanks to studies using 
next-generation sequencing (NGS), which provide 
a high-performance method for the systematic de-
tection of genetic changes in GC. By doing NGS Li-
Chang et al. mutations of several driver genes were 
shown, including; TP53, PIK3CA, CTNNB1, CDH1, 
SMAD4 and KRAS [24]. It was found that some of 
the tumor suppressor genes (TSG), such as APC, 
CDH1, CDH4, THBS1 and UCHL1, are inactivated by 
hypermethylation [25]. It has been shown that 59 % 
of RS have a mutation in chromatin remodeling 
genes such as ARID1A, PBRM1 and SETD2. New 
mutated driver genes MUC6, CTNN2A and GLI3 were 
found as a result of genome-wide sequencing [26; 
27]. It was also found that genes involved in cell 
adhesion and chromosome organization demon-
strate frequent mutations in patients with gastric 
adenocarcinoma, which confirms the presence of 
30 driver mutations in primary tissues and lymph 
node tissues. Primary tumors show more muta-
tions than metastatic tumors, but surprisingly, the 
researchers did not find any metastatic specific 
mutations. Several loci on chromosome 17q12 
have been identified that are often amplified in GC: 
PPPIRIB-STARD3-T-CAP-PNMT, PERLD1-ERBB2-
MAC14832-GRB7 [28]. In addition, two genes, CD-
KN2A and CDKN2B, located on chromosome 9p21, 
showed a decrease in the number of copies (CN = 
0.8 ~ 1.32). These two genes encode proteins that 
perform a very important function – they inhibit 
cyclin-dependent kinases CDK4 and CDK6, and 
control cell proliferation, preventing entry into the 
S phase of the cell cycle, so their inactivation can 
lead to uncontrolled cell growth [28].

2.1 Genetic changes in gastric cancer.
Gene mutations in GC are divided into three cat-

egories:
1) Over-frequent drivers, demonstrate a high re-

currence rate (> 5–10 %) in several tumors.
2) Rare drivers, mutate in the range of 1–10 %, but 

still contribute to the pathogenesis of the disease.
3) Mutations of the passenger/witness type arise 

as a consequence of the main mutational process-
es, but do not functionally contribute to oncogene-
sis [29].
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Currently, the importance of mutations in the 
RTK/RAS/MAPK signaling pathway, frequent mu-
tations in the ERBB3 gene and NRG1/ERBB4 ligand 
genes in GC has been established. With the help 
of NGS, the importance of changes in the ARID1A 
and RHOA genes in GC was revealed. ARID1A, as is 
known, encodes components of the chromatin re-
modeling complex and participates in the regulation 
of cell proliferation and the cell cycle, is mutated 
in 10–15 % of rye. ARID1A mutations are usually 
inactivating. The consequences of mutation in both 
ARID1A and RHOA are different. ARID1A mutations 
are distributed across the gene, whereas RHOA mu-
tations are localized in the hot spot of the N-terminal 
region (Ty42, Arg5 and Gly17). It is assumed that 
ARID1A modulates the downstream transmission 
of Rho signals.

Mutations in RHOA can confer resistance to anoi-
kis (a form of programmed cell death that occurs 
after the separation of cells from a solid substrate). 
From a clinical point of view, the detection of RHOA 
mutations provides a concrete pathway for the de-
velopment of new targeted therapeutic approaches 
for diffuse type of GC, traditionally associated with 
an extremely poor prognosis [29].

Next, we will consider in detail changes in tumor 
suppressor genes, oncogenes, genes regulating the 
cell cycle, apoptosis and cell adhesion in GC.

1) Tumor suppressor genes (TSG). TSG (tumor 
suppressor genes) usually perform a protective 
role in preventing malignant cell transformation by 
repairing DNA, inhibiting cell proliferation, and ini-
tiating programmed cell death (apoptosis). TSGs 
are involved in the regulation of a number of cellu-
lar functions, including cell adhesion, intercellular 
interaction, cytoplasmic signal transmission and 
nuclear transcription [30]. Over the past decades, 
there has been a rapid increase in the number of TSG 
members who have been identified in connection 
with a wide range of hereditary and non-hereditary 
human oncological diseases. A better understand-
ing of the TSG expression pattern in GC may allow 
the identification of specific biomarkers that can 
be used for early diagnosis and the development 
of targeted treatment. Overexpression of the P53 
gene and decreased expression of the PTEN, CDH1 
(E-cadherin), SMAD4, MGMT, and CD82 genes are 
largely associated with poor prognosis in malignant 
gastric tumors [30].

2) Oncogenes. Oncogenes are genes whose nor-
mal activity promotes cell proliferation. Oncogenes 
can be divided into five classes: secreted GF; cell 
surface receptors; components of intracellular signal 
transmission systems; DNA-binding nuclear proteins; 
components of a network of cyclins, CDK and ki-
nase inhibitors that regulate the course of the cell 
cycle [31].

Oncogenes have the ability to turn normal cells into 
malignant ones. These genes make patients more 
predisposed or susceptible to cancer by altering or 
disrupting several mechanisms [31]:

(1) the production of nuclear transcription factors 
(TF) that control cell growth (e.g., MYC),

(2) signaling within cells (e.g., RAS),
(3) interactions of GFs and their receptors (e.g. 

HER/NEU).
Mutations transform proto-oncogenes into onco-

genes through several processes such as amplifica-
tion, translocation, and point mutation. Oncogenes 
are activated in many ways: by amplification, by point 
mutation and the formation of chimeric gene prod-
ucts. Consider the changes in some oncogenes.

The RAS gene is the first identified human on-
cogene, which is associated with the development 
of 20 % of all human malignancies. This gene en-
codes a protein that binds guanine nucleotides and 
performs various functions in the transmission of 
a mitogenic signal. And the activity of the protein 
itself is controlled by the GTP or GDP binding states 
(active – GTP-bound and inactive – GDP-bound).

The C-myc gene is another oncogene located on 
chromosome 8 encoding a nuclear phosphoprotein 
that acts as a transcription factor whose main func-
tion is to regulate the transcription of target genes 
by induction and suppression of expression [32]. It is 
also involved in the modulation of proliferation, differ-
entiation and angiogenesis, as well as DNA repair and 
apoptosis [32]. Overexpression of C-myc is found in 
more than 40 % of gastric tumors and is associated 
with poor patient survival. It was found that in benign 
gastric lesions, including chronic atrophic gastritis, 
gastric ulcer and H. pylori infection, high expression 
of the C-myc gene is also observed [32].

The PRR11 gene was identified in 2013 as a new 
important regulator of the progression and oncogen-
esis of GC. Switching off PRR11 in several gastric 
cell lines inhibited the rate of proliferation, migra-
tion of cancer cells, formation of cell colonies and 
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tumor growth in vivo experiments [33]. The results 
showed that mRNA and PRR11 protein are activat-
ed in the tissues of the GC compared to the normal 
gastric mucosa. The expression of the PPR11 gene 
is associated with aggressive cancer phenotypes, 
including tumors with an increased degree of inva-
sion, increased tumor differentiation and late-stage 
disease [33].

3) Regulators of the cell cycle. Cyclins are proteins 
that control the passage of key control points in the 
cell cycle by binding and activating specific cyclin–
dependent kinases (CDKs). The transition from the 
G1-S phase is regulated by the activity of cyclin D, 
cyclin E, cyclin A and their catalytic partners, such as 
CDK 2, 4 and 6. The G2/M transition is regulated by 
cyclin-associated B-type kinase. Cyclin-CDK complex-
es stimulate cell cycle progression, and CDKI (CDK 
inhibitors) cause cell cycle arrest by suppressing CDK 
activity [34]. Moreover, unregulated expression of 
these molecules associated with the cell cycle leads 
to uncontrolled proliferation and malignant transfor-
mation of the cell [34]. Cell cycle control is regulated 
by D-type cyclins, which are most often mutated in 
tumor cells. There is increasing evidence that gastric 
carcinogenesis is associated with abnormalities in 
the expression of cyclins and other genes associated 
with the cell cycle [34].

4) Apoptosis regulatory genes. Initially, apoptosis 
was described by its morphological characteristics, 
including cell shrinking, membrane swelling, chroma-
tin condensation and nuclear fragmentation [35]. The 
realization that apoptosis is a gene-driven program 
has had profound implications for understanding the 
biology of development and tissue homeostasis, it 
implies that the number of cells can be regulated 
by factors affecting cell survival, as well as those 
that control proliferation and differentiation. More-
over, the genetic basis of apoptosis implies that 
cell death, like any other program of metabolism or 
development, can be disrupted by mutation. In fact, 
it is now believed that defects in the pathways of 
apoptosis contribute to a number of human diseas-
es, from neurodegenerative disorders to malignant 
neoplasms [35]. What triggers apoptosis during tu-
mor development? Various factors are important. 
Extracellular factors include depletion of growth 
factors, hypoxia, radiation, and loss of cell-matrix 
interaction. Internal imbalance can also cause apop-
tosis, including DNA damage, telomere disruption, 

and inadequate proliferative signals caused by on-
cogenic mutations.

Cloning and characterization of the Bcl‑2 onco-
gene have established the importance of apoptosis 
in tumor development. Bcl‑2 was first identified at 
the chromosomal break point t (14; 18) in the human 
leukemia cell line [36]. To date, at least 15 Bcl‑2 family 
member proteins have been identified in mammalian 
cells, including proteins that promote apoptosis and 
those that prevent it [36]. In the gastric mucosa of 
patients with GC, compared with subjects with super-
ficial gastritis, there is a decrease in the expression 
of the GKN1 protein and its mRNA [37]. GKN1 main-
tains the integrity of the gastric mucosa, protects 
it from the action of gastric juice and enzymes, as 
well as from mechanical damage, bacteria or foreign 
antigens [38]. It has been shown that GKN1 inhibits 
the growth of tumor cells and reduces the number 
of cell colonies, stopping the G2/M cell cycle instead 
of inducing apoptosis [39].

5) Genes are regulators of cell adhesion. Classical 
cadherins are transmembrane adhesion molecules 
containing five calcium-dependent domains that pro-
vide homotypic interactions, and cytoplasmic contact 
that binds to a number of effectors for transmitting 
physical and biochemical signals to the cell.

The names of cadherins were originally based on 
the type of cells in which their expression was first 
described, but now the generally accepted nomen-
clature defines classical cadherins as CDH1 (E-cad-
herin), CDH2 (N-cadherin), CDH3 (P-cadherin), CDH4 
(R-cadherin) and CDH15 (M-cadherin) [40]. The key 
role of E-cadherin during normal epithelial function 
is the function of a tumor suppressor. Mutations in-
activating E-cadherin during RJ deletion inside the 
reading frame caused by the omission of exons 7 or 
9, or random mutations of the reading frame shift.

The expression of E-cadherin is mainly limited to 
epithelial cells, whereas cells of neural or mesen-
chymal origin usually express N-cadherin. Epithelial 
cells differ phenotypically from mesenchymal cells; 
from an oncological point of view, the latter are more 
mobile and migrate. "Cadherin switching" (epithelial-
mesenchymal transition, EMT) in cancer is defined 
as the absence of E-cadherin expression and N-cad-
herin expression [41], which induces or increases the 
metastatic ability of the tumor cell.

During EMT, type I cadherin (epithelial cadherin, 
E-cadherin encoded by the CDH1 gene on human 
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chromosome 16q22.1), which supports key intracel-
lular binding structures such as desmosomes and 
claudins, switches to neural cadherin (N-cadherin 
encoded by the CDH2 gene), which is predominantly 
expressed among mesenchymal cells [42]. Reduction 
of E-cadherin with an immunoglobulin-like domain on 
the cell surface (capable of uniting neighboring cells) 
and an intracellular region (binds α- and β-catenin to 
the actin cytoskeleton) plays a crucial role in EMT, 
changing the components of intercellular adhesion 
and regulating various signaling pathways [43].

In GC, the expression of E-cadherin is suppressed 
by increased expression of aquaporin 3 (AQP3), 
thereby activating EMT. The PI3K/AKT/SNAIL sig-
naling pathway is also involved in the induction of 
EMT in GC [44]. Caveolin‑1 is modulated by HSP90 
and functions as an important EMT regulator in GC. 
Insulin-like IGF-I induces EMT by increasing levels 
of Zeb2, which depends on the PI3K/Akt signaling 
pathway in GC cells [45].

GC is one of the typical malignant neoplasms as-
sociated with oxidative stress [46]. Hypoxia is also 
a significant inducer of EMT in gastric cancer. Under 
hypoxic conditions, the expression of E-cadherin de-
creases, and the expression of N-cadherin, vimentin, 
Snail, Sox2, Oct4, and Bmi1 increases, indicating that 
the hypoxic microenvironment induces EMT, accom-
panied by cytoskeletal remodeling [47]. Recent data 
indicate that EMT is a key factor in the progression of 
GC and plays a fundamental role in the early stages 
of invasion, metastasis and recurrence of GC [47].

2.1.1. Loss of heterozygosity (LOH).
This is a genetic phenomenon often observed 

with tumor suppressor genes in cancer. Since the 
human karyotype is diploid, mutation of one allele of 
the tumor suppressor gene is not enough to cause 
cancer. In heterozygous individuals, the wild-type 
allele provides a functional phenotype. However, 
when a "second strike" occurs, for example, due to 
improper chromosome segregation, this individual 
(or cell) may lose its "heterozygosity", which leads 
to a complete tumor phenotype. Karaman et al. [48] 
found a significant correlation between the preva-
lence of 17p (TP53) LOH and precancerous gastric 
lesion, indicating that the loss of TP53 may be an 
early event of gastric carcinogenesis [48].

Recent studies have shown that, although PTEN 
mutations in GC are rare, LOH of this gene is more 

common. Byun et al. (2003) found a decrease in the 
expression of PTEN and LOH to 47 % in 5 GC cell 
lines and 36 % of GC tissue samples [49]. The LOH 
level was significantly higher in the late stages than 
in the early stages of GC; it was also significantly 
higher in low-differentiated than in high- and medium-
differentiated GC. This suggests that complete func-
tional inactivation of PTEN does not necessarily 
cause gastric carcinogenesis, the loss of one allele 
is sufficient [49].

Malignant gastric tumors are characterized by high 
LOH frequencies in chromosomal regions 1p, 2q, 3p, 
4p, 5q, 6p, 7p, 7q, 8p, 9p, 11q, 12q, 13q, 14q, 17p, 18q, 
21q and 22q [50]. LOH at these sites leads to the loss 
of fragments/whole genes (tumor suppressor genes, 
cell cycle regulators and DNA repair).

2.1.2. Microsatellite instability.
In hereditary (most cases) and sporadic GC, an-

other type of genomic instability, MSI (microsatel-
lite instability), was also detected [51]. In patients 
with gastric cancer with the MSI phenotype, there is 
a high frequency of DNA replication errors leading to 
insertions/deletions of nucleotides in microsatellite 
repeats in tumor tissues [51]. These errors are de-
tected and corrected by the MMR (repair of unpaired 
bases) protein complex. The development of the MSI 
phenotype in gastric cancer is usually associated 
with the inactivation or loss of MMR genes (for ex-
ample, MLH1 or MSH2), which leads to additional 
genetic anomalies (for example, inactivation of tumor 
suppressor genes and LOH) [51; 52].

MMR disruption can occur:
(1) as a result of mutational inactivation of one 

or two MMR genes
(2) as a result of epigenetic inactivation of MMR 

(CIMP) genes [51].
The MSI-type of GC is mainly associated with 

epigenetic disorders in MMR genes [52; 53], which 
leads to multiple mutations in other loci regulating 
cell growth (TGF-β.RII, IGFIIR, RIZ, TCF4 and DP2), 
apoptosis (BAX, BCL10, FAS, CASPASE5 and APAF1) 
and DNA repair (hMSH6, hMSH3, MED1, RAD50, BLM, 
ATR and MRE11) [54]. These changes further contrib-
ute to genetic instability and enhance the develop-
ment of a malignant phenotype [54]. The genomes 
of gastric tumor cells with MSI are characterized by 
the presence of multiple mutations at many loci [55]. 
A high incidence of MSI in GC (MSI-H GC) is more 
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likely to occur with antral localization, with intestinal 
type, with expansive type and with seropositivity to 
H. pylori and correlates with a lower prevalence of 
lymph node metastasis [55]. MSI is a promising tool 
for identifying patients with genetic instability and 
patients with precancerous lesions [54; 52].

2.2. Epigenetic disorders.
Epigenetic disorders include changes in the tran-

scriptional activity of genes, the regulation of which 
is not associated with a violation of the native DNA 
sequence [52; 56]. DNA methylation and histone mod-
ifications are usually studied as epigenetic events. 
Currently, the term epigenetics has been expanded 
to include inherited and transient/reversible chang-
es in gene expression that are not accompanied by 
a change in the DNA sequence. A comprehensive 
understanding of various biological activities, such as 
DNA methylation, chromatin structure, transcriptional 
activity and histone modification, contributed to the 
development of epigenetics. The two main epigenetic 
modifications are DNA methylation and chromatin 
remodeling. DNA methylation is a chemical change 
in nucleosides that most often occurs in the cytosine 
portion of CpG dinucleotides. Chromatin remodeling 
occurs through histone modifications (mainly at the 
N-terminal tails), which ultimately affect the interac-
tion of DNA with the chromatin-modifying protein. 
Both DNA methylation and histone modifications 
are associated with suppression of critical TSG and 
activation of oncogenes involved in cancer devel-
opment [56].

2.2.1. Hypermethylation.
DNA methylation is a reversible chemical mod-

ification of cytosine in the CpG islands of the pro-
moter sequence, catalyzed by a family of DNA meth-
yltransferases. DNA methylation does not change 
the genetic information, but changes the "reading" 
from DNA and can lead to gene inactivation [56]. In 
general, methylation of CpG islands results in gene 
silencing. Methylated CpG islands also recruit histone 
deacetylases (HDACs) and other factors involved in 
transcriptional repression [56]. TSG inactivation via 
hypermethylation of CpG islands in promoter regions 
is an important event in carcinogenesis [56]. Hyper-
methylation of the p16 INK4a promoter was found 
in gastric carcinoma. Hypermethylation of CDKN2A 
may contribute to the malignant transformation of 

premalignant gastric lesions. DAPK hypermethylation 
is observed in intestinal, diffuse, and mixed types of 
gastric cancer and correlates with the presence of 
lymph node metastases, late stage, and poor sur-
vival [57]. Epigenetic silencing of the XAF1 gene by 
aberrant promoter methylation has been reported in 
gastric cancer [57]. Caspase‑1, a member of the cys-
teine protease family, exhibits a loss of expression in 
19.3 % of gastric carcinomas [57], with the expression 
level being reversed when the cell line is treated with 
5‑aza‑2'-deoxycytidine and/or trichostatin.

Hypomethylation of certain genes also contributes 
to gastric carcinogenesis. Initially, global genome 
hypomethylation was thought to be an exception-
al event in the development of cancer [57]. Loss of 
methylation in cancer is mainly due to hypomethyl-
ation of repetitive DNA sequences. During the devel-
opment of a neoplasm, the degree of hypomethyla-
tion of genomic DNA increases as the lesion passes 
from a benign disease to a metastatic one [57]. DNA 
demethylation can promote mitotic recombination, 
leading to deletions, translocations, and chromosom-
al instability [56]. Demethylation of MAGE, synuclein-γ 
(SNCG), and cyclin D2 has been described in gastric 
carcinoma [57].

In parallel with global hypomethylation, hypermeth-
ylation of CpG islands also has a silencing effect 
on miRNAs. MicroRNAs are short, 18–22 nucleo-
tides, non-coding RNAs that regulate many cellular 
functions, including cell proliferation, apoptosis, and 
differentiation, by suppressing specific target genes 
through translational repression or mRNA degrada-
tion [58].

2.2.2. Histone modification.
In a normal cell, a precise balance maintains the 

nucleosomal DNA in either active/acetylated or in-
active/deacetylated form. This adequate balance is 
controlled by acetylating enzymes (histone acetyl-
transferases) and deacetylating enzymes (HDACs). 
The modification involves methylation of the arginine 
and lysine residues of the histones. This methylation 
is catalyzed by histone methyltransferase and this 
process is involved in the regulation of a wide range 
of gene activity and chromatin structures. In general, 
lysine methylation at H3K9, H3K27, and H4K20 is 
associated with the suppression of gene transcrip-
tion, while methylation at H3K4, H3K36, and H3K79 
is associated with gene activation [59].
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3. Features of the molecular profile 
of hereditary gastric cancer.
While the vast majority of gastric cancer cases are 

sporadic, familial aggregation occurs in about 10 % of 
cases, and of these, only 1–3 % are clearly hereditary. 
Hereditary gastric cancer includes syndromes such as 
hereditary diffuse gastric cancer, gastric adenocarcino-
ma and proximal gastric polyposis (GAPPS) and famil-
ial intestinal gastric cancer (FIGC). Gastric cancer has 
also been identified as part of other hereditary cancer 
syndromes such as hereditary nonpolyposis colorectal 
cancer, Li-Fraumeni syndrome, familial adenomatous 
polyposis, and Peutz-Jeghers syndrome [60].

Hereditary diffuse gastric cancer (HDGC) is one of 
the most genetically characterized forms of heredi-
tary gastric cancer. HDGC is mainly associated with 
heterozygous CDH1 (E-cadherin) mutations, including 
frameshift, nonsense and missense mutations, and 
large rearrangements [60]. A pathogenic mutation in 
CDH1 increases the risk of developing diffuse gas-
tric cancer at the age of 80 years to 70 % [60]. The 
histopathology of HDGC is comparable to sporadic 
diffuse gastric cancer, although the presence of typ-
ical precancerous lesions, in situ or pagetoid signet 
cells, is specific for CDH1‑associated HDGC.

CONCLUSION

GC is a collection of various genetic and epi-
genetic changes, and its molecular landscape is 
extremely complex. Improvement in our under-
standing of the genetics of gastric cancer has 
accelerated significantly over the past decades, 
allowing us to redefine the definition of disease 
at the molecular level. These results may lead 
to the identification of high-risk groups and ul-
timately to improved treatment outcomes. The 
TGCA and ACRG classifications have opened the 
door to a complete understanding of the complex 
molecular landscape of gastric cancer. Studies 
of the genomic and epigenomic profile provide 
a better understanding of the molecular basis of 
gastric cancer. In this review, the characterization 
and classification of gastric cancer at the genetic 
and epigenetic levels confirms that this disease is 
highly heterogeneous. Clinicians should use the 
information gained from these studies to both de-
velop and test potential markers and new targeted 
therapeutic approaches.
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