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ABSTRACT. The data of modern scientific literature characterizing individual mechanisms of transformation of normal
cells and various stages of oncogenesis associated with viruses were analyzed. The data of sequencing of tumor genomes and
amino acid sequences indicate that most tumors are a consequence of the accumulation of sequential mutations, a significant
contribution to the formation of which was made by oncogenic viruses. Processes that alter or impair the functioning of signal-
ing pathways can contribute to transformation and oncogenesis. The phosphorylation of the ribosomal protein Sé by protein
kinase B, which increases the speed, and prolongs the translation time, is critical in oncogenesis. Protein kinase B inhibits the
processes of apoptosis, participates in the regulation of the cell cycle, and regulates tissue growth; an increased level of this
protein is found in various tumors. Transformation and tumor-associated processes are the result of a combination of domi-
nant mutations with increased function of proto-oncogenes and recessive mutations with a loss of function of tumor suppres-
sor genes encoding proteins that block cell cycle progression. The function of any gene product can be altered by oncogenic
viruses. Transforming proteins alter cell proliferation with a limited set of molecular mechanisms. The integration of proviral
deoxyribonucleic acid in a specific region of the cellular genome contributes to the induction of tumor-associated processes by
non-transductive viruses. Cellular oncogenes induce signaling at various stages of the cell cycle, which ultimately leads to its
dysregulation and progression. In cell transformation, the interaction of E1A viral proteins with tumor suppressors RB, histone
acetyltransferase p300/CVR, and inhibitors of cyclin-dependent kinases p27 and p21 is crucial. Virus-transforming proteins
have various properties, from changing the sequences of primary amino acids to inducing various variants of biochemical activ-
ity. Most tumors induced by non-transductive retroviruses result from increased transcription of cellular genes (myc) located
in close proximity to integrated proviruses. Latent membrane protein 1 is an integral protein of the plasma membrane and
functions as a constitutively active receptor and facilitates the transition from a latent course of infection to a lytic one. In the
absence of a ligand, this protein oligomerizes, and activates proteins that control cell proliferation and survival.
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Pe3ioMe. AHanusupylTCcs [aHHble COBPEMEHHOW HAay4YHOW NUTEpPaTypbl, XapaKTepusylllue OTAeNbHblE MeXaHWU3Mbl
TpaHcdopMaLMM HOPMaTbHBIX KITETOK U pasfinyHble 3Tanbl OHKOreHe3a, CBA3AHHOM0 € BUpYycaMu. [laHHble CEKBEHMPOBaHMA
FeHOMOB OMyX0feid, aMUHOKUCIIOTHBIX NOCNe0BaTeNbHOCTEN CBUMAETENbCTBYIOT, YTO BOMBLUMHCTBO OMyXonieln — 3T0 CleA-
CTBME HaKOMIEHUS NOCAe0BaTeNbHbIX MyTaLMiA, 3Ha4MMbIIA BKN1aJ, B (DOPMMPOBaHME KOTOPbIX BHECSM OHKOMEHHbIE BUPYChI.
Mpouecchkl, KOTOpble U3MEHSIOT WUIKM YXYALLAOT QYHKLUMOHUPOBaHWE CUrHaMbHBIX MyTel, MOryT cnocobcTBoBaTh TpaHchop-
MaLuM 1 OHKoreHesy. bonbluoe 3HayeHne B npoLeccax OHKOreHesa urpaet gocdopunmpoBaHne pubocoMarbHoro benka Sé
NPOTENHKMHA30M B, yBenuumBatoLLee CKOPOCTb U YaNMHSIOLLEe BpeMs TpaHcnauuu. MNpoTenHkuHasa B uHrnbupyet npouecch
anonTo3a, NPUHUMAET y4acTue B PEryAsLMM KIETOYHOMO LMKIA, PEryaIMPYET POCT TKaHeH, NOBbILIEHHbIA YPOBEHb 3T0ro ben-
Ka 0bHapyu1BaeTcs BO MHOTMX onyxonisix. TpaHcdopMaums 1 onyxoneaccouMmnpoBaHHble NpoLECcChl ABNSAIOTCA pe3ysbTaToM
KOMOMHaLMM JOMMHAHTHBIX MyTaLMiA € ycuieHneM GyHKLUMM MPOTOOHKOrEHOB M PELLECCUBHBIX MyTaLMiA C MoTepei QyHKUMI
reHOB-CyNpPeccopoB OMyXoJiel, KoaMpyloLmx 6enku, bnokupytoLLme NporpeccupoBaHne KIeTo4YHoro uukna. OyHkumum noboro
FeHHOro NPoAyKTa MOryYT U3MEHATLCS OHKOTEHHBIMU BUpYycamu. TpaHchopMupyloLLme Benku U3MeHsIOT nponiudepaumio Kie-
TOK OrpaHMyYeHHbIM HabopoM MONEKYNAPHBIX MeXaHU3MOB. VIHTerpaums npoBUpYCHOW [e30KCUpPUBOHYKIEUHOBOW KUC/OThI
B ONpefieNeHHOM y4acTKe KNeTOYHOro reHoMa cnocobcTByeT MHAYKLMW OMYX01eaccoLMMpoBaHHbIX MPOLIECCOB HETPaHCAY-
uMpytowmmuy Bupycamu. KnetouHble OHKOreHbl MHAYLMPYIOT Nepejayy CUrHanoB Ha pa3iuyHbIX CTaAusX KIETOYHOMO LMK,
uTO, B KOHEYHOM UTOre, MPMBOAMT K ero AUCPerynsaumMm 1 nporpeccupoBanmio. [ing npoueccoB TpaHCcdopMaLmm KNeToK Heob-
X0AMMO B3aMMOZelcTBMe BUPYCHbIX benkoB E1A ¢ cynpeccopamu onyxonei RB, ructoHauetuntpancdepason p300/CBP u uH-
rMbMTOpaMu LIMKIIMH-3aBUCMMON KnHasbl p27 v p21. Bupyc-tpaHchopmupytowume benku obnagatoT pasHoobpasHbiMM CBOM-
CTBaMM OT U3MEHEHWSA NOCNe0BaTENbHOCTEN NEPBUYHBIX aMUHOKUCIOT A0 MHAYKLMM Pa3IMuHbIX BapuaHTOB HBUOXMMMYECKOIA
aKTMBHOCTU. BONBLUMHCTBO OMyXonen, WHAYLMPOBAHHBLIX HETPAHCLYLMPYIOLLMMI PETPOBMUPYCAMM, BO3HUKAKT B pe3ysbraTe
MOBbILLEHHOW TPAHCKPUMLIMK KNETOUHBIX TeHOB (myc), pacnonoXeHHbIX B HEMOCPeACTBEHHOW BIM30CTU OT MHTErpUPOBaHHbIX
npoBupycoB. JlaTeHTHbIA MeMbpaHHbIM benok 1 aBnseTca WHTerpanbHbIM GeNKOM NnasMaTuyecKoi MembpaHsbl, GYHKLMO-
HUpYET KaK KOHCTUTYTMBHO aKTMBHbIA PELenTop U 0bnierdaeT nepexof OT JIaTEHTHOrO TeYEHUS UHPEKLMM K NIUTUHECKOMY.
Mpy oTCYTCTBMM NIUraHAa 3TOT 6EOK ONIMrOMEpU3YETCA U aKTUBMPYET BENKK, KOHTpONMpYtoLLMe NponndepaLmio U BbixuBa-
HWe KIETOK.

KnioueBble cnoBa: anonTos; reHbl; reHbl-Cynpeccopbl; nocnenosaresibHble MyTalMWU; OHKOreHHble BUPYChbl; HETPaHCAYLUPYIO-
Line BUPYCbl; OHKOreHe3; CUrHanbHble NMYTU; HYKNTEUHOBbIE KUCIOThI, TpaHCd)OpMaLI,VIFI.
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INTRODUCTION

The viral theory of cancer etiology is now widely accepted.
Understanding the molecular mechanisms of oncogenesis
has been made possible by the study of oncogenic viruses.
These mechanisms are based on the accumulation of
mutations in cell populations and epigenetic alterations to
genes and nucleosomes. These changes have an impact on
the stages of signaling pathways that regulate intercellular
communication. Endogenous or exogenous deoxyribonucleic
acid (DNA) damage can result in the inheritance of one
or more genetic changes. An important finding was that
the induction of malignant processes is not required for
oncogenic virus reproduction. Moreover, when normal cells
are cultured with certain viruses, their growth pattern and
morphology can be changed. These cells can be transformed.
The study of cell culture systems enabled the identification
of carcinogenic potential in virus-infected cells. As a result,
viral and cellular oncogenes, or circuits that control cell
proliferation, emerged. The increase in the life of transformed
cells, the transformation itself, and oncogenesis are distinct
phenomena that are intimately linked. Transformed cells
have a longer half-life, reduced inhibition of intercellular
contacts, and produce their own growth factors. Retroviruses
can thus either encode oncogenes or integrate into the host
cell genome and alter the expression of cellular proto-
oncogenes. Transforming DNA viruses encode proteins that
bind to specific cellular tumor suppressor proteins, such
as RB and p53, shortening the cell cycle. Proteins encoded
by transforming viruses can prevent cell apoptosis, inhibit
immune recognition, and promote angiogenesis. Chronic
immune response induction over time causes cell and tissue
damage and the emergence of cells with altered functions,
which is the basis of virus-induced oncogenesis. All of this
is not a discovery, but modern methods have revealed many
“intimate” mechanisms of tumor-associated processes.

This study aims to assess data from modern literature
that describes the “intimate” mechanisms of normal cell
transformation and the stages of oncogenesis.

MATERIALS AND METHODS

Modern scientific literature on the characterization of
tumor-associated processes has been studied.

RESULTS AND DISCUSSION

Modern high-throughput tumor genome sequencing
methods have demonstrated that most tumors are the result
of the accumulation of consecutive mutations over a long
period of time. The number and nature of genetic changes vary
according to cancer type, patient age, mutagen contribution
to oncogenesis, and other factors, including diet. Smokers
with small cell lung cancer, for example, have 10 times more
mutational changes in their genome than nonsmokers with
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the same condition. Hundreds of genetic changes, including
substitutions, insertions, deletions, translocations, and
copy number changes, accumulate in the later stages of
cancer, particularly after gene mutations during DNA repair.
However, most of these changes are secondary mutations.
The number of mutations that cause cancer is minimal,
ranging from 5 to 10. The nature of the first mutation is
critical because it decides whether submutations provide
tumor development a selective advantage. Mutations can
also alter the functions of signal transduction pathways that
control cell proliferation, apoptosis, and genome integrity.
Such mutations are most commonly seen in genes encoding
components of the mitogen-activated protein kinase (MAPK),
WNT/APC signaling pathways, and the p53 protein. MAPK
influences gene expression, differentiation, cell survival, and
apoptosis. As a result, phosphorylation processes develop in
cells, resulting in the activation, and possibly suppression,
of transcription factors and regulatory proteins, which
eventually leads to changes in gene expression levels [1-3].

Transformed cells are distinguished by their independence
from the signals or conditions that control DNA replication
and cell division. Transformed cells grow larger and can
divide indefinitely. This process requires the secretion of
telomerase, which maintains telomeric DNA at the ends
of chromosomes and so provides intrinsic regulation.
Transformed cells require fewer growth factors. Additionally,
they can secrete their own growth factors, providing
autocrine growth stimulation. However, it is important to
understand that transformed cells are not always oncogenic.
Many transformed cell lines lack the properties necessary
for tumor formation. Telomerase activity is known to not
disrupt cell growth regulatory mechanisms while also
contributing to genome stability and preventing chromosomal
rearrangements. However, telomerase activity is present in
most human tumor cells. Therefore, telomerase activity can
be considered a universal marker of cancer, and telomerase
reactivation can play a role in oncogenesis [4].

Cell proliferation in the body is closely regulated by
signals that stimulate or inhibit cell growth to maintain
organ and tissue integrity. These signals cause a variety of
physiological reactions, such as the activation or inhibition
of metabolic pathways and cell proliferation when organs
or tissues are damaged. Signal transduction begins with
the secretion of growth factors by certain cell types, which
bind to specific receptors on the cell surface or extracellular
matrix components. The binding of the ligand to a specific
receptor results in the oligomerization of receptor molecules
transported to the cytoplasmic domain of the receptor.
The cytoplasmic domain of the receptor contains a protein
tyrosine kinase activity, and the interaction of the growth
factor with the ligand causes autophosphorylation. This
mutation triggers a signal transduction cascade, followed
by a series of physical interactions between membrane
and cytoplasmic proteins, as well as biochemical changes.
Finally, the functioning of the cell is altered. Many signaling
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cascades result in changes to transcriptional activators
or repressors, which influence the expression of specific
cellular genes. Depending on whether method is appropriate
for the particular situation, the products of these genes either
allow the cell to go through another cycle of cell division or
cause the cell to stop developing or cause apoptosis. Errors
in the mechanisms of the signaling pathways can lead to
transformation. Because formative molecular features
of information transmission are short-lived and easily
changed, signal transduction pathways can be blocked as
soon as the initiating signal fades. These alterations in signal
transduction can also lead to transformation and oncogenesis
(Fig. 1) [5, 6l.

Ligand binding to receptor protein tyrosine kinase
(RPTK) initiates activation. Signal transduction via RAS
(protein proto-oncogenic products involved in cell division
stimulation, associated with plasma cell membranes) and
the MAP cascade activate MAPK signal-interacting kinases
1 and 2 (MNK 1 and 2), which phosphorylate and activate
translation initiation of the elF4E protein. The activity of
this initiating protein is also increased when signaling
from RPTK via phosphatidylinositol 3-kinase (PI3K) and
3-phosphoinositide-dependent protein kinase (PDK1), which
stimulates protein kinase B (inhibits apoptosis processes, is
involved in cell cycle regulation, induces protein synthesis,
and is thus a key protein regulating tissue growth,
responsible for muscle hypertrophy development). Because
the product of the Akt gene inhibits apoptosis, elevated
levels of Akt1 expression have been found in many tumors.
Akt1 was initially identified as an oncogene. The products
of the Akt1 gene are now known to inhibit apoptosis, and
higher levels have been reported in a variety of tumors. This
kinase inactivates the tuberous sclerosis complex (TSC1/2)
and activates the small G-protein, Ras homology enriched
in brain and mammalian target of rapamycin (mTOR). mTOR
phosphorylates the inhibitory elF4E-binding protein (4EBP),
suppressing it from inactivating elFAE. Transcription of
genes encoding elFAE and other translation initiation
proteins is stimulated by phosphorylation of glycogen
synthase kinase B (GSK3B) by activated AKT (V-akt
murine thymoma viral oncogene homolog 1 [named after
the source of isolation from cells from mice inoculated with
thymoma], i.e., thymoma lymphoma, a serine-threonine
kinase) and inhibits the transcriptional activator MYC (a
family of regulatory genes and proto-oncogenes encoding
transcription factors). The Myc family of human genes
includes three related genes: c-myc (MYC), [-myc (MYCL),
and n-myc (MYCN). AKT-dependent phosphorylation of
ribosomal protein Sé kinase (S6K) increases the rate and
lengthens the translation time. These mechanisms increase
the availability and activity of proteins that are important
in selecting the appropriate rate required for cell growth.
AKT regulates metabolism via GSK3B phosphorylation
and inactivation and the effect of active mTOR on lipid
metabolism [7, 8].
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The duration of the cell cycle phases is common for
many mammalian cells that are actively growing in QC.
Nevertheless, there are significant differences in cell cycle
duration, mainly due to differences in the G1 and G2 phases.
Early embryonic animal cells, for example, bypass G1 and
G2, instead proceeding directly from DNA synthesis (S) to
mitosis (M) and then back to S. Consequently, their cycles
range from 10 to 60 min. Other cells that have ceased growth
and division are in a specialized resting state known as GO.
This explains the significant differences in cell reproduction
rates in multicellular organisms. It has been found that
viruses can successfully reproduce in cells that spend all
or most of their lives in GO, that is, in “cell cycle sleep.” In
many cases, viral protein synthesis in such cells causes them
to enter the cell cycle, grow, and divide rapidly, resulting in
abnormal activity [9].

Kinase activation can be followed by phosphorylation of
certain sites and removal of phosphate groups, in addition
to binding to the corresponding cyclin. Thus, WEE1 and MYT
kinases phosphorylation of Thr and Tyr residues inhibits
the activity of several cyclin-dependent kinases (CDKs)
and prevents cell cycle progression until the residues are
dephosphorylated by CDC25 phosphatases. Kinase activity is
also controlled by members of two CDK-inhibitory protein
families: INK4 proteins control G1 activation alone, and
CIP/KIP proteins control all other CDKs. Both types of inhibitors
are important in cell cycle control. Thus, resting cells have
a high concentration of p27kip1, whereas the transition
of cells into G1 phase is accompanied by a decrease in
the concentration of this protein; inhibition of its synthesis
prevents the transition of cells into the resting phase
(Fig. 2) [10].

Activation and inactivation of specific kinases underlie
cell cycle regulation. Thus, the synthesis of E-cyclin
decreases the rate of mammalian cell transition from G1
phase to S-phase, and E-CDK2 cyclin accumulates during
the late Gr phase. E-cyclin rapidly disappears from the cell
during S-phase. DNA replication, chromosome segregation,
and cell division are not so much related to changes in CDK
concentration as to the CDK cycle itself, which ensures
the integration of numerous exosignals and endosignals from
the cell into appropriate responses. Various gene products
can influence the rate of the cell cycle (both positive and
negative). Transformation and tumor-associated processes
are caused by a combination of dominant mutations with
increased function of proto-oncogenes and recessive
mutations with loss of function of tumor suppressor genes
that encode proteins that inhibit cell cycle progression.
Oncogenic viruses can alter the functionality of any gene
product [11].

Oncogenic viruses have several traits. A single viral
particle, for example, is sufficient to infect and alter
a susceptible cell. The whole or part of the viral genome
can remain in the transformed cell. Most often, cell
transformation is accompanied by continuous expression of
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specific viral genes. Transformed cells (with the exception of
some retroviruses) do not secrete infectious viral particles,
and transforming proteins alter cell proliferation through
a limited number of molecular mechanisms [12].

Cells transformed with oncogenic viruses retain viral
DNA in their nuclei. These DNA sequences correspond
to all or part of the infected genome or to proviral DNA
synthesized in retrovirus-infected cells. Viral DNA sequences
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can be integrated into the cellular genome or maintained
autonomously as replicating episomes. The enzyme integrase
is essential for viral DNA integration and the subsequent
viral reproductive cycle. Integration occurs at different sites
of cellular DNA, but it does not disrupt the fixed order of
viral genes and provirus sequences. The integration of
proviral DNA in a certain region of the cellular genome
contributes to the induction of tumor-associated processes
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by non-transmissible viruses. Proviral sequences are found
in the same chromosomal region in each tumor cell. Provirus
integration activates the transcription of cellular oncogenes.
Although integration is not required for the spread of
any oncogenic DNA virus, it is required for adenovirus
or polyomavirus cell transformation. The transformation
is dependent on viral proteins that are required for viral
episome persistence, which directly modulates cell growth
and proliferation [13].

The mouse polyomavirus (Polyomavirus muris or Mus
musculus polyomavirus 1) and monkeypox virus SV40
have become ideal models for studies of oncogenesis and
transformation. Human polyomaviruses 1 and 2 (VC and JC,
respectively) were discovered in 1971 and cause persistent
infections in immunosuppressed individuals. Then, from
the tumor tissue of patients with Merkel cell carcinoma,
eight types of other polyomaviruses were identified, whose
genomes are similar to the organization of the primate
polyomavirus genome. The Merkel cell polyomavirus genome
is found in most Merkel cell carcinomas but not in tissues or
other tumor types. It is clear that viral DNA integration came
before cell proliferation. In addition, the T-antigen(s) are
produced by tumor cells. This indicates that the polyomavirus
gene products of Merkel cells are required to maintain
the oncogenic phenotype of the transformed cells. Thus,
a pronounced causal relationship between viral infection
and the development of Merkel cell carcinoma has been
established. Although Merkel cell carcinoma is rare, Merkel
cell polyomavirus infection is widespread. Approximately
80% of people have the virus on their skin. In this case,
the low frequency of tumor-associated process induction
is associated with the formation of immunosuppression
due to a variety of causes. Furthermore, transformation
and oncogenesis depend on rare integration reactions that
support the coding sequences of viral transforming proteins,
LT, and sT [14, 15].

At present, genetic methods have been used to identify
the transforming genes of oncogenic viruses, characterize
viral genes present and expressed by transformed cell
lines, and analyze the transforming activity of viral DNA
fragments introduced into cells. This allowed the detection
of spontaneous deletion of the viral genome. Such mutants
could not transform infected cells but retained the ability
to reproduce. These characteristics of the mutants showed
that cell transformation and virus reproduction are different
processes [16].

Because of the deletions detected in the mutants,
a nucleic acid sample specific to the v-oncogene, v-src,
was obtained. It was found that v-src hybridizes with
cellular DNA, confirming that v-oncogenes are of cellular
origin rather than viral. This crucial discovery showed that
such cellular genes can become oncogenes, although such
changes are very rare. Most transducing retroviruses contain
a single v-oncogene in their genomes, but some, particularly
the avian erythroblastosis virus £S4, have two oncogenes,
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erbA and erbB. In such cases, one oncogene induces
the transformation, and the other accelerates it. Cellular
oncogenes can interfere with signal transduction pathways
at various stages, ultimately leading to cell cycle progression
dysregulation [17].

Cell transformation requires the interaction of viral
E1A proteins with tumor suppressors, such as RB, histone
acetyltransferase p300/CP, and cyclin-dependent kinase
inhibitors p27 and p21. E1A protein substitutions that
impair these interactions reduce or terminate transforming
activity. The Eé protein of human papillomaviruses type 16
or 18 also interacts with p300/CP and the tumor suppressor
protein p53, as well as with proteins containing the PDZ
domain (a common structural domain found in signaling
proteins of bacteria, yeast, plants, viruses, and animals).
The name is a combination of the first letters of three
proteins: postsynaptic density protein (PSD95), Drosophila
large disc tumor suppressor (Dlg1), and zonula occludens-1
(zo-1) protein). The PDZ domain is involved in the activation
of signal transduction pathways that promote cell growth
and inhibit apoptosis. In addition, the Eé protein binds
to the transcriptional regulators c-MYC and NFX1-91 to
stimulate transcription of the gene encoding the telomerase
protein component. These interactions have been linked to
an increase in telomerase secretion by cells synthesizing
the E6 protein. The cellular E6-AP ubiquitin ligase, as well
as other cellular proteins targeting proteasomal degradation,
were also involved in the activation processes, in addition
to p53 and NFX1-91. Degradation of PDZ-domain-containing
proteins is also induced by the viral protein E6 [18].

Viral transforming proteins contain a variety of features
that contribute to changes in the primary amino acid sequences
and the development of various biochemical activity variants.
They vary in the number and nature of signaling pathways they
modify. Despite these differences, these viral proteins induce
continuous cell proliferation and contribute to the formation of
the final transformation variant. They result in the continuous
activation of cell signal transduction cascades that induce cell
cycle proliferation or disrupt pathways that regulate or inhibit
this process. The v-src protein was the first to be identified as
a transforming protein with protein tyrosine kinase function.
The study of the protein's properties led to the identification
of a large number of other proteins with similar enzymatic
activity and a special role in cell signaling [19].

The SH4 domain of various viral transforming proteins
has a myristic acid binding site, which allows the protein
to be anchored in the cell membrane. The SH2 and SH3
domains mediate protein—protein interactions by binding
phosphotyrosine-containing and proline-rich sequences,
thus participating in signal transduction pathways and
phosphorylating the Y527 protein. Transduced oncogenes that
are homologs of cellular genes encode signal transduction
components. The human herpes virus type 8 genome, for
example, contains homologs of various cellular genes.
The viral genome encodes proteins required for viral particle
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reproduction and assembly. The cellular gene homologs
are located between the major gene blocks. Some are
associated with cellular chemokines (v-IL-6, v-IL-17,
CCL-3, and CCL-4), chemokine receptors (v-GPCR), and
signaling molecules (interferon-responsive protein [v-IRF],
an N-CAM family transmembrane protein involved in v-0X2
intercellular signaling). Interferon is inhibited by v-IL-6 and
v-IRF. Viral genes associated with cellular genes encode
proteins (v-cyclin, v-BCL-2) that regulate cell proliferation
and apoptosis. Infected HPV type 8 cells secrete v-GPCR and
v-IL-6. The production of v-FLIP by infected cells promotes
their survival and the latent course of the infection, whereas
the secretion of v-ciclin promotes proliferation. Because
the lytic course of infection is accompanied by cytotoxic
effects, a paracrine model of oncogenesis has been proposed
(Fig. 3).

In this model, v-GPCR secreted by infected cells triggers
signal transduction via RAS (B and y subunits of the trimeric
G-protein [GPy]) via MAPK, PI3K, and N-terminal kinase.
This stimulates the expression of cellular genes encoding
interleukins (IL-6 and IL-8), vascular endothelial growth
factor, and platelet growth factor (PDGF). Signal transduction
via the small G-protein RAC play an important regulatory role
in cell motility and growth. Rac1 is expressed by various
tissues and stimulates cell motility. Disruption of cell motility
regulation is one of the major complications of cancer cell
invasion and metastasis. Rac1 V12 overexpression in mice
causes a tumor phenotypically similar to human Kaposi
sarcoma and promotes the secretion of reactive oxygen
species, which activate the AKT/mTOR pathway and thereby
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promote protein synthesis. v-IL-6, like other viroquins that
also secrete lytically infected cells, acts on neighboring cells
(paracrine regulation) to maintain the proliferation of latently
infected cells and induce angiogenesis. This pattern is found
in individuals with Kaposi's sarcoma [20, 21].

Most tumors induced by non-transmissible retroviruses
result from increased transcription of cellular genes
(myc) located in close proximity to integrated proviruses.
This mechanism of oncogenesis is known as “insertional
activation of proto-oncogenes” (potential oncogenes)
or “insertional carcinogenesis”, a type of chromosome
rearrangement in which a gene can be inserted into the cell
genome and enhance the activity of neighboring proto-
oncogenes. Insertion genes are also called enhancer genes.
They are transmitted by ribonucleic acid (RNA) retroviruses,
whereas DNA viruses can cause cell transformation mainly
by blocking suppressor genes [22].

The study of avian viruses isolated from Rose's
sarcoma allowed us to evaluate the basic mechanisms
of the processes of insertion activation. As a rule, these
viruses do not carry an oncogene, but in young chickens,
they can induce B-cell lymphomas in the Fabricius pouch.
Analysis of the integration sites of proviral DNA and gene
products produced in these tumors allowed us to identify
two types of insertion activation: promoter insertion and
enhancer (enhancer) insertion. Promoter insertion leads to
the formation of chimeric RNA. Viral and cellular transcripts
do not merge during enhancer insertion. Cellular gene
activation is mediated by viral enhancers, which enhance
cellular promoter transcription [23].
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Fig. 3. A model of paracrine oncogenesis caused by products of type 8 HCV gene (according to J. Flint, Vincent R. Racaniello, G. Rall,

Th. Hatzoocannon, 2020)

Puc. 3. Mogenb napakpuHHOro OHKOreHesa, Bbl3BaHHOrO MPoAyKTamu reHa BIY 8-ro tuna (no J. Flint, Vincent R. Racaniello, G. Rall,

Th. Hatzoocannon, 2020)
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Fig. 4. Constitutive activation of the cell membrane by Epstein—Barr virus protein 1: @ — Summary of transcriptional and other regulators
that are stimulated or repressed by signaling from LMP-1; b — LMP-1, which possesses six membrane-spanning segments but no large
extracellular domain, oligomerizes in the absence of ligand, a property represented by the LMP-1 dimer depicted. When localized to the
plasma membrane, the C-terminal segment of LMP-1 to which cellular proteins bind is sufficient for both activation of cellular transcript-
ional regulators and immortalization of B cells. The long cytoplasmic C-terminal domain of the viral protein contains three segments im-
plicated in the activation of signaling, designated C-terminal activation regions (CTARs) 1 and 2, and the intervening proline-rich repeats.
As shown, multiple members of the tumor necrosis factor receptor-associated protein family (TRAFs) bind to CTAR-1, leading to activation
of the protein kinase NIK (NF-KB-inducing kinase) and IkK (Ik-kinase), and ultimately of NF-kB. The CTAR-2 domain of LMP-1 further
induced activation of NF-kB via association with TRADD and TRAF-6. Moreover, it is responsible for the activation of AP-1 via the JUN
N-terminal kinase pathway. Additionally, the TRAF-binding domain of CTAR-1 induces the activation of the MAP kinase cascade, whereas
the proline-rich repeat region is crucial for the activation of JAK3 and STATs. These responses to LMP-1 are required for the transformation
of rat fibroblasts. (according to J. Flint, Vincent R. Racaniello, G. Rall, Th. Hatzoocannon, 2020)

Puc. 4. KoHcTuTyTMBHAs aKTMBaLMA KIeTouHo MeMbpaHbl benkoM 1 Bupyca JnwwuTeitHa — bapp: @ — KpaTkoe onvcaHue TpaHCKpUNLy-
OHHbIX U IPYrvX perynsiTopoB, KOTOPbIE CTUMYNMPYKITCA UM NOAABNsoTCA nepeaadei curHanos ot LMP-1; b — LMP-1 onuromepusyetcs
B OTCyTCTBME NuraHga. [pu nokanusaumm Ha nnasmatuyeckoit MembpaHe C-KoHueBon cerMeHT LMP-1, ¢ KoTopbIM CBSA3bIBAKOTCA KNETOY-
Hble BeNKKM, aKTUBUPYET KIIETOYHbIE TPAHCKPUMLMOHHBIE PEryNsTopbl U YBENUUMBAET MPOLOMIKUTENBHOCTb XU3HU B-KneToK. [nnHHbIN
uuTonnasMaTuyeckui C-KoHLEeBOM AOMeH BUpYCHoro benka yyacTayet B akTuBaumu curHanusaumum (CTAR) 1 v 2. Kak nokasaHo, HecKonbKo
YneHoB ceMelicTBa 6eIKOB, acCOLMMPOBaHHLIX C peLienTopamm dakTopa Hekpo3a onyxonu (TRAF), casbiBatotcs ¢ CTAR-1, yto npuogut
K akTMBauun npotenHkuHassl NIK (NF-KB-uHayumpytowas kuHasa) u IkK (Ik-kuHasa) u, B KoHeuHoM cuete, NF-kB. lomeH CTAR-2 LMP-1
TakKe uHayumpyet aktueaumio NF-kB uepes accoumaumio ¢ TRADD u TRAF-6. OH Takxke oTBeyaeT 3a aktuBaumto AP-1 yepes nytb JUN
N-koHueBoit kuHasbl (JNK). KpoMe Toro, TRAF-cBsisbiatowmit foMeH CTAR-1 uHAoyuMpyeT aKTMBaLUMI0 Kackaaa KuHasel MAP, B To Bpems
Kak boraTas nponMHoM obnactb Heobxoamma ans aktmeaumm JAK3 u STATs. 3Tn peakumm Ha LMP-1 HeobxoauMbl ans TpaHchopMaLmm
¢ubpobnacto Kpbic (Mo J. Flint, Vincent R. Racaniello, G. Rall, Th. Hatzoocannon, 2020)

a

Viruses affect the growth and proliferation of infected
cells through signal transduction proteins. They carry out
these processes by different mechanisms (Fig. 4).

Thus, the genomes of some viruses encode membrane
proteins that initiate signal transduction. The most well-
known is the latent membrane protein 1 of the Epstein-Barr
virus (latent membrane protein 1 [LMP-1]). LMP-1 is one of
the main gene products required for B-lymphocyte survival
and is synthesized by most tumor cells with viral etiology.
LMP-1 is a plasma membrane protein that functions as
a constitutively active receptor and facilitates the transition
from latent to lytic infection. In the absence of a ligand,

DOl https://doi.org/10.]

LMP-1 oligomerizes and activates proteins that control cell
proliferation and survival. The cytoplasmic C-terminal domain
of LMP-1 contains three segments involved in C-terminal
activation signaling regions (CTARs) 1 and 2 and intermediate
proline-rich repeats. Several tumor necrosis factor receptor-
associated protein family (TRAFs) proteins hind to CTAR-1,
leading to NF-kB-inducing kinase and IkK (Ik-kinase) and
ultimately NF-kB. The CTAR-2 LMP-1 domain also induces
NF-kB activation through association with tumor necrosis
factor receptor type 1-associated death domain protein
(TRADD) and TNF receptor-associated factor 6 (TRAF-6). It is
also responsible for AP-1 activation via the JUN N-terminal
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kinase pathway. Furthermore, the TRAF-binding domain of
CTAR-1 induces cascade activation of MAP kinase, whereas
the proline-rich repeat region is required for JAK3 and STAT
activation. These responses to LMP-1 are required for rat
fibroblast transformation. Thus, LMP-1 induces the release
of NF-kB from its association with cytoplasmic inhibitors
via several mechanisms and the activation of the second
transcriptional regulator AP-1 and signal transduction
via phosphorinositide 3-kinases (PI3Ks) and AKT protein
kinase. Increased expression of most cellular genes present
in cells secreting LMP-1 and changes in the properties of
these cells are associated with activation of these pathways.
Increased secretion of adhesion molecules and activation
of cell proliferation are associated with these changes. It is
important to remember that LMP-1 is not synthesized in all
Epstein-Barr virus-associated tumor cells. However, these
cells will be influenced by LMP-1 secreted in exosomes
that are formed in the endosomal compartment of most
eukaryotic cells [24-26].

Viruses of the families Polyomaviridae and Herpesviridae
encode proteins that permanently activate signal transduction
pathways by binding to SRC family tyrosine kinases. This
mechanism was first identified in a study on the polyomavirus
protein mT, which has the ability to transform rodent cell
lines and induce endothelioma formation in transgenic
animals. The N-terminal mT sequence in sT binds to protein
phosphatase 2A (PP2A) in the cytoplasm, which is required
for subsequent association with c-SRC in the endoplasmic
reticulum. When this kinase is associated with mT, its
catalytic activity is reduced. Despite the activation of c-SRC
family kinases, phosphotyrosine levels in mT-transformed
cells are unchanged. The phosphorylation of specific mT
tyrosine residues by activated c-SRC provides some cellular
proteins with recognition domains with the ability to bind to
mT, causing the signaling proteins to trigger transduction by
activating RAS and MAP kinase. Consequently, mT bypasses
the normal mechanism that regulates c-SRC kinase activity
and also functions as a virus-specific adapter that integrates
proteins that are not normally involved in cellular signal
transduction. In all cases, substitutions that disrupt cellular
protein binding to mT impair the transforming activity of
the viral protein [27, 28].

The Epstein-Barr virus promotes several types of
B-lymphocyte and epithelial cell cancers. All the viral
genome is present in all monoclonal tumors, the expression
of the gene encoding the transforming protein LMP-1 is
variable and rarely detected in tumor samples. LMP-1
is secreted by extracellular vesicles called exosomes.
Exosomes are unique structures that are involved in antigen
presentation, |0 suppression, neuronal communication,
transformation, and tumorigenesis. Exosomes can transfer
not only soluble and membrane proteins but also matrix
and small interfering RNA from one cell to another.
All of these indicates that exosomes are involved in tumor-
associated processes [29, 30].
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CONCLUSION

The study of viral immunopathogenesis has greatly
contributed to the understanding of the specific molecular
mechanisms of oncogenesis. Various protein molecules
and signaling pathways involved in cell activation and
transformation are involved in oncogenesis. Thus, telomeres
and telomerase contribute significantly to the preservation
of physiological properties in cells. The properties and
morphology of transformed cells differ markedly from
normal cells, which may indicate critical changes.
Transformation begins with the secretion of growth factors.
Mitogenic and growth-promoting signals induce cell
proliferation, which results in metabolic changes required
to stimulate and maintain cell growth. The outcome of
transformation largely depends on the regulation of
the cell cycle, which is provided by complex regulatory
mechanisms. The identification of oncogenes allowed
researchers to determine their role in the inactivation
of tumor suppressor gene products. Oncogenic viruses
share common characteristics, allowing us to identify
the molecular features of immunopathogenesis of tumor-
associated processes. First, it is related to the peculiarities
of viral genetic information location in transformed cells.
Thus, viral sequences can be integrated into the genome or
stored independently. Therefore, the identification of changes
and cellular properties after viral gene transformation that
result from recombination between viral and cellular nucleic
acids is important. The activity of transformation processes
induced by oncogenic viruses correlates with binding to
specific cellular proteins. The finding that the transforming
v-SRC protein, as well as a large number of related proteins,
exhibit protein tyrosine kinase activity has shown that
cellular protein phosphorylation is important in oncogenesis.
Non-transmissible viruses can also induce tumor-associated
processes through insertion activation mechanisms, which
result in increased transcription of cellular genes located in
close proximity to integrated proviruses. Some viruses can
influence the growth and proliferation of infected cells via
viral signal transduction proteins that have been shown to
be unrelated to cellular proteins.

Thus, two major mechanisms controlling cell proliferation
can be distinguished among the numerous others. Viral
transformation can occur as a result of constitutive activation
of signal transduction cascades or disruption of pathways
that negatively regulate cell cycle progression. In both cases,
there is a disruption of finely tuned mechanisms that are
associated with an increase in cell size, mass, survival, DNA
duplication, and cell division only when external and internal
conditions are favorable.

Unfortunately, our understanding of viral oncogenesis
is still limited. Therefore, a more in-depth evaluation
of additional parameters related to host responses to
transformed cells is required to understand the complex
process of oncogenesis..
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