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Abstract. Many RNA viruses have been reported to be oncogenic (or carcinogenic) in a variety of animal and human
cancers. The increase in the incidence and prevalence of cancer-causing viruses in human populations can be known
as a key precursor to the development of various cancers. The retrovirus family and Hepatitis C virus (HCV) are also
reported to cause cancer. Viral oncoproteins such as Tax of HTLV 1 interacts with cellular ubiquitination complex such
as cyclindromatosis tumor suppressor, ubiquitin-specific proteases 7, 11, 15 and 20, A-20 and signal-transducing adaptor
molecule binding protein-like-1 in order to improve the cellular signaling pathways. The viral oncoproteins binding
to DUB, leading to proliferation of virus-infected cells and cell transformation. Proto-oncogenes (c-onc genes) are
the cellular form of v-onc genes. The activation of c-onc genes leads to cell growth. C-onc genes are transformed into
an oncogenic form by viral infection. C-onc genes play some roles such as protein kinases, growth factors, growth factor
receptors, and DNA binding proteins. The study of transforming retroviruses and their oncogenes and the multiple
mechanisms deployed by other RNA viruses to use the growth-suppressive and proapoptotic function of tumor
suppressor genes has been added to our current understanding of cancer biology. Oncogenic RNA viruses are important
experimental models to study molecular investigation such as cellular networks, including the discovery of oncogenes
and tumor suppressors. Understanding of different strategies of RNA viruses as well as the function of their proteins helps
to make more extensive plans regarding the adoption of follow-up, prevention and treatment strategies in cancer patients
caused by viral origin.
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POJ1b PHK-BUPYCOB B OHKOINEHE3E YEJIOBEKA

®@azaaaunyp M., Mosiau X.P.3

I Compyonuuarowyuii yenmp BO3 no cmandapmam u uccaedosanusm bewencmea, Uncmumym Ilacmepa Hpana, Teeepan, Hpan
2 HcenedosamenbCkuii yeHmMp HOBbIX U HOBb B03HUKAIOWUX UHDEKYUOHHbIX 3a001e6anutl, Hnemumym [lacmepa Hpana,
Teeepan, HUpan

7 Kepmanckuii ynusepcumem meduyunckux Hayk, e. Kepman, Hpan

Pesiome. M3BecTHO, uTo MHOrue PHK-Bupych aBASIIOTCS OHKOT€HHBIMU (MJIM KaHLIEPOT€HHBIMU) TIPU Pa3TUYHbBIX
BUJIaX paka y (KMBOTHBIX U UYeJOBeKa. YBeJMueHUe 3a001eBaeMOCTHU U PACIIPOCTPAHEHHOCTH BUPYCOB, BHI3bIBAIOIIMX
pak, B YeJOBEUECKOM MOMYISIIMY MOXHO PaclieHMBATh KaK KJIIOUEBOI MPenIIeCTBEHHUK Pa3BUTHUS Pa3IUYHBIX BU-
noB paka. CemeiicTBo petpoBupycoB u Bupyc remaruta C (BI'C) Takke BBI3BIBAIOT pak. BupycHble OHKOIIPOTEHHBEI,
takue Kak Tax T-mumdoTpormHoro Bupyca yenoBeka (HTLV-1), B3auMoaeiCTBYIOT ¢ KJIETOYHBIM KOMILJIEKCOM YOH-
KBUTUHUPOBAHMUSI, TAKAM KaK CYTIPECCOP OIMYXOJIH MUINHAPOMAaTO3a, YOMKBUTHUH-CIIeIIndrIecKre mpoTeassl 7, 11,
15120, A-20 u STAMBPLI nns ycuneHus KI€TOUHBIX CUTHATBHBIX TTyTel. BUupycHbIe OHKOTIPOTEWHBI CBSI3BIBAIOTCS
¢ IeyOMKBUTHHA301, YTO IMIPUBOAUT K TIpoudepallni HHOUIINPOBAHHBIX KJIETOK U KJIETOYHOM TpaHC(HOpMaLINN.
[MpoTooHKOTEHBI (TEHBI C-0NC) MPEACTABISIIOT CO00i KIeTOUHYI0 POPMY FeHOB V-0nc. AKTUBAIMSI TEHOB C-0NC TIPHU-
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MHdekumns n uMmyHuTeT

BOIUT K POCTY KJEeTOK. ['eHBI c-onc TpaHC(HOPMUPYIOTCI B OHKOTEHHYIO (hOpPMY IIPH BUPYCHON MH(PEKIIMU MOTYT
BBICTYIATh B KaueCTBE MPOTEMHKMHA3, (paKTOPOB pocTa, peuentopoB (pakTopoB pocTa u JIHK-cBs3biBatonux oe-
KoB. M3yueHue TpaHChHOPMUPYIOLIUX PETPOBUPYCOB U UX OHKOTEHOB, a TAKXKe pa3HbIX MEXaHMU3MOB, UCITOJIb3yEMbIX
npyrumu PHK-Bupycamu s nogaBiaeHus: pocTa M MPOanonTOTUYECKON (YHKIMU T€HOB-CYIIPECCOPOB OMyXoJeit
MPYBHOCUT HOBBIE TaHHbIE B TOHMMaHue orojioruu paka. OnkoreHHbie PHK-BUpyCHI SBASIOTCS BAaXKHBIMY 9KCIIEPHU-
MEHTaJIbHBIMU MOJIEKYISPHBIMU MOICISIMU 110 M3YUECHMIO KJIETOUHBIX CeTel, BKJIIoUast OTKPHITHE OHKOTEHOB U CY-
npeccopoB onyxoiyeid. [TonnuMmanne pasnuunbix crparernit PHK-BupycoB, a Takxke GpyHKILIMIT nX OEJIKOB IIOMOTaeT
pPacCIIMPUTD CTPATETUH IJISI TTOCIICAYIONIETO HAOTIONEHN S, IPO(PUIAKTUKY U JICYeHHU s OOJBHBIX paKOM, 00YCIOBICH-

HOTI'O pa3JIMYHbBIMU BUPYCaMU.

Karuesnie caosa: PHK-6upyc, pak, onkoeenes, onyxoav, kanyepoeer, UpaH.

Introduction

Cancer is a main disease affecting individuals
and health care systems. Generally, carcinogenesis
plays a complex, multistep process, and it has been
represented that several viruses play significant roles
in different stages and development of human neo-
plasm. The association of a virus with cancer has
been proved and the study of oncogenic viruses is im-
portant to the discovery of cellular pathways.

M’Fadyan and Hobday described the cell-free
transmission of oral dog warts in 1898, and in 1907
Ciuffo published similar transmission studies with
human warts [76, 133]. In 1908, Ellermann and
Bang showed that leukemia in birds could be trans-
mitted from animal to animal via leukemic cells
or serum [87]. Peyton Rous in 1911 produced solid
tumors in chickens using cell free extracts from
a transplantable sarcoma [9]. In 1966, Rous was
awarded the Nobel Prize for his pioneering work
over two decades on animal oncogenic viruses [28].
The cancer virology studies began one hundred years
ago with the discovery of avian sarcoma and acute
leukemia viruses. In 1970, the discovery of reverse
transcriptase in retroviruses also accelerated re-
search on these viruses [120].

After the successes of the animal tumor virus
field, search for human tumor viruses became im-
portant. In 1964, the discovery of Epstein—Barr virus
(EBV) from Burkitt’s lymphoma (BL) and in 1970,
the discovery of hepatitis B virus (HBV) in human
sera, proved the roles of viruses in human cancer.
Additionally, a broad epidemiological study provided
a link between persistent HBV infection and liver
carcinogenesis [5, 34, 113].

In 1984, human papillomavirus (HPV) 16 and 18
were isolated from human cervical cancer [18].

The third major discovery was the isolation of the
human T-cell leukemia virus (HTLV-I) from T-cell
lymphoma/leukemia patients, hepatitis C virus
(HCV) and human herpes virus 8 (HHVS8)/Kaposi’s
sarcoma herpesvirus (KSHV).

General aspects of viral carcinogenesis

The nature of oncogenic viruses sets them apart
from other carcinogenic agents and this understand-

ing has increased our knowledge of cellular pathways
involved in growth and differentiation and neoplasia.
Human oncogenic viruses belong to different virus
families and an important feature of them is their
ability to infect, but not kill, their host cell. These
viruses have evolved strategies for evading the host’s
immune response.

These viruses contribute to carcinogenesis but
the majority of tumor virus-infected patients do not
develop cancer, and in those the development of can-
cer prolongs many years, passing between initial in-
fection and tumor appearance.

The co-factors, such as host immunity and chron-
ic inflammation and host cellular mutations play an
important role in the transformation process.

The geographical distribution of many virus-as-
sociated cancers and geographical restriction of the
virus or access to essential co-factors, have proved
the role of viruses in cancer. Thus, the contribution
of virus-mediated tumorigenesis to molecular events
in cells and long-term interactions between virus and
host are features of viral oncogenesis [8].

Human oncogenic viruses

Human tumor viruses belong to a number of vi-
rus families, including the RNA virus families such
as Retroviridae and Flaviviridae and the DNA virus
families such as Hepadnaviridae, Herpesviridae, and
Papillomaviridae. Viruses that are compellingly asso-
ciated with human malignancies include; (1) HTLV-1
(adult T-cell leukemia (ATL)), (2) HPV (cervical can-
cer, skin cancer in patients with epidermodysplasia
verruciformis (EV), head and neck cancers, and other
anogenital cancers) (3) HHV-8 (Kaposi’s sarcoma
(KS), primary effusion lymphoma, and Castleman’s
disease) (4) EBV (Burkitt’s Lymphoma (BL), naso-
pharyngeal carcinoma (NPC), post-transplant lym-
phomas, Hodgkin’s disease and (5) HBV and HCV
(hepatocellular carcinoma (HCC)) [34].

Viruses with potential roles in human malignan-
cies include; (1) simian vacuolating virus 40 (SV40)
(brain cancer, bone cancer, and mesothelioma); (2)
BK virus (BKYV) (prostate cancer) (3) JC virus (JCV)
(brain cancer) (4) human endogenous retroviruses
(HERVs) (germ cell tumors, breast cancer, ovarian-
cancer, and melanoma) (5) human mammary tumor
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virus (HMTYV) (breast cancer) and (6) Torque teno
virus (TTV) (gastrointestinal cancer, lung cancer,
breast cancer, and myeloma). Studies of RNA tumor
viruses have led to the discovery of oncogenes, tumor
suppressors and our understanding of the etiology
of carcinogenesis, both virally and non-virally in-
duced [50, 64].

Ubiquitination

Ubiquitin is a 76-amino acid polypeptide encoded
by at least four different genes in mammalian cells;
UBAS2, UBB, UBC and RPS27a. The UBB and
UBC genes code for poly-ubiquitin precursors, but
the UBAS52 and RPS27A genes encode fusion proteins
L40 and S27a, respectively. These precursor proteins
are processed by the cellular endopeptidases [48].

Ubiquitination has different effects on cellular
processes such as protein turnover, transcription, cell
cycle progression, host defense, signal transduction
pathways, receptor recycling, endocytosis, chro-
matin remodeling, angiogenesis, apoptosis, nuclear
export of mMRNA, DNA repair and also ubiquitina-
tion of proteins could affect their stability, confor-
mation, intracellular localization, protein-protein
interaction.

E1l is a universal ubiquitin activating enzyme,
E2 is an ubiquitin conjugating enzyme and E3 is an
ubiquitin ligase. The E4 ubiquitin ligase acts in as-
sociation with the E3 ubiquitin ligase.

Ubiquitination involves monoubiquitin or poly-
ubiquitin chains on single or multiple lysine residues
in which ubiquitination at Lysine 11 (K-11), Lysine
48 (K-48) and lysine 63 (K-63) are the most studied
ubiquitination.

The K-11 and K-48 are involved in the degrada-
tion of proteins and the K-63 regulates the intracel-
lular localization and their activity [86].

The process of ubiquitination can be corrupted by
proteases called deubiquitinases or DUBs. The hu-
man genome encodes for at least 98 known DUBs
which have been classified into 6 different families
(1) ubiquitin-specific proteases (USPs), (2) ubiquitin
carboxyterminal hydrolases (UCHs), (3) ovarian-tu-
mor proteases (OTUs), (4) Machado—Joseph disease
protein domain proteases (MJD), (5) Jabl/Mov34/
Mprl JAMM) metalloprotease deubiquitinase and
(6) monocyte chemotactic protein-induced protein
(MCPIP) family [82, 115].

These proteases play a key role in maintenance
of the free ubiquitin pool, histone modification, pro-
tein stability, vesicular trafficking, and receptor recy-
cling. DUBs can modulate cell signaling, DNA dam-
age repair, cell cycle progression, immune responses
and apoptosis. Mutations or altered expression levels
of DUBs in signaling pathways, Chromatin remode-
ling, immune response, angiogenesis, cell cycle pro-
gression, apoptosis and stress response cause the de-
velopment of cancers and disorders in humans [24].

DUBs are reported to play in important role
in the life cycle of many human oncogenic viruses.
These viruses not only engage cellular DUBs but en-
code their own DUBs to support virus invasion, rep-
lication, and persistence or to destroy host immune
responses [103].

Many USPs are reported to play a role in carcino-
genesis. Some OTUs are regulated in tumorigenesis
and constitute a 15 member strong family of proteas-
es in humans. Apart from the ovarian tumor domain,
the members also have UIMs, UAD and Zn fingers.
The MCPIP family of DUBs has seven members
which are reported to play a role in cancer-related
pathways. USP6 was the first DUB to be identified
as an oncoprotein that has function as both, an on-
coprotein or a tumor suppressor and can also inter-
act with a viral oncoprotein to drive oncogenesis.
Interestingly, viral DUBs have also been implicated
as mediators of oncogenesis [103] (Fig. 1).

Growth factors

Growth factors are polypeptides that stimu-
late the proliferation in target cells caring receptors
to be able to respond to growth factors. For example,
platelet-derived growth factor (PDGF), composed
of 2 polypeptide chains, induces the proliferation
of fibroblasts [62].

The relation between growth factors and retro-
viral oncogenes was clarified by sis oncogene stud-
ies on the simian sarcoma virus, which was the first
retrovirus isolated from monkey fibrosarcoma [125].

The sis gene encodes the PDGFs beta chain and
showed that growth factors that are inappropriate-
ly expressed have functions similar to oncogenes.
Studies revealed that expression of the sis gene prod-
uct (PDGEF-B) leads to significant neoplastic trans-
formation in fibroblasts, but this transformation was
not in cells without the PDGF receptor. Therefore,
sis transformation needs interaction between the sis
gene product and the PDGF receptor [72].

Growth factor receptors such as erb B, erb B-2, fms,
kit, met, ret, ros, and trk have protein structure with
3 parts: the extracellular ligand-binding area, the trans-
membrane, and the intracellular tyrosine kinase cata-
lytic ones. These receptors can enable one-way passage
of information from the cell membrane. The mutation
and abnormal expression in growth factor receptors
cause transformation into oncogenes [106].

Mitogenic signals are transmitted from growth
factor receptors to the cell nucleus by signal trans-
duction. Signal transducers are composed of 2 main
groups: nonreceptor protein kinases and guanosine
triphosphate (GTP)-binding proteins. The nonre-
ceptor protein kinases are divided into subgroups:
tyrosine kinases (abl, Ick, and src) and serine/threo-
nine kinases (raf-1, mos, and pim-1). GTP-binding
proteins with GTPase activity are divided into mono-
meric (H-ras, K-ras, and N-ras) and heterotrimeric
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Figure 1. Multiple roles of DUBs in Viral and Host systems

(gsp and gip) groups. Signal transducers are trans-
formed into oncogenes by mutations that lead to ac-
tivities, frequently causing uncontrollable cellular
proliferation [121].

Transcription factors

Transcription factors are nuclear proteins and
their regulation is induced by binding to specific
DNA sequences located above the target genes or
heterodimeric complex proteins.

Transcription factors can modulate extracellular
signals into modulated changes in gene expression.
Many c-onc genes are transcription factors and have
homology with protooncogenes. Some examples
of these factors are erb A, ets, fos, jun, myb, and
c-myc. C-onc genes as a transcription factors are ac-
tivated with chromosomal translocations in hemato-
logic and solid neoplasms [106].

Uncontrollable cell proliferation has been shown
in cancer cells and programmed cell death leads
to neoplasia and failure in anticancer treatments.
In chromosomal translocations in human lympho-
ma, Bcl-2, was discovered and shown as a protoon-
cogene that regulates programmed cell death [23].

Tumor suppressor genes

Tumor suppressor genes function in the preven-
tion and regulation of cell growth. When these genes
lose their alleles, they fail to regulate and prevent

cell growth. Mutations can be passed on to the next
generation and individuals with mutations malig-
nancy development. The retinoblastoma gene (Rb)
and p53 are the most studied tumor suppressor
genes [126].

Other tumor suppressor genes are the VHL gene
in Von Hippel—Lindau syndrome, Wilms tumor gene
(WTI), NF1 and NF2 genes in neurofibromatosis,
and APC and DCC genes in familial adenomatous
polyposis [30, 66, 84].

Oncogenesis

Viruses encourage hematopoietic tumors, sarco-
mas and carcinomas. Oncogenesis is a cytological,
genetic, and cellular transformation process that
results in malignant tumors. The discovery of vi-
ral oncogenes are derived from cellular genes called
protooncogenes led to the understanding the roles
of c-onc genes in different tumor types. The activa-
tion of oncogenes requires genetic changes in cellular
protooncogenes. Oncogenes are activated by muta-
tion, gene amplification and chromosome rearrange-
ments [65, 77].

Expression of the neoplastic phenotype includes
the capacity for metastasis and usually requires
a combination of protooncogene activation and tu-
mor suppressor gene loss or inactivation.

The roles of c-onc genes in tumor formation were
strengthened with studies of oncogenic retroviruses
without v-onc genes, which integrate near the c-onc
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genes and activate their expression. The c-myc gene
has been detected in some avian retroviruses (MC29,
OK-10, and MH2). It is activated via insertional mu-
tagenesis in lymphomas stimulated by avian leukosis
virus (ALV), Moloney murine leukemia virus (Mo-
MLYV), and various other viruses that do not carry v-
onc genes [81, 106].

Direct stimulation of growth

In viral entry, the surface (SU) proteins can bind
to growth factor receptors on the cell surface and
stimulate growth signals by imitating normal ligand
receptor interaction. These interactions arouse vi-
ral replication by the interaction of SU protein with
a surface receptor that induces growth and makes
cells susceptible to infection. This growth can also
increase the number of appropriate target cells and
the number of infected cells increases the amount
of viral replication.

Erythroleukemia, caused by a polycythemic
strain of the Friend virus, can set an example for tu-
mor induction resulting from stimulation of growth
receptors by Env proteins. This virus diffuses eryth-
roid proliferation, which causes splenomegaly [106].

RNA tumor viruses

Although the Retroviridae family has been as-
sociated with many animal tumors, only one human
retrovirus, HTLV-1, has been related to human can-
cers. Studies with animal retroviruses can be helpful
in establishing the concept of oncogenic viruses and
the discovery of oncogenesis, and also may give more
information about tumor suppressors and regulators
of cellular signal transduction pathways [63].

The development of an in vitro transformation
assay for Rous sarcoma virus (RSV) helped us with
the genetic analysis of the retroviral life cycle and ret-
rovirus-induced transformation in cell culture [116].
After infection, the viral RNA genome is reverse-
transcribed by the viral reverse transcriptase into
a double-stranded DNA. Then it integrates into
the host chromosome and is expressed under the con-
trol of viral transcriptional regulatory factors [107].

As a result of integration, retroviruses acquire
and transduce cellular genetic material to acti-
vate or inactivate cellular genes via provirus inser-
tion [125]. The transducing retroviruses that led
to RSV transforming gene, v-src, hybridized into
cellular sequences; ultimately [125]. The transduc-
ing retroviruses, that led to RSV transforming gene,
v-src, hybridized to cellular sequences; ultimately
this finding led to the discovery of proto-oncogenes,
a group of cellular genes that mediate viral carcino-
genesis and have important roles in the control of cell
growth and differentiation [75]. The viral oncogenes
(v-onc genes) can alter host cell proliferation control,
leading. The viral oncogenes (v-onc genes) can alters

host cell proliferation control, leads to the synthesis
of new proteins, and are responsible for transforma-
tion characteristics. Protooncogenes (c-onc genes)
can be classified into different groups in terms of their
protein products, such as protein kinases, growth
factors, growth factor receptors, and DNA binding
proteins. There are also genes that prevent malignant
transformation, which are the cellular equivalents
of v-onc genes. The activation of c-onc genes with
mutation leads to uncontrolled cell growth [7].

C-onc genes are transformed into an oncogenic
form by point mutation, amplification, deletion, or
chromosomal translocation. They are called antion-
cogenes (tumor suppressor genes) and unpreventable
growth occurs when these genes lose their suppressive
effects. Oncogenes are firmly struggling with tumor
suppressor genes, which protect DNA and control
cell activities [7].

Three basic genes (gag, pol, and env) of Retro-
viruses are used for the synthesis of structural pro-
teins, virion-associated enzymes, and envelope gly-
coproteins [59]. Lentiviruses have an extra nonstruc-
tural gene (v-onc) that transforms host cells. In 1961,
it was found that Rous sarcoma virus (RSV) contains
RNA and then the fourth gene in the RSV, v-scr (sar-
coma) gene, was discovered [117].

Some RNA tumor viruses can encode oncogenic
proteins (like cellular proteins involved in cellular
growth control) that cause tumor development.

The second group of retroviruses can cause cell
transformation by integration of their promoters and
viral enhancers near the cellular growth-stimulating
gene.

The third group encodes a protein tax that trans-
activates the expression of cellular genes [106].

Some retroviruses, called exogenous, show a hor-
izontal spread and their genes only exist in infected
cells, whereas endogenous retrovirus gene sequences
are localized to the chromosomes of all cells.

Most exogenous retroviruses are oncogenic and
some of them can lead to the development of lym-
phoma, leukemia and carcinoma.

Retroviruses are divided into acute transform-
ing retroviruses which can rapidly cause tumors
within days after injection. These retroviruses also
transform cell cultures into neoplastic phenotypes.
Chronic transforming retroviruses can cause tu-
mors in experimental animals after a period of many
months [32].

Numerous animal retroviruses with oncogenic
properties have been discovered. Related to Scr,
the transduced retroviral oncogenesis is derived
from cellular sequences and is not necessary for viral
replication. The recombination events that allow ob-
taining of host cell derived coding sequences often
leave viral genomes mutated and the virus defective
for replication. These viruses are dependent on rep-
lication helper viruses to provide the replication
factors [71].
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Cellular transcriptional and translation are lost
and the over-expression of a proto-oncogene under
the control of viral promoters can cause malignant
transformation.

The acquired proto-oncogene is not necessary
for viral replication but is replicated as the viral ge-
nome, acquiring frequent mutations in infected cells.
Such oncogene transducing retroviruses efficiently
transform cells and cause tumors in experimen-
tal animals. Mutations in cellular oncogenes that
arise in human tumors as a consequence of muta-
genics are discovered in transducing carcinogenic
retroviruses [101].

Human RNA viruses that cause cancer include
the retrovirus Human T-cell Leukemia virus type I
(HTLV-I) and hepatitis C virus (HCV) [80].

Other RNA viruses

The cis-acting retroviruses do not contain host
cell derived sequences but transform cells by inte-
grating a near cellular proto-oncogene or tumor sup-
pressor and retain all of their viral genes and so repli-
cate without helper virus [17].

These viruses cause malignancy in some infected
animals after a longer latency period, and they gener-
ally do not efficiently transform cells in culture.

Moreover, the Friend murine leukemia virus had
integrated into both alleles of the p53 gene in an
erythroleukemic cell line, providing evidence that
p53 was a tumor suppressor rather than an oncogene.
Friend murine leukemia virus (F-MuLV) can cause
leukemogensis consisting of an acute transforming
virus spleen focus-forming virus (SFFV) as well as
a helper virus (F-MuLV). Friend SFFV oncogene
is a deleted version of a retroviral envelope protein
that is a recombinant between F-MuLV and an en-
dogenous MuLV-related provirus [90].

The SFFV env protein activates signal transduction
pathways. The Friend virus complex has a role in in-
sertional oncogenesis, including inactivation of the

Table 1. The animal oncogenic RNA viruses

T;;(g:&:!gl,c Examples Tumor Types
AEV Erythroblastosis,
. Carcinoma, Sarcoma
Alpharetrovirus ALV
ASV
Deltaretrovirus BLV Lymphoma
Ab-MLV Lymphoma
FelLV
Gammaretrovirus FeSV
Mo-MLV
MSV

Note. AEV: Avian erythroblastosis virus, ALV: Avian leukosis virus, ASV:
Avian sarcoma virus, BLV: Bovine leukemia virus, Ab-MLV: Abelson murine
leukemia virus, FeLV: Feline leukemia virus, FeSV: Feline sarcoma virus,
Mo-MLV: Moloney murine leukemia virus, MSV: Murine sarcoma virus

p53 tumor suppressor gene. Proto-oncogenes activa-
tion and mammary carcinogenesis induced by Mouse
mammary tumor virus (MMTYV) infection in the im-
mune system (dendritic cells, T and B lymphocytes)
before trafficking to the mammary gland [31, 98].

MMTYV also encodes additional proteins (besides
the standard retroviral Gag, Pol and Env proteins),
including a viral super antigen (Sag) and a small reg-
ulatory protein Rem that are both important for rep-
lication in vivo [14]. Jaagsiekte sheep retrovirus JSRV
(like MMTYV) is a beta retrovirus, and it induces lung
cancer in sheep [49]. While JSRV does not carry cel-
lular proto-oncogene, the envelope protein of this
virus also functions as an oncogene. The JSRV Env
protein induces oncogenic transformation [55].

Like MMTYV, JSRV also encodes a small regula-
tory protein Rej that is necessary for unspliced viral
RNA translation. Epsilonretroviruses, in particular
walleye dermal sarcoma virus (WDSV) causes der-
mal sarcomas in walleye pike. WDSV encodes viral
cyclin which has functions as both a repressor of viral
transcription and an oncogene [13]. Delta retrovirus-
es and HTLV-I encode a series of proteins derived by
alternate splicing into the X region of the genome [1]
(Table 1).

Nontransforming retroviruses activate
cellular protooncogenes

Many retroviruses do not have viral oncogenes,
like ALV and mouse mammary tumor viruses. They
encourage tumor formation by integrating a provirus
into normal cellular protooncogenes and inducing
their expression through insertional mutagenesis by
addition of the provirus presenting strong promoter
and enhancer sequences in the gene locus [106]. More
than 70 proto-oncogenes have been determined that
are activated by proviral insertion of a non-transform-
ing retrovirus [32]. The replication of these viruses
without oncogenes does not transform cells in culture
and make tumors in vivo with long latent periods. Most
of the infected cells proliferate, and changes in the
cell and infected tissue morphology are significant.
A widespread viral replication is seen in the latent pe-
riod or preleukemic stage of the disease. In infected
cells with ALV, malignant disease is significant in the
bursa [99]. During lymphoma development in mice,
proliferative changes have been determined in the
thymus. Proliferative changes and preleukemic cells
can be clearly detected in the bone marrow and spleen
before thymic lymphoma develops. Avian leukosis
virus with c-myc and mouse mammary tumor virus
with fibroblast growth factor Int-2 or Wnt-1 do provi-
ral insertional mutagenesis [32]. In rodent, feline, and
avian retroviruses, such as avian leukosis virus and
mouse mammary tumor virus (MMTYV), insertional
mutagenesis is observed [10]. There is no evidence
to show this mechanism significantly contributes
to human carcinogenesis, cloning of affected genes
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led to the discovery of numerous oncogenes, such as
int-1,int-2, Pim-1, bmi-1, Tpl-1, and Tpl-2, that con-
tribute to the development of human neoplasms [76].

Role of the long terminal repeat
in oncogenesis

Long terminal repeat (LTR) sequences have effects
on the types of tumors and found one of the main fac-
tors for distinguishing oncogenic and nononcogenic
murine leukemia viruses (MLVs) and ALVs. Simple
retrovirus expression is controlled by LTR. LTR has
a U3 region, which contains promoter and enhancer
attachment motifs that restrain the expression of se-
quences placed under their control. These factors af-
fect the virus replication cycle. High levels of replica-
tion increase recombinant oncogenic potential [58].

The influence of the viral long terminal repeats
(LTRs) on the proto-oncogenes LTR is activation
of proto-oncogenes. Some changes in the 5'-LTR,
such as deletions or hypermethylation, are common
in Adult T-cell leukemia/lymphoma (ATL or ATLL)
cells. As a result, the transcription of viral genes en-
coded on the plus strand is blocked but the 3'-LTR
is conserved and hypomethylated in all ATLs [83,
119] (Table 2).

Human T-cell leukemia virus (HTLV-1)

In 1977, HTLV-1 was discovered as the first hu-
man oncogenic retrovirus by Takatsuki and col-
leagues who studied a particular leukemia termed
adult T-cell leukemia (ATL) in Japan [38].

In 1980, Robert Gallo identified a novel retrovi-
rus in cultured human T-cell lymphoma cells, which
was named the human T-cell lymphotropic virus
(HTLV-1) [20].

HTLV-1 is a single-stranded RNA retrovirus with
a diploid genome which is a delta type complex ret-
rovirus and is the agent of ATL and tropical spastic
paraparesis/HTLV-1-associated myelopathy (TSP/
HAM). Approximately 10% of infected patients are
thought to develop cancer, primarily adult T-cell leu-
kemia (ATL) [78, 79, 127].

It is estimated that about 20 million peo-
ple worldwide are infected with HTLV-1 and it is
endemic to Japan, South America, Africa, and
the Caribbean [4]. HLTV-1 does not have a classical
oncogene, but the virus can cause expression of cel-
lular protooncogenes. In non-endemic regions like
the USA, England, and in the Caribbean Islands,
parts of South America and Africa, the virus is also
associated with ATL as well as some T-cell lympho-
mas and forms of mycosis fungoides [42].

The virus is transmitted from mother to child via
breast milk or transplacentally. All ways such sexual
and intravenous transmission happend by infected T
cells, not free virus, which probably is due to its low
levels of transmission to contacts [96].

Table 2. Human oncogenic RNA viruses

Taxonomic

grouping Examples Tumor types
Retroviridae HTLV type 1 Adult T cell leukemia
Flaviviridae | Hepatitis C virus | Hepatocellular carcinoma

Note. HTLV: Human T-cell leukemia virus.

People who are at low risk of blood-borne infec-
tions tend to show HTLV-1 infection rates below 1%,
while those at high risk (such as injection users) can
have much higher rates [60].

A second retrovirus, HTLV-2, was isolated from
a case of hairy-cell leukemia, but the virus has re-
mained an agent without an established disease
association [74].

The HTLV-1 itself, in contrast to HIV, is geneti-
cally stable because the HTLV-1 proviral genomes
are replicated in their host by cellular polymerase
not by reverse transcriptase, which is error-prone,
and is used for replication of virus. There is no vac-
cine available for this virus and treatment is restrict-
ed to management of the opportunistic infections
resulting from the immunosuppression caused by
ATL [85].

Oncogenic properties and mechanism
of oncogenesis

HTLV-1 can transform CD4 and CDS8 positive
T cells. HTLV-1 also infects B and T lymphocytes,
dendritic cells, fibroblasts and rodent cells. 1—5 per-
cent of mononuclear cells integrate proviral DNA
in peripheral blood in asymptomatic carriers. The vi-
ral genome persists as a DNA copy or proviral ge-
nome in CD4* T cells [43, 57].

After infection, the viral reverse Transcriptase
(RT) using viral RNA as, template, synthesizes pro-
viral DNA that is integrated into the host cell genome
by virally encoded integrase. Viral replication is di-
rected from these integrated viral genomes. The U3
region of the 5'-LTR serves as the viral promoter and
is instrumental in determining whether an infected
cell is permissive for viral replication [73].

Typical retroviral genes (gag, pro, pol, env and
IN) are encoded by the genome, but there are six
proteins encoded within the px region of the genome.
HTLV-1 proviral DNA integrates into chromosomal
sites in all ATL cells in patients producing a state
of “clonal integration” [21, 46].

Unlike many other retroviruses, but like bovine
leukemia virus, HTLV-1 does not have an oncogene
derived from a cellular protooncogene [29].

The viral accessory protein Tax, is the major
transforming protein of HTLV-1 which modulates
expression of viral genes like long terminal repeats
(LTRs), and also dysregulates multiple cellular tran-
scriptional signaling pathways including nuclear
factor kappa B (NF-kxB), serum responsive factor
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(SRF), cyclic AMP response element-binding pro-
tein (CREB), and activator protein 1 (AP-1) [29, 52].

Tax binds directly to promoter or enhancer se-
quences and also interacts with cellular transcrip-
tional co-activators such as p300/CBP, and P/
CAF. In addition, Tax is also able to inactivate p53,
pl6INK4A, and the mitotic checkpoint protein,
mitotic arrest deficient (MAD) 1 [109]. Moreover,
the C-terminal PDZ domain-binding motif of Tax
interacts with the tumor suppressor hDLG, which
is important for transformation of rat fibroblasts and
inducing interleukin-2 independent growth of mouse
T-cells [19].

Tax proteins are found in only 40% of AT Ls, sug-
gesting that Tax may be necessary to initiate trans-
formation, but may not be needed for maintenance
of the transformed phenotype. Tax is the main aim
of the host’s cytotoxic T lymphocyte (CTL) response;
therefore, the reduction of Tax expression allows in-
fected cells to evade immune surveillance and allows
for progression of ATL [130].

There are several mechanisms by which ATL
cells lose Tax expression, such as the loss of the vi-
ral promoter for tax transcription, the 5'-LTR, mu-
tation of the tax gene, and epigenetic changes in the
5'-LTR [83].

It has been shown that HTLV-1 Tax expression
causes multipolar mitoses, from which aneuploidy
can arise. So Tax targets the cellular TAX-1 BP2 pro-
tein, which normally hinders centriole replication,
thus, making numerical centrosome aberrations. Tax
engages RAN-BP1 during mitosis and fragments
spindle poles, thereby provoking multipolar, asym-
metrical chromosome segregation. Such mecha-
nisms help the long-standing observations of ane-
uploidy and multipolar spindles in ATL cells (“flower
cells”) [91].

In addition, it has been demonstrated in ATL
cell lines to lack an intact mitotic spindle assembly
checkpoint, which may be associated with binding
to MADI. Tax may act as a mitotic mutator gene,
increasing the incidence of mitotic abnormalities by
binding and activating the anaphase promoting com-
plex/cyclosome (APC/C), thereby promotes prema-
ture securin reduction and mitotic exit, thus leading
to aneuploidy [76].

Tax (trans-acting factor) encoded by the px region
is necessary for cellular transformation and interacts
with specific sets of cellular genes.

Tax activates the IL-2 receptor and several cy-
tokines involved in T-cell growth by destabilizing
I-xB and activating NF-xB. Tax also blocks cellu-
lar gene expression through CREB/CRE. Tax can
induce Bcl-XL and resistance to apoptosis. Tax in-
terferes with the DNA polymerase and DNA repair
mechanisms and inactivates pl6 INK4A, an inhibi-
tor of cyclin-dependent kinases 4—6. Tax can miss
the mitotic checkpoint by causing mislocation of hs-
MADI and hsMAD?2 [40].

In all ATL cells, the HBZ mRNA is transcribed
from the 3'-LTR. Suppression of HBZ gene tran-
scription inhibits the proliferation of ATL cells.
HBZ gene expression induces the proliferation
of a human T-cell line. HBZ may have a function
at the mRNA and protein levels, as the RNA form
of HBZ supports T-cell proliferation through regu-
lation of the E2F1 pathway, whereas HBZ protein
suppresses Tax-mediated viral transcription through
the 5'-LTR [102, 112].

HTLV-1 and STAMBPL1

The Tax oncoprotein of HTLV-1 is known to shut-
tle across nuclear-cytoplasmic compartments and
Tax activates the host NF-xB pathway and engages
the host transcriptional machinery to drive viral gene
expression [36].

The K-63 ubiquitinated Tax (by UbC13) in-
teracts with Ixky to activate the Ikk. Signal trans-
ducing adaptor molecule binding protein-like 1
(STAMBPL1) is a DUB from the JAMM metallo-
protease deubiquitinase family which acts as a part-
ner to Tax [103].

STAMBPLI acts on the K-63 linked ubiquitin and
plays a role in cell surface receptor recycling. In ATL
cases, STAMBPLI cooperates with Tax and leads its
translocation from the nucleus to the cytoplasm. This
move defends Tax from its K-48 linked ubiquitina-
tion and proteasomal degradation inside the nucleus.
Thus, STAMBPLI1 protection for Tax and its move-
ment to the cytoplasm is responsible for the activation
of Ixk and NF-kxB by Tax and potentiating of T-cell
transformation by HTLV-1 [22].

HTLV-1 and CYLD

The active CYLD is able to K-63 deubiquitinat-
ing Tax oncoprotein in the nucleus. This deubiqui-
tinated Tax is unable to activate Ikk but not Takl
(an activator of Ikk-B). So, IkxBa and NF-«B inhibi-
tors are stabilized. The HTLV-1 transforms T-cells
constitutively phosphorylate CYLD to make it cata-
Iytically compromised. Thus, the virus overcomes
the CYLD-mediated NF-xB in activation, which
is helpful for the proliferation of virus infected host
cell [22, 45].

HTLV-1 and USP20

The cellular USP20 is able to subvert the activ-
ity of Tax oncoprotein. USP20 can deubiquitinate
TRAF-6 and inactivate it or can deubiquitinate
the K-63 polyubiquitinated Tax to prevent its asso-
ciation with Ikk-y for its activation. So USP20 can
be detrimental to the NF-kB signaling stimulated
propagation of HTLV infected cells. This strategy
causes unchecked proliferation and transformation
of the HTLV-infected cells [22, 45] (Fig. 2).
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Human immunodeficiency virus (HIV)

The human immunodeficiency virus (HIV)
is a Lentivirus of the Retroviridae family, as an
enveloped RNA virus that includes some of the
most influential viruses on in human popula-
tions, such as leukemia viruses. In fact, the Human
Immunodeficiency Virus (HIV) causes worldwide
Acquired Immunodeficiency Syndrome (AIDS)
pandemic and is behind the millions of deaths
the worldwide and suffering [16].

The viral genome is a dimmer of linear RNA
with each strand being 7 to 15 kilobases in length.
There are generally three large genes, which are gag,
for group specific antigen (structural proteins); pol,
for polymerase (variety of enzymes); and env, for en-
velope proteins [37].

HIV is transmitted by unprotected sex, injections
with needles used by an HIV-infected person, pre-
natal or perinatal exposure of infants from infected
mothers, transfusion of blood products containing
HIV, organ transplants from an infected person and
needle sticks from health care workers [105].

HIV enters the host cell via the CD4 molecule
and chemokine receptor as receptors. HIV infects
human immune system cells such as helper T cells
(specifically CD4* T cells), macrophages, and den-
dritic cells [41]. HIV causes low levels of CD4* T cells
through a number of mechanisms, including apopto-
sis of uninfected bystander cells, direct killing of in-
fected cells by viruses and killing of CD4" T cells by
CDS8 cytotoxic lymphocytes. When the CD4" T cell
drops below a critical level, the body becomes more
susceptible to opportunistic infections [124].

Acquired immune deficiency syndrome (AIDS)
caused by HIV, does not lead to cancers directly, but
the infection can increase a person’s risk of getting
several types of cancer.

As a matter of fact, the immune system destroys
cancer cells, so a weak immune system lets cancer
cells survive to grow into a tumor.

HIV infection may be linked to Kaposi sarcoma
and cervical cancer. It’s also related to non-Hodgkin
lymphoma, lymphoma, and central nervous system
lymphoma [108].

Anal cancer, lung cancer, cancers of the mouth
and throat, Hodgkin lymphoma, skin cancers (basal
cell, squamous cell, and Merkel cell) and liver can-
cer are other types of cancer that may be more likely
to develop in people with HIV infection [44].

Many people infected with HIV are also infected
with other viruses that cause certain cancers. HIV
infection causes weakness in the immune system and
reduces the body’s ability to fight infections that may
cause cancer.

The highly active antiretroviral therapy (HAART)
greatly reduced the incidence of Kaposi sarcoma and
non-Hodgkin lymphoma among people infected with
HIV. HAART reduces the amount of HIV in the
blood and restores immune system function.

Although, the risk of these cancers is still much
higher among people infected with HIV. This high
risk may be due However, to the fact that immune sys-
tem function remains substantially impaired in people
treated with HAART. In addition, over time, HIV can
develop resistance to the drugs used in HAART [26].

Human endogenous retroviruses (HERVS)

HERVs are sequences that resemble infectious
retroviruses that result from exogenous retrovi-
ral infections that have become incorporated into
the germ line DNA. HERVs comprise 8% of the
genome and have a similar genomic organization
to exogenous complex retroviruses such as Human
Immunodeficiency virus (HIV) and HTLV [39].

Recent evidence suggests that some HERVs may
have both physiological and pathological roles in hu-
man malignancy. Some HERVs have a role in human
malignancy, due to the increased expression of the
HERV mRNA functional protein and retrovirus-like
particles in certain cancers.

Tax ]—[ Immune Modulation J
Tax ]—[ Genetic Instability ]
[ HTLV-1
HBz, Tax J—[ Proliferation ]
Tax ]—[ Apoptosis Regulationj

Figure 2. Schematic depiction of the major biological activities that contribute to the transforming

activities of HTLV-1
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HERVs may be associated with the generation
of new promoters or the activation of protoonco-
genes [25].

The association of HERV-K with cancers, breast
cancer, including germ cell tumors, myeloproliferative
disease, ovarian cancer, melanoma and prostate can-
cer has been proved. The HERV-K proteins Rec and
Np9 can bind the promyelocytic leukemia zinc finger
(PLZF) protein and suggest that HERV-encoded pro-
teins may cause carcinogenic process [111].

The recurrent chromosomal translocations con-
tribute to the development of human solid tumors
and these translocations result in HERV-K regula-
tory sequences being placed upstream of the coding
sequences of ETS transcription factor family mem-
bers. These translocations are similar to insertional
mutagenesis, where retroviruses contribute to car-
cinogenesis by integrating in the cellular protoonco-
genes and causing their aberrant expression [101].

Mouse and Human mammary tumour
virus (HMTV)

Mouse mammary tumor virus (MMTYV) is a ret-
rovirus which belongs to the genus Betaretrovirus.
Since 1943, the role of HMTYV in human breast can-
cers has been determined, when a mouse mammary
tumor virus (MMTV) was shown to cause mammary
cancers in mice [98].

Several investigations established that MMTV-
like sequences were present in human breast cancer,
but not present in normal tissues. MMTYV also en-
codes additional proteins (besides the standard retro-
viral gag, pol and env proteins), including a viral su-
per antigen (Sag) and a small regulatory protein Rem
that are both important for replication in vivo [31].

In mice, HMTYV increases tumor formation through
the insertion mutagenesis of Wnt oncogenes [2].

It has been reported that env is absent in normal
tissues and present in breast cancer tissues in both
mice and human samples. The common integration
MMTYV sites is in loci 35, which contains regions
of the Fgf and Rspo genes. The Phf19 gene increases
cell invasion and Foxl promotes anchorage colony
formation of infected cells [2].

Infected cells with MMTYV have active Src kinase
and escape from apoptosis by activation of tyrosine
kinase-based activation motif-mediated Src tyrosine
kinase signaling pathways [2].

In human breast tumors, approximately 20 com-
mon HMTYV insertion sites are mutated for env, gag,
and sag in patients with carcinoma and hyperpla-
sia. 78% of MMTYV genes are found in many human
breast cancers. The presence of these viruses in breast
cancer is associated with an increased grade of breast
cancer [12].

A number of studies have suggested that an MMT V-
related virus, human mammary tumor virus (HMTYV),
may be associated with human breast cancers.

A 660bp sequence similar to the MMTV env
gene was detected in American women’s breast can-
cers [12]. Moreover, integrated env and LTR HMTV
genes of MMTYV into several chromosomes stimu-
lates oncogenesis via insertional mutagenesis.

The HMTY particles with morphogenic and mo-
lecular characteristics similar to MMTYV were found
in primary breast cancer cells (replicates successfully
in human breast cancer cells) [128].

Xenotropic murine leukemia virus (XMRV)

In 1990, Xenotropic murine leukemia virus (XMRYV)
was discovered as a Gammaretrovirus (Retroviridae
family) that arose from the recombination of two en-
dogenous mouse retroviruses, and in 2006 an appar-
ently novel retrovirus and potential human pathogen
was introduced [93]. XMRYV is a murine leukemia virus
(MLV) that formed through the recombination of the ge-
nomes of two parent MLVs known as preXMRV-1 and
preXMRV-2 [56].

In some studies on XMRY, the virus was de-
tected in cancerous prostate tissues [104]. The data
indicated the presence of a gammaretrovirus-like
sequence in seven of eleven tumors homozygous
for the R462Q mutation [123]. A 2009 study reported
evidence of XMRYV infection in 23% of subjects inde-
pendent of the RNase L gene variation, and detection
of XMRYV was again reported in a 2010 article [88].

The causal role of XMRYV in cancer and direct
cell transforming has not been established. In pros-
tate cancer, XM RYV protein has been found in tumor-
associated but nonmalignant stromal cells [110].

Xenotropic murine leukemia virus-related virus
(XMRYV) was reported in patients with prostate can-
cer with a mutation in RNase L [94].

In familial prostate cancer, susceptibility locus
Hpcl is linked to mutations in the structural gene
for RNase L which is a factor in the interferon in-
duced innate viral response. The inherited defects
in RNase L might cause infection with an oncogenic
virus, thus causing the development of prostate can-
cer. XMRYV protein was found in the hematopoietic
and stromal cells of the prostate tumors [11].

Rous sarcoma virus (RSV)

Rous sarcoma virus (RSV) is an Alpharetrovirus,
and it causes sarcoma in chickens. Harry Rubin and
Howard Temin in 1958 reported that chicken em-
bryo fibroblasts could be altered morphologically
by RSV infection [100, 129]. It is known that the src
gene is responsible for morphological transformation
in healthy cells. Src is a tyrosine kinase which plays
roles in the regulation of cell growth and differentia-
tion. It has an SH2 and SH3 domain, which are re-
sponsible for its activation and deactivation [97].

The src gene is not necessary for RSV prolifera-
tion, but it increases virulence when present. The src
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gene leads to uncontrolled growth in abnormal host
cells. RSV takes up the src gene and incorporates
it into its genome, conferring it with the advan-
tage of being able to stimulate uncontrolled mitosis
of host cells [51]. RSV has one glycoprotein, env,
is made up of gp85 and gp37. The function of env is to
bind RSV to the host cell receptor and induce fusion
with the target cell. Gag proteins (Pr76) are neces-
sary for virion assembly and mature virus infection
of the host cell [51].

Hepatitis C virus (HCV)

HCV is a single-stranded RNA virus of the
Hepacivirus genus in the Flaviviridae family [95].
More than one-third of liver cancers are linked
to HCV infection in the United States and other coun-
tries, where both viral hepatitis and liver cancer are
more common [27]. HCV is transferred from person
to person through sharing needles, unprotected sex,
or childbirth and this virus can also pass on through
blood transfusions [3, 61]. The 9.6 kb genome has one
open reading frame (ORF) and a 3000 amino acid
residue polyprotein precursor cleaved by cellular and
viral proteases into three structural proteins (core, El,
E2) and seven nonstructural proteins (p7, NS2, NS3,
NS4a, NS4B, NS5A, and NS5B) [35, 89].

Persistent infection with HCV is associated with
hepatitis, cirrhosis, hepatic steatosis, and hepato-
cellular carcinoma (HCC) [54]. In most infected
patients, HCV prolongs a persistent and life-long
infection via viral immune evasion strategies.
The intermediated double-stranded RNA (dsRNA)
during HCV genome replication stimulates cellular
dsRNA-sensing machinery, which leads to the ac-
tivation of proteins involved in antiviral response,
including interferons (IFNSs), interferon regula-
tory factors (IRFs), signal transducers and activa-
tors of transcription (STATS), interferon stimulated
genes (ISGs) and NF-xB [15].

From HCV proteins, NS5A and E2 mediated
suppression of dsSRNA-activated kinase PKR. HCV
is also very effective in corrupting T-cell mediated
adaptive immunity [92].

NS5A as a nonstructural protein has been impli-
cated in conferring resistance to interferon and alter-
ing cellular signaling pathways [53]. Analysis of NS5a
sequence from interferon resistant patients showed
a sequence diversity that localized to a region of the
NS5a gene. This region is called interferon sensitivity
determining region (ISDR) [118].

This region was necessary for NS5a interaction
with PKR (protein kinase, a mediator of apoptosis
in response to certain types of cellular stress) induced
by interferon that suppresses viral translation and in-
terferon’s antiviral effects [122].

The persistence of HCV infection causes qua-
sispecies in which viruses escape the host immune
system [33].

Quasi-species and persistent HCV infection are
likely to be of the central importance to the devel-
opment of HCC, whether transformation is induced
by immune-mediated turnover of infected cells or
caused by viral gene products.

HCV has used different mechanisms to cause
persistent infections and evade the host immune
response [70]. The generation of viral quasi-species
resulted by error-prone replication, selects the virus
to replicate in the presence of an immune response.
Infection with HCV causes active inflammation and
fibrosis, which can lead to cirrhosis and ultimately
to tumor development [67].

Numerous co-factors such as coinfection with
HBYV and alcohol consumption are helpful for the
development of HCV [131]. Viral Core, NS3, NS4B,
and NS5A have been shown to be transforming
in murine fibroblasts and transgenic mice express-
ing HCV core protein develop HCC. The HCV core
protein can modify intracellular signaling pathways
which inhibit immune-mediated cell killing. HCV
core blocks TNFa-mediated apoptosis through in-
teractions with the TN Fo and their receptor [6, 69].

TNFo is an inflammatory cytokine secreted
by activated macrophages and T-cells, which play
in important role in acute infections. TNFo induces
FAS-mediated apoptosis and helps to clear infected
cells. HCV core binds to the cytoplasmic domains
of tumor necrosis factor receptor 1 (TNFR1), lym-
photoxin b, and gClq receptors and stops FAS/
TNFo receptor signaling. Corruption of TNFo
mediated signaling helps in the survival of infected
hepatocytes and promotes persistent HCV infec-
tion [114, 132].

Expression of HCV core activates NF-kB, a tran-
scription factor involved in regulating the immune
response. There are elevated levels of NF-kB pro-
tein and increased NF-kB DNA binding activity
in chronic infected HCV hepatocytes. The core has
been shown to adjust the activity of transcription fac-
tors and cytokines that could promote cellular trans-
formation and HCC [6, 47].

Hindering interferon action promotes persis-
tent infection and may evade from cellular signaling
pathways that could ultimately lead to cellular trans-
formation. In addition, HCV proteins activate cel-
lular oncoproteins and inactivate tumor suppressors,
such as p53, CREB2/LZIP, and the retinoblastoma
protein (pRB) [6, 68] (Fig. 3 and 4).

Conclusion

Several viruses with oncogenic ability, with differ-
ent mechanisms depending on different host factors,
induce cell proliferation and lead to tumors in ani-
mals and humans.

The oncogenic RNA viruses encode transform-
ing proteins to stimulate tumor formation. The small
viral genomes are integrated into host cell chro-
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Figure 3. Chronic virus infection and cell stress. Sequential steps from virus infection through cell stress

and leading to liver injury and HCC are shown

mosomes and cause mutations and chromosomal
rearrangements that cause cancer. Both the epide-
miology of cancer and the biology of RNA viruses
show the role of any agent being thought as a factor.
Although RNA viruses can transform cells in vitro
or even in animals, the condition in humans is likely
to be much more complex. Viruses as direct trans-
forming agents and cofactors are certainly important
in most common cancers. Probably, most mecha-
nisms of carcinogenesis may involve a combination
of genetic alterations, immune system dysfunctions,
and viral infections. The review in this article em-
phasizes the importance of RNA viruses and their
mechanisms that can lead to cancer.

More investigation of the role of RNA viruses
in cancer may result in new approaches that could
lead to better diagnosis, prevention, and treatment
of these cancers. The antiviral agents in cancer ther-
apy should be considered, as they are in other infec-
tion-associated cancer types such as hepatocellular
carcinoma, brain tumors, sarcoma, nasopharyngeal
and some hematopoietic cancers.

Obviously, the study of how RNA viruses inter-
rupt cell cycle regulatory and intercellular signaling
mechanisms to achieve their replicative success con-
tinues to reach a novel insight into multiple human
diseases, including cancer.

Ubiquitination is a post-translational modification
which influences protein structure, cellular localiza-
tion and activity. Many viral proteins have also evolved
to play DUB like roles. Many oncogenic viruses inter-
rupt the host deubiquitinase function or exploit their
own DUBs to drive cellular transformation.

Seven cellular DUBs-CYLD, USP7, USPII,
USP15, USP20, A20 and STAMBPL1 (AMSH-
LP) out of 100 DUBs have been related to viral
oncoproteins. Cancer associated DUBs (CADs)-
DUBs with altered expression or inherent mutation
and Cancer related redundant pathway associated
DUBs (CRRPADs) are 2 main groups of DUBs.
Out of 52 DUBs implicated in cancer, only 7 have
been reported as interacting partners for viral on-
coproteins. Based on the importance of neovi-
ral DUBs in cellular transformation, an intensive
search for specific inhibitors for viral DUBs is im-
portant. DUBs in cancer-related pathways would
establish them as the cancer chemotherapeutic tar-
get for the UPS which has been targeted by drugs.
Human RNA viruses that cause cancer include
the retrovirus Human T-cell Leukemia virus type |
(HTLV-I) and hepatitis C virus (HCV). In addi-
tion, AIDS is caused by retrovirus (HIV-1 and -2),
developing complications of the immunodeficiency
characteristic cancers such as sarcoma in AIDS pa-
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Figure 4. Schematic depiction of the major biological activities that contribute to the transforming

activities of HCV
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tients. The persistent infection can lead to chronic
liver damage and the development of hepatocellular
carcinoma is associated with an RNA virus called
hepatitis C virus (HCV).

In our article, the roles of some HCYV viral proteins
in causing cellular damage leading to tumorigenesis
in persistently infected patients is described. Moreover,
causing malignant hepatocyte transformation by in-
direct and extra virological factors such as inducing
hepatocyte regeneration leading to virological damage
or immunological attack and mediators of mutation
must be considered. All these interactions between vi-
rus and host added to time and environmental factors,
determine the ultimate clinical outcome.

HCYV infection contributes to HCC by causing
chronic inflammation. HTLV-1 starts pro-prolifera-
tive and immunomodulating signals through the ac-
tivation of NF-kB and its transcriptional regulatory
program.

The angioproliferative disease is an excellent ex-
ample of how cells express distinct gene programs
can cooperate in tumor initiation, maintenance and
dissemination and also reveal the existence of a vi-
rally initiated process of paracrine transformation.
Intercellular cooperation is not limited to viral asso-
ciated tumors but occurs in some aggressive human
neoplasia.

The knowledge of retroviral integration sites and
transmitted transforming genes can increase the data
about oncogenes and tumor suppressors that are
found in human malignancies.

The main difference between transforming ani-
mal retroviruses and human tumor viruses is that
oncogenes of human tumor viruses are viral genes,
rather than mutated versions of cellular genes.

Retroviruses that have v-onc genes cause malig-
nancies, including sarcomas and hematopoietic cell
tumors, in a short period of time.

Many retroviruses do not have viral oncogenes,
but they integrate their genome into protooncogenes
which activate their expression by proviral insertional
mutagenesis, leading to growth and differentiation
of the host cells. Based on findings of HLTVI in leu-
kemic cells in ATL, it seemed to be necessary to find
a relationship between virus and disease even before
showing the transforming ability of the virus.

In our article, the identification of RNA virus
oncogenes and cellular proto-oncogenes, induction
of signal transduction pathways, and characterization
of tumor suppressor genes were discussed. The dis-
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