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Retroviruses and oncogenesis
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Abstract Viruses and cancers have been important subjects for research in biomedical sciences for many years. It is now estimated that

at least 20% of human cancers worldwide have an underlying viral etiology. In this article oncogenesis by retroviruses will be reviewed
in details. In terms of disease, retroviruses can be divided into two classes based on how rapidly they cause disease. Acute transforming
retroviruses induce tumors rapidly, while non-acute retroviruses induce disease more slomy. Their mechanisms of carcinogenesis are

different, and this reviewwill address them separately. Acute transforming retroviruses contain oncogenes which endow viruses with the
ability to induce tumors rapidly. However, the common mechanism by which non-acute retroviruses induce cancers is insertional
activation of cellular proto-oncogenes. The study of oncogenesis of retroviruses identified several important principles of carcinogenesis

including activation of proto-oncogenes and inactivation of tumor suppressor genes that tumed out to be important for non-viral cancers

of humans as well.
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1 Introduction

Viruses and cancer have been important subjects
for research for over one hundred years. The first
reports of cancer viruses in animals were in 1908 for
avian myeloblastosis virus ( causing an acute myeloid
" and in 1911 for Rous
sarcoma virus ( causing fibrosarcona in chickens) e
Beginning in the 1960s, the study of animal cancer

. . . [13
leukemia In chickens)

viruses identified sewveral important principles of
carcinogenesis that turmed out to be important for non-
These include
activation of proto-oncogenes and inactivation of tumor
suppressor genes. Moreover, it is now estimated that at
least 20%

underlying viral etiology.

virak cancers of humans as well.

of human cancers worldwmide hawe an

In this article oncogenesis by retroviruses will be
reviewed. A bnef review of retrovirus replication is
provided here; more detailed reviews are available
elsewhere'” Retroviruses are enveloped RNA-
containing viruses that have positive stranded RNA
(the same sense as viral MRNA) as their genetic
material. All retroviruses camry genes encoding viral
core proteins ( Gag) , enzymes ( Pol) and enwelope
( Env) proteins, although various retroviruses also

encode additional viral proteins ( Fig 1) . Infection
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begins with binding of the virion ( the virus particle) to
the surface of the infected cell through a specific
interaction between viral Env protein and a cellular
receptor ( Fig2) . Once this interaction takes place the
viral core is intermalized, folloned by activation of
virion-bound reverse transcriptase (RT) . RT catalyzes
synthesis of double-stranded viral DNA which is
transported to the nucleus of the cell where virdl
integrase ( IN) integrates it into host’ s chronmosomal
DNA. The integrated form of retroviral DNA is refemred
to as the provirus. The provirus is transcribed by
cellular RNA polynmerase Il, resulting in a viral RNA
that is identical to the RNA in virion. This full-length
viral RNA is exported to the cytoplasm in unspliced or
spliced forms to function as mMRNA for Gag and Pol
proteins or Env proteins respectively. The initial viral
translation products are polyproteins, containing all of
the peptide sequences for one viral gene ( e g
Pr65”, the precursor of 65 kDa for the Gag proteins) .
These polyproteins combine with unspliced viral RNA
to form new virions that bud from the cell surface.
Once virions are released from the infected cell, the
polyproteins are cleaved by virus-encoded protease into
the final mature proteins; this results in infectious virus
particles.

As a result of the reverse transcription process,
the resulting double-stranded viral DNA is somewhat
larger than viral genome, containing long terminal
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repeats ( LTRs) at either end ( Fig 1) . The LTR can
be divided Into three domains, (U3, R and U5) as
also shown in Fig 1. In the infected cell, the integrated
provirus closely resembles the original
transcribed viral DNA; initiation of RNA synthesis
begins at the U3-R junction in the upstream (5’ )
LTR, while cleavage/polyadenylation takes place at
the R-Ub junction in the downstream (3’ ) LTR. The
transcriptional control sequences for viral transcription

reverse

are contained in the enhancer and promoter in the U3
region of the LTR.

In terms of disease, retroviruses can be divided
intb two classes based on how rapidly they cause
discase. Acute transforming retroviruses ( e. g. Rous
sarcoma virus) induce tunors rapidly ( sometimes
within days or weeks), while non-acute retroviruses
(e.g. murine leukemia virus) induce disease nore
slowdy ( months —

carcinogenesis are different, and this review will

years) . Their mechanisms of

address them separately.

2 Acute transforming retroviruses, oncogenes
and induction of disease

Acute transforming retroviruses are characterized
by the fact that they contain oncogenes. These genes
endow acute transforming retroviruses with the ability to
cause rapidly tunors, and in many cases infection of
cells in culture with an acute transforming retrovirus
changes the growth properties of the cells——
transformation. Acute transforming retroviruses are in
fact derived from standard ( replication-competent)
retroviruses, in that the oncogenes have been inserted
into their genones. In many cases this results in an
acute transforming retrovirus that is replication-
defective. It is dependent on co-infection with a related
replication-competent virus ( termed a helper virus) in
order to infect other cells ( Rous sarcoma wvirus is an
exception, in that some strains of RSV are replication-
competent, containing all of the retroviral replication
genes as Well as the oncogene. )

The oncogenes of different acute transforming
viruses are different They originally were named based
on the name of the acute transforming retrovirus where
they were identified——e. g the gC oncogene in
RSV. The oncogenes of different acute transforming
retroviruses are shown in Tab 1.

Tab 1. Representative acute transforming retroviruses and their oncogenes
Virus Host Species Disease Viral oncogene Proto-oncogene Normmal proto-oncogene function
Rous sarcoma virus ( RSV) Chicken Sarcoma -Src c-sIc Tyrosine-specific protein kinase
MC29 Chicken Myeloid V-myc c-myc DNA binding  protein/Transcription
leukemia factor
Avian erythroblastosis virus Chicken Erythroid v-erbA c-erbA/ thyroid Hormmone-dependent DNA binding
(AEV) leukemia hormone receptor protein
v-erbB c-erbB/EGFR Epidemal growth factor receptor tyrosine
kinase
E26 Chicken Erythroid \-ets Ets-1 DNA binding protein/Transcription
leukemia factor
Avian myeloblastosis virus Chicken Myeloid V-myb c-myb DNA  Binding protei n/transcription
(AMV) leukemia factor
Reticuloendotheliosis virus-T Turkey Reticuloendo v-rel c-rel NF KappaB subunit
(REV-T) -theliosis
S17 sarcoma virus Chicken Sarcoma Vjun c-jun DNA binding protein/AP-1 transcription
factor
Harvey murine sarcoma virus Mouse Sarcoma v-rast H-ras G-protein involved in signal transduction
Kirsten murine sarcoma virus Mouse Sarcoma vrasi K-ras
Murine sarcoma virus 3611 Mouse Sarcoma v-raf c-raf Serine/threonire protein kinase involved
in signal transduction ( MEKK)
Abelson murine leukemia virus  Mouse B-lymphoma v-abl c-ahl Tyrosine protein kinase
AKT-8 murine leukemia virus Mouse T-lymphoma v- Akt Akt Serine/threonine protein kinase in the
PI3 K signaling pathway
FBJ osteosarcoma Virus Mouse Osteosarc vfos c-fos Component of AP-1 transcription factor
oma ( with ¢c-Jun)
Feline sarcoma virus Cat Sarcoma v-fms c-fms/ CSF-1R Receptor tyrosine kinase; receptor for

( McDonough strain)

CSF-1
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Depending on the acute transforming retrovirus,
the nature of the oncogene protein varies. For sone,
the viral oncogene is expressed as a distinct protein
from its own MRNA ( e. g. the Src protein of RSV) '*.
For others the oncogene protein is expressed as a fusion
with viral protein ( e. g the Gag-abl fusion oncogene of
Abelson MuLV) ™,

A major ( Nobel pnze-winning) discovery about
the nature of oncogenes of acute transforming
retroviruses was that they were derived from normal cell
genes[34]. These normal cell genes are called proto-
oncogenes. The nomenclature is that an oncogene
present in an acute transforming retrovirus is called a
viral oncogere (e. g. v-sic for RSV) , while its normal
cell counterpart is the cellular proto-oncogene (e. g. c-
gc corresponding to v-src) . As a group, proto-
oncogenes are involved in positive stimulation of cell
division or response to mitogenic signals. During the
1980s retroviral oncogenes and proto-oncogenes played
major roles in elucidating pathways of cellular signaling
and growth control. Such cellular proteins such as
Ras, Myc, Myb, Abl, Raf, Fos, Jun and ErbB
( EGFR) were all discowvered originally as cellular
counterparts of viral oncogenes. In addition, study of
viral oncogenes identified the biochemical mechanisms
of action for many proto-oncognes. Most notably, the
tyrosine kinase activities of Src' ', Abl'*?, EGFR
and growth factor receptor proteins'® were discovered.
The GTPase activities of the Ras proteins and the DNA
binding activities of Jun and Fos proteins were all
identified by the study of viral oncogenes or cellular
proto-oncogenes.

A common feature of wviral oncogene proteins
compared to cellular proto-oncogene proteins is that
they show dysregulated function. That is the cellular
proto-oncogene proteins stimulate signaling or cell
division in a limited ( controlled) fashion, while viral
oncogene proteins stimulate division in an uncontrolled
constitutive fashion For instance the v-Src protein has
a mutated C-terminus compared to the cellular c-Src
protein. This results in the loss of a C-terminal tyrosine
residue that is the target for a regulatory
phosphorylation in the cellular c-Src protein. As a
result v-Src protein has constitutive tyrosine kinase

activity.

3 Non-acute retroviruses and activation of
pr oto-oncogenes

Non-acute retroviruses are typical replication-
competent retroviruses. In many cases they induce
cancers, predominantly leukemias of different kinds,
but for a few viruses carcinomas. The rate at which
non-acute retroviruses induce cancers is much slower
than for non-acute retroviruses, and infected animals
develop high lewels of viral infection well in advance of
appearance of tumors.

The common mechanism by which non-acute
retroviruses induce cancers is insertional activation of
cellular proto-oncogenes. This wes first identified in
studies of B-cell leukemias in chickens induced by
avian leukosis virus ( ALV) "' . While retroviruses
integrate their viral DNA into the host chromosomes at
multiple sites ( alnost random for ALV), the
laboratories of Hayward and Astrin obsernved that
nmultiple independent ALV-induced tunors showed
insertion at the same chronmosomal site, and they
iIdentified this site as the chicken c-myc locus. This
integration resulted in transcriptional readthrough from
the viral LTR into the c-myc gene, resulting in a highly
expressed fusion transcript under control of the highly
active ALV LTR. As a result the c-Myc protein is over-
expressed constitutively, leading to a signal for
uncontrolled growth. Hayward et al. temed this
mechanism pronoter insertion ( Fig 3) .

After the initial discovery of c-myc activation in
ALV-induced tumors, other investigators found that
this proto-oncogene activation is comnon to tunors
Induced by non-acute retroviruses. Depending on the
particular virus, different proto-oncogenes are
activated. For instance when Moloney nmurine leukemia
virus ( M-MuLV) induces T-lymphomeas, it activates c-
myc* , another proto-oncogene pim-1'® or others.
Furthermore, many non-acute retroviruses use a variant
mechanism of proto-oncogene activation ( Fig 3) . For
these viruses, transcriptional activation of the proto-
oncogene’ s own promoter occurs by integration of the
highly active enhancer sequences in the viral LTR in
the vicinity of the proto-oncogene. For these tumors the
provirus is often inserted in the opposite transcriptional

orientation from the proto-oncogene, or downstream of
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it This is explained by the fact that enhancer
sequences can work in orientation and direction-
independent fashions relative to a promoter.

In sum non-acute retroviruses induce tumors by a
general mechanism that can be termed LTR activation
of proto-oncogenes. There are two sub-mechanisms,
promoter insertion and enhancer activation. This
mechanism also explains why nonacute retroviruses
induce disease slowy in comparison to acute
transforming retroviruses. Since retroviral integration
can occur in multiple chromosonal loci ( almost random
for some viruses) , the likelihood of insertion next to a
particular proto-oncogene in any given cell is low
Multiple rounds of infection ( and time) are required
before insertion occurs next to a critical proto-oncogene
in one cell in the infected organism It is that cell that
will then dewelop into the tumor.

Non-acute retroviruses have also been used in
discovery of new cellular proto-oncogenes. Researchers
search collections of tunors induced by a particular
retrovirus for comnon regions of proviral insertion.
These comnon insertion sites are indicative of
activation of a proto-oncogene. The proto-oncogenes
are then identified as cellular genes in the comnon
Insertion sites that show over-expression in the tumors.
For example study of mammary tumors induced by
identified
proto-oncogenes, initially named int-1, int-2 and int-

mouse mammary tumor virus ( MMTV)
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3! These are now referred to a wnt genes. The
Wt signaling pathmay wes subsequently found to be a
major regulatory pattmay for normal cell development
and abnormalities of cancer. The proto-oncogene pim-1
( see abowve) was also discovered as a comnon insertion
site in MFMuLV-induced T-lymphomas'® . Discovery of
cellular proto-oncogenes has recently been accelerated
by employing genomic techniques ( high throughput

DNA sequencing) in analysis ot tunors induced by

non-acute retroviruses' >

These genomic techniques
have allowed rapid identification of common proviral
insertion sites in tunors, which has substantially
accelerated the discovery of new proto-oncogenes.
Different non-acute retroviruses induce specific
kinds of tunors. It has been found that the major
determinant for the disease specificity is the LTR. For
instance Moloney MuLV induces T-lymphoma while
Friend MuLV induces erythroleukemia in mice. If just
the LTRs are exchanged by molecular cloning, then the
type of disease sorts with the LTR. In fact just insertion
of --MuLV enhancers ( from the U3 region of the LTR)
into M-MuLV results

erythroleukemia, and vice versa

in a wvirus that causes
1 This can be
explained by the fact that enhancers ( both viral and
cellular) show cell-type specificity, because they bind
transcription factors that are present in particular types
of cells. Thus a retrovirus whose enhancers are active

In a particular differentiated cell type will efficiently
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activate proto-oncogenes in that cell type, resulting in
tunors.

4 Activation of proto-oncogenes in non-
viral tumors

The discovery of cellular proto-oncogenes through
studies of retroviruses became even nwore inmportant
when it was found that proto-oncogenes are also
activated in naturally occurring human tumors. By and
large these tumors do not result from retroviral
infection. There are several different mechanisms that
lead to activation of proto-oncogenes. First there are
tumors over-express normal proto-oncogene proteins.
This can occur by two mechanisns. First, in some
tunors there is anmplification of a region of the
chromosome  containing a  proto-oncogene——
sometimes evident as a hormogeneously staining region,
the her-2 /neu
proto-oncogene is amplified in a subset of breast and

or as micro-satellites. For exanple,
ovarian cancers *'. Indeed tumors with her-2 /neu
amplification have a worse clinical prognosis, which
has led to typing of breast and ovanan cancers for this
amplification as part of tunor staging. her-2 /reu is the
target of a specific drug ( Herceptin, a monoclonal
antibody) that is useful in treatment of tumors showing
this anplification'*. The second mechanism by which
normal proto-oncogene proteins can be over-expressed
Is through chromosomal translocation. Characteristic
translocations are present in some kinds of tumors, and
this often involwves translocation of a proto-oncogene. In
Burkitt’ s lymphoma there is a characteristic 8 21
chromosomal translocation. This results in movement of
the c-myc proto-oncogene next to the structural gene for
Since Burkitt’ s
lymphonma is a tumor of B-lynphocytes, this result in

the heavy chain of immunoglobulin'® .

translocation of c-myc next to a gene that is highly
expressed, resulting in over-expression of c-Myc as
well.

The second nechanism of proto-oncogene
activation in human tumors inwlwes alteration of the
proto-oncogene protein itself. For exanple the ras
proto-oncogenes are activated in tumors by single base
mutations. The Ras proteins are small G-proteins
inwolved in signal transduction; they are cyclically

activated and inactivated by binding of GTP or GDP.

Tumor mutations lead to single amino acid substitutions
in the Ras proteins resulting in loss of intrinsic GTPase
acti\/ity[26]. These mutant Ras proteins are unable to
hydrolyze bound GTP to GDP and they are
constitutionally locked into an active configuration
which leads to constitutive signaling for cell growth.
The second mechanism by which proto-oncogene
protein activities are altered is through chromosomal
translocation. For Philadelphia
chromosome is a translocation characteristic of chronic

example the

myelogenous leukemia ( CML) and certain B-cell
leukemias. In this case the translocation leads to a new
fusion transcript across the translocation, containing
bcr sequences from one chromosonme fused to sequences
of the c-abl

[11,15]

proto-oncogene from the other
This in tum results in a Bcr-Abl
fusion protein, which has increased tyrosine-specific

chronosome

protein kinase activity compared to c-Abl. Recently a
small nolecule inhibitor of Bcr-Abl protein kinase has
been developed ( Imatinib) that has becone the
frontline therapy for treatment of CML.

5 Micro-RNAs

RNA interference ( RNAI) is a
discovered mechanism of gene expression control. In
small double-stranded micro-RNAs have
These RNAs result from

processing of larger cellular transcripts, and the micro-

recently

particular,
been recently discovered'” .

RNAs down-regulate expression of other cellular
MRNAs by RNAI mechanisms. It is a newly discovered
mechanism of cellular gene regulation, and by and
large it modulates the levels of activity of their target
genes. The first discovery of a micro-RNA actually
occurred through study of B-lymphoid tumors induced
in young chicks by an avian nonracute retrovirus'® .
These tunors showed proviral DNA integration near a
common insertion site that was given the name bic. The
insertions led to ower-expression of bic transcripts,
which suggested that it was a proto-oncogene.
However, the bic RNA did not have any open reading
frames that could encode protein, so its mechanism of
action wes mysterious at the time'™™ . After the
discovery of RNAI and micro-RNAs, it wes determined
that bic actually encodes a micro-RNA termed

mirt55"°” . mirl55 is important in normal lymphoid
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development, so over-expression of this micro-RNA
would logically lead to lynmphoma.

6 Other mechanisns of retroviral oncogenesis

While the predominant mechanisms of retroviral
a small
retroviruses enploy distinct

oncogenesis have been descnbed above,
number of oncogenic
mechanisms.

6.1 Human T-cell leukemia virus (HTLV) and
bovine lymphosarcoma virus ( BLV)

These two retroviruses belong to the deltaretrovirus
family and they cause adult T-cell leukemia ( ALT)
and B-lynphoma There are two major strains of
HTLV, HTLV-1 and -1IlI; only HTLV-Il is associated
with discase. There are approximately 20 million
people infected with HTLV-lI worldwmde, with high
regions of infection including Japan, the Canbbean,
Latin Anmerica, and Africa In these regions, ATL is
more common, due to the relatively high incidence of
infection. HTLV-1 also induces a neurological disease,
HTLV-associated myelopathy ( HAM), also called
tropical spastic paraparesis ( TSP) .

HTLV-1 induces ATL in infected individuals
relatively inefficientty and with a long latency
( typically more than 20 years) ——the rate of disease
Both HTLV and
BLV cany additional genetic information compared to

development is 1% -2% per year.

typical retroviruses, the X region. This region is
expressed into several proteins by way of altemately
spliced mMRNAs, including Tax ( a transcriptional
transactivator) and Rex ( a protein that facilitates
cytoplasmic of unspliced viralh RNA) . Tax
transactivates the HTLV LTR, butalso the pronoters of
several cellular genes, including interleukin-2 ( IL-2)
and IL-2 receptor”” .
oncogene since it can transform rodent fibroblasts in
culture, and it is necessary for the ability of HTLV-I to
primary T-lymphocytes.
Immortalization of T-lynmphocytes may result from Tax-

HTLV-1 Tax may function as an

immortalize human
induced expression of both IL-2 and IL-2 receptor in
the same cell, resulting in an autocrine loop of IL-2-
Thus Tax may allow HTLV-1 to
establish a pre-leukemic state in infected T-
lymphocytes  which many  years.
Paradoxically, when ATL tunors dewelop, the cells no

driven division.

persists for

longer express Tax, even though they contain the
HTLV -1 provirus. There appears to be selection against
continued Tax expression during the development of the
tunors.

On the other hand, another HTLV-l protein is
expressed in ATL tumors, HBZ'" . This protein is a
B-zip DNA binding protein; it is encoded by an mRNA
transcript originating from the opposite strand of the
viral DNA, initiated in the downstream LTR. The fact
that HBZ is expressed in all ATL tunors suggests that
it may be important for development or replication of
ATL cells. Thus two HTLV-I proteins may be inwolved
in development of ATL: Tax may be inwlwed in
Initiation ( but not maintenance) of the tumorigenic
process while HBZ may be involved in maintenance of
oncogenic transformation.

6.2 Jaagsiekte sheep retrovirus ( JSRV)

RV is a member of the betaretrovirus family,
and it causes a transmissible lung cancer in sheep,
ovine pulmonary adenocarcinoma ( OPA) . OPA is a
tunor of secretory epithelial cells of the alveoli, type Il
preumocytes, and Clara cells of the bronchioles. The
normal function of type Il pneunocytes is production of
pulmonary surfactant that maintains the gas
permeability of the alweoli. Animals in end-stage
discase are In respiratory distress because the tumor
cells secrete excess surfactant “ Lung fluid” can be
and the lung fluid
contains infectious virus. It is believed that spread of

recovered from these animals,

the viral infection and cancer is by aerosol droplets of
lung fluid that are then inhaled by a recipient animal.
When SRV was nolecularly cloned, sequencing
of the genone revealed standard retroviral genes ( gag,
pol and env) with no indication of a transduced viral
oncogene ( i.e. sequences with honmology to some
cellular gene) . This suggested that JSRV might induce
tumors by LTR activation of proto-oncogenes.
However, a tunor cell line from a ISRV -induced tumor
containing only one copy of proviral DNA was found to
contain the viral DNA integrated into the structural
gene for pulmonary surfactant A——which is not likely

[12]

to be a proto-oncogene This argued against LTR
activation of proto-oncogenes as the mechanism of
JSRV oncogenesis. At the same time, JSRV is a potent

carcinogen: intratracheal inoculation of virus into



2009 9 4 3

Journal of Microbes and Infection, September 2009, Vol. 4, No. 3 - 181

newbomn lambs results in OPA with a mean latency of 6
weeks, with some animals developing disease in as
litle as 2 weeks. This would be more consistent with
JRV camrying an oncogene, even though it was not
evident from the viral DNA sequence. Indeed when
JRV DNA was transfected into rodent fibroblasts
(e. g. NIH-3T3 or rat 208F) '**! or epithelial cell lines
(e.g rat RK3E cells) % foci of transformed cells
and the
tumorigenic.  The nmost unusual feature wes that the env

developed, transformed cells were
gene of JSRV wes sufficient to cause transformation.
Thus JSRV Env protein functions as an oncogene for
the virus. Indeed, introduction of JSRV protein alone
into the lungs of SCID mice by way of an adeno-
associated virus \ector is sufficient to cause lung
cancer.

Retroviral envelope proteins are initially translated
as a polyprotein precursor containing sequences for the
( SU) ad
transmembrane ( TM) , with SU at the amino terminus
and TM at the C-terminus. The SU protein is on the
outside of the virus particle ( it contains the receptor
binding domain) while the TM protein spans the lipid
bilayer of the wvirus particle. TM anchors SU to the
virus particle. It is presumed that in JSRV-transformed

two envelope proteins  Surface

(or tunmor) cells the same organization is present——
the SU protein is on the surface of the cell while the
TM protein spans the plasma membrane with a C-
terminal tail exposed to the cytoplasm  Structure-
function analysis of the Env protein indicated that
sequences in the short 45 amino acid cytoplasmic tail of
™ are el They
presumably interact with cellular proteins, leading to

necessary for transformation
increased signals for growth. Two signaling pathways
have been shown to be important for ISRV Env
transformation: the PIBK-AKT-mTOR pattway, and
the Ras-MEK-ERK pathway'*" . Identification of the
cellular proteins inwlved in SRV transformation is
currently under way.

Other parts of the JSRV Env protein may also be
Important for oncogenesis. The SU protein binds to the
receptor, which is hyaluronidase-2( Hyal-2) "**'. Both
human and sheep Hyal-2 function as receptors for
JRV, athough
interesting that Hyal-2 maps to human chronmosome

rodent Hyal-2 does not It is

3p21. 3, which also is a region of comnon deletion in
lung cancers. Chronosomal deletions in cancers are
often associated with the loss of tumor suppressor
genes, so this led to the idea that JSRV Env may also
interfere with a tumor suppressor function of Hyal-2.
Evidence supporting this nodel has been reported. In a
human lung epitrelial cell line, the Hyal-2 protein is
found in a conmplex with a membrane-spanning
receptor-type tyrosine kinase, Stk ( also known as
RON) " . The kinase activity of Stk/RON is inhibited
when it is complexed with Hyal-2. Expression of ISRV
Env in these cells results in binding of Hyal-2 to ISRV
SU, releasing Stk/RON from the inhibitory complex.
Thus SU may be inwlved in ISRV tunworigenesis in
sheep by binding Hyal-2 and increasing signaling
through Stk/RON.  However when JSRV Env induces
tunors in rodents or transforms rodent cells, this
mechanism does not contribute to the transformation/
tumorigenesis since JSRV Env does not bind to rodent
Hyal -2.
6.3 MMTV

MMTV is also a betaretrovirus that induces
mammary tunors and B-lymphomas. When MMTV
induces these tumors it enploys insertional activation of
proto-oncogenes. However recently it has been found
that the contribute to
tunorigenesis. When a murine mammary epithelial line
Is infected with MMTV, it shows no changes when
grown on plastic. However, if these cells are grown in
3D culture,
extracellular matrix conponents ( Matrigel ), the

Env protein may also

suspended in  medium containing

uninfected cells form small
[19]

spheres of polarized
epithelial cells Howewer, the infected cells show
abnormalities when grown in Matrigel, with formation
of larger spheres and lack of polarization. The ability of
MMTV to induce these changes wes traced to the Env
protein. In particular an ITAM motif in the MMTV Env

protein was found to be responsible.

7 Viruses associated with human cancer

As mentioned in the introduction, approximately
20% of human cancers are caused by viral infection.
Tab 2 shows the currently known viruses and the
cancers that they are associated with They include
DNA viruses and RNA viruses. In sone cases they are
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direct-acting carcinogens ( i. e. expression of the virus
or a viral gene product in the tumor cell is driving
oncogenesis) , while in other cases they may cause

cancer indirectly ( the virus is not in the tunor cell) .
The oncogenic viruses that are not retroviruses will not
be reviewed here.

Tab 2. Viruses associated with human cancer

Virus classification Virus

Cancer

Herpesvirus Epstein-Barr virus ( EBV)

Herpesvirus

Papilloma virus

Polyoma virus Merkel cell carcinoma virus ( MCV)

Hepadnavirus Hepatitis B virus

Kaposi’ s sarcoma herpes virus ( KSHV or HHV-8)

Human papillomavirus ( HPV types 16, 18, 31, 35)

Burkitt s lymphoma

AIDS lymphomas

Hodgkin’ s disease
Naso-pharyngeal carcinoma
Kaposi’ s sarcoma

Pleural effusion lymphoma

Mul ti-centric Castleman’ s disease
Cenrvical cancer

Other cancers of the reproductive tract ( penis, wilva)
Cancer of the tonsils

Merkel cell carcinoma

Hepatocellular carcinoma

Flavivirus Hepatitis C virus Hepatocellular carcinoma
Retrovirus Human T-cell leukemia virus type 1 ( HTLV-1) Adult T-cell leukemia
Retrovirus Human immunodeficiency virus ( HIV) AIDS malignancies
Kaposi’ s sarcoma, lymphomas, cervical cancer
Retrovirus Xenotropic MulV-related retrovirus ( XMRYV) Prostate cancer?
7.1 HTLV-I response nechanism, and individuals who are

HTLV-1 and its role in inducing ATL is described
in Section 6. 1.

7.2 Human immunodeficiency virus type 1 ( HIV-
1)

HIV-1 is the causative agent of AIDS. As the
Immune system becomes defective in AIDS patients,
cancers dewelop. Thus HIV-1 can be considered to
induce cancers indirectly. AIDS-associated cancers
include Kaposi’ s sarcoma, AIDS lynphomas and
cervical cancer. It is interesting that the AIDS-
associated cancers all result from infection by another
oncogenic virus. Thus the immunodeficiency of AIDS
may be resulting in cancers principally by reducing
resistance to infection by the oncogenic viruses.
Indeed, cancers that are not associated with viral
infections are not typically elevated in AIDS patients
(e. g lung cancer) .

7.3 xenotropic MuLV-related virus ( XMRV)

Recently a new human retrovirus has been
identified, XMRYV. This virus was detected in patients
in whom a
component of innate immunity is defective™® . RNase
L is an effector protein in the interferon antiviral

with a familial form of prostate cancer,

homozygous for the R462Q mutation show a two-fold
elevated risk for dewvelopnment of prostate cancer. This
led to the hypothesis that these individuals are nore
susceptible to infection by a virus that causes prostate
cancer, and 40% of tunors from these cases showed
evidence for infection with a novel retrovirus, XMRV.
It is interesting that XMRYV s closely related to MuLV,
which suggests that it might represent cross-species
infection of humans with a murine retrovirus.
Experiments on XMRV are still in their infancy, and
the role of this virus in human prostate cancer ( and the
mechanism of oncogenesis) still remains to be
determined.

7.4 Endogenous retrovirus ( ERV)

One of the features of the retrovirus life cycle is
the integration of viral DNA into the host chromosone.
If retroviral infection takes place in a germ cell that
goes on to form an embryo, then any progeny will
transmit the retroviral provirus to their offspring as
standard genetic elements. These inherited proviruses
are referred to as ERVs. During evolution this process
has occurred frequently; in fact approximately 8% of
the total human genome consists of human endogenous
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retroviruses ( HERVs) . Most of these HERVs are
replication-defective,  which  probably represents
replication-competent HERVS.
many HERVs can encode functional

selection  against
However,
proteins, if not whole viruses, and it is possible that
HERV proteins can participate in tunorigenesis.
Certain kinds of human tunors have been found to
express HERVs ( e.g seminomas)' ', which
supports this possibility. Also, the HERV-K encodes a
small viral regulatory proteinm]

tunorigenicity to rodent fibroblasts .

that can confer
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