Chapter 1
Overview of Retrovirology

Naomi Rosenberg

Abstract In the 100 years since their discovery, retroviruses have played a special
role in virology and in molecular biology. These agents have been at the center of
cancer research and shaped our understanding of cell growth, differentiation and
survival in ways that stretch far beyond investigations using these viruses. The dis-
covery of retroviral oncogenes established the central paradigm that altered cellular
genes can provide a dominant signal initiating cancer development. Their unique
replication mechanism and their integration into cellular DNA allow these viruses
to alter the properties of their hosts beyond the life span of the infected individual
and contribute to the evolution of species. This same property has made retroviral
vectors an important tool for gene therapy. Indeed, the impact of retrovirus research
has been far-reaching and despite the amazing progress that has been made, retrovi-
ruses continue to reveal new insights into the host — pathogen interaction.

Keywords Oncogene o Endogenous virus « Retrovirus replication e Retrovirus
classification e Insertional mutagenesis

Introduction

Studies of retroviruses have shaped our knowledge of cancer, development, differ-
entiation, and gene regulation for over a century. Indeed, the impact that retrovirus
research has had on modern molecular biology and oncogenesis cannot be over-
stated. Our knowledge of the ways in which cellular genes can be corrupted and can
contribute to cancer derive their fundamental underpinnings from studies of these
agents. The concept that a cellular gene can become an oncogene was validated by
research conducted using retroviruses, and many genes that participate in human
tumor development were first isolated as retroviral genes or targets of retroviral
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insertional mutagenesis. Studies of retrovirus-mediated oncogenesis have led to
broader insights as well. Perhaps better than any other virus group, retroviruses
illustrate how studies directed at understanding fundamental virological mechanisms
reveal insights into basic cellular process. Novel ways to disrupt normal cell func-
tion, to regulate gene expression, and to transfer genetic information from one type
of nucleic acid to another have all emerged from study of these viruses.

The ability of some retroviruses to induce tumors has been known since the turn of
the 20th century. In 1908, Ellerman and Bang described a chicken erythroleukemia
that was caused by a retrovirus followed by isolation of Rous sarcoma virus from a
chicken fibrosarcoma by Peyton Rous (Rosenberg and Jolicoeur, 1997). These discov-
eries marked the beginning of experimentation that led to our current understanding of
retroviruses as cancer-causing agents. Subsequent studies extended the general para-
digm to mammalian hosts. The discoveries of Bittner and Gross revealed that retrovi-
ruses were associated with mammary tumors and thymic lymphomas in mice. The list
of animals affected by oncogenic retroviruses expanded as the 20th century progressed
to include cats, cows, rats, sheep and goats, koalas, several primates, and some fish
(Rosenberg and Jolicoeur, 1997). Predictably, the isolation of human T-cell leukemia
virus (HTLV) marked the discovery of a retrovirus that caused malignant disease in
humans (Poiesz et al., 1980). The strong tools developed for retrovirus research and
associated understanding of the biology of these agents provided a strong foundation
that almost certainly facilitated the isolation of human immunodeficiency virus (HIV).
Although HIV is not an oncogenic virus, the critical importance of HIV to human
health made retrovirus research a major national priority and has contributed to a
broader understanding of all retroviruses as well as the immune response (see also
chapter on Retrovirus-Induced Immunodeficiency and Cancer).

Retrovirus Structure

Retroviruses are enveloped viruses that have an irregular spherical to conical capsid
(Coffin, 1992) (Fig. 1.1). The envelope contains a lipid bilayer derived from cellular
membrane by the budding process, which occurs when a newly formed virus particle is
released from the cell. The virus Env proteins, SU (surface) and TM (transmembrane),
exist as a heterotrimer in the bilayer with the SU protein protruding from the surface of
the virion. Structural proteins associated with the protein shell include CA (capsid, the
major component of the shell), MA (matrix, a protein on the inner surface of the cell
membrane), and NC (nucleocapsid, a protein that is condensed in the core of the particle
in association with the RNA genome). The viral enzymes — protease (PR), reverse tran-
scriptase (RT), and integrase (IN) — are also packaged in the virion. The viral genome
exists as a dimer of two single-stranded positive-sense RNAs. In addition to these com-
ponents, small amounts of cellular RNAs (Rulli et al., 2007) and proteins are packaged
in the virion. For example, cellular tRNAs are specifically bound to viral RNAs for
priming reverse transcription. Members of the APOBEC family of cellular proteins,
which may affect retrovirus replication, also may be packaged (Huthoff and Towers,
2008) (see also chapter on Genetics of Host Resistance to Retroviruses and Cancer).
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Fig. 1.1 Virion Structure. The cartoon illustrates a retrovirus virion. Virion proteins and the RNA
genome are illustrated. The NC proteins completely encapsidate the packaged viral RNA.
Additional information on the different proteins is found in the text. Some retrovirus particles
incorporate additional cellular and host proteins. The drawing is not to scale

Retrovirus Classification

Retroviruses are members of the family Retroviridae and are enveloped RNA-
containing viruses that utilize reverse transcription of their genome as an obligate
step in virus replication (Linial et al., 2005). These viruses are further divided into
two subfamilies: Orthoretrovirinae and Spumaretrovirinae (Table 1.1) based on
differences in morphology, pattern of gene expression, and processing of viral
proteins. Spumaretrovirinae virions contain a large amount of reverse transcribed
DNA, a feature that is distinctive to this subfamily. All oncogenic retroviruses are
members of the Orthoretrovirinae, which contains six genera that are distinguished
based on virion morphology, genome and protein structure, and sequence relation-
ships. Among these, only the genus Lentivirus lacks oncogenic members.

All retroviruses contain four genes, gag, pro, pol, and env, all of which encode
proteins required for replication (Linial et al., 2005). The gag gene encodes virion
structural proteins, the pro domain encodes a protease contained within the virion
necessary for maturation of the virus particle, the pol gene encodes RT and IN
(enzymes required for reverse transcription and integration of the genome), and
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Fig. 1.2 Retrovirus Genome. The upper diagram illustrates the organization of the RNA genome
of a simple retrovirus. The lower diagram shows the additional genes specified by a typical onco-
genic complex retrovirus (HTLV). The cellular tRNA bound to viral RNA at the primer-binding
sites varies for different retroviruses. The drawing is not to scale

the env gene encodes SU and TM (proteins that interact with cellular receptors
and mediate entry and early steps in infection) (Fig. 1.2). Some members of the
Betaretrovirus, Deltaretrovirus, Epsilonretrovirus and Lentivirus genera also con-
tain additional genes that influence viral and host gene expression as well as viral
pathogenesis. Inaddition, some members of the Alpharetrovirusand Gammaretrovirus
genera contain oncogenes, sequences derived from normal cellular genes that have
been captured and stably incorporated into the retroviral genome. With the excep-
tion of Rous sarcoma virus, all retroviruses that contain oncogenes are replication
defective due to the absence of complete coding sequences for at least one of the
four retrovirus genes required for replication. The overview presented here will
focus on the Orthoretrovirinae genera that contain oncogenic viruses.

Retrovirus Replication

Infection by retroviruses begins with binding of the Env glycoprotein to a cellular
receptor (Fig. 1.3). This interaction [please specify what interaction] is the major
determinant of virus host range. Many receptors for retroviruses have been identi-
fied in the past fifteen years, and these molecules participate in a number of normal
cellular functions. For example, the receptor for viruses like Moloney murine leu-
kemia virus (MuLV) and related murine viruses is the cationic amino acid trans-
porter (Kim et al., 1991), whereas the receptor for subgroup B avian leukosis
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Fig. 1.3 Retrovirus Replication. Replication begins with the interaction of the retrovirus virion
and the virus receptor. After entry, partial uncoating occurs to generate the PIC. Reverse transcrip-
tion of the viral RNA genome generates a double-stranded DNA copy of the genome with direct
repeats (LTRs) at both ends. This structure integrates randomly into the cellular DNA.
Transcription and translation utilize cellular machinery. The specific site of assembly varies
depending upon the specific virus genus; many retroviruses assemble at the plasma membrane as
shown in the figure. Budding and release of the newly formed virion completes the replication
cycle. Additional details are found in the text

viruses is a member of the tumor necrosis factor (TNF) family (Bates, Young and
Varmus, 1993), and the receptor for mouse mammary tumor virus is transferrin
receptor I (Ross et al., 2002). In addition to performing an array of functions, the
receptors have a range of structures. For example, the subgroup A avian leukosis
viruses (ALVs) use a single transmembrane spanning protein as a receptor, whereas
the cationic ion transporter is a multiple transmembrane spanning molecule, as are
the receptors for all known gammaretroviruses.

Virus entry involves the fusion of viral and cellular membranes, a process simi-
lar to that employed by a wide range of enveloped viruses (Barnard, Elleder and
Young, 2006; Marsh and Helenius, 2006). Fusion involves juxtaposition of viral
and cellular membranes through a series of conformational changes that expose a
virus-encoded fusion protein. The retroviral Env proteins are class I fusion mole-
cules similar to the fusion proteins of orthomyxo- and paramyxoviruses as well as
those of filoviruses and coronaviruses. Env contains an N-terminal SU subunit that



1 Overview of Retrovirology 7

interacts with the receptor and a C-terminal TM subunit that orchestrates membrane
fusion (Barnard, Elleder and Young, 2006). Conformational changes allow interac-
tion with cellular receptors to expose the fusion peptide at the N-terminus of TM
and allow insertion of the peptide into the cellular membrane. Additional confor-
mational changes lead to the first step of membrane fusion, called hemifusion,
which is followed by further conformational alterations that complete the process
and allow virus delivery into the cell.

The triggers that that mediate viral entry differ depending on the retrovirus. For
most, including murine gammaretroviruses like Moloney MuLV (McClure et al.,
1990), MMTV (Redmond, Peters and Dickson, 1984; Ross et al., 2002), alpharet-
roviruses (Mothes et al., 2000) and Jaagsiekte sheep retrovirus (JSRV) (Bertrand
et al., 2008), a pH-dependent step is required. The amphotrophic MuLV 10A1
(McClure et al., 1990; Nussbaum, Roop and Anderson, 1993) and HIV (McClure,
Marsh and Weiss, 1988) use a pH-independent pathway. The pH-dependent
pathway involves endocytic uptake, an event that follows interaction with the
receptor. Exposure to low pH in the endosome initiates hemifusion. However, dif-
ferent viruses vary with respect to the precise details of these events. For example,
alpharetroviruses can remain in a receptor-primed state for an extended period of
time before the entry process is completed by low pH exposure (Barnard, Elleder
and Young, 2006; Mothes et al., 2000). Dynamin, a molecule important for calveo-
lar and clathrin-mediated endocytosis, has been implicated in the entry of several
of these viruses (Bertrand et al., 2008; Brindley and Maury, 2008; Lee, Zhao and
Anderson, 1999), suggesting that endocytic uptake is mediated via these organelles.
Lipid rafts are involved in the entry of others (Diaz-Griffero, Jackson and Brojatsch,
2005; Narayan, Barnard and Young, 2003).

Once internalized, uncoating of the virion and replication of the RNA genome
begins (Goff, 2001; Suzuki and Craigie, 2007), although the details of uncoating
are unknown. Reverse transcription begins at this stage and is primed by a tRNA
that is packaged in the virion (Telesnitsky and Goff, 1997; Wilhelm and Wilhelm,
2001). RT has two required two activities, a polymerase, which uses either RNA or
DNA as a template for DNA synthesis, and a nuclease called RNase H. The poly-
merase copies the genome while the RNase H activity degrades RNA associated
with newly synthesized DNA. Both strands of the genome are used in a process that
involves two strand transfers to generate a double-stranded DNA copy (provirus)
(Fig. 1.4a). Similar to replication of all RNA viruses, reverse transcription is highly
error-prone (Svarovskaia et al., 2003). The enzyme lacks a proof-reading function,
and the strand transfer mechanism critical to copying of the genome can be impre-
cise, resulting in deletions or sequence duplications. This replication process is of
central importance to the generation of retroviruses containing oncogenes and also
facilitates variations in SU and the LTR, a feature critical for leukemogenesis of
some viruses that lack oncogenes.

Completion of reverse transcription generates 5’ and 3’ direct repeats known as
long terminal repeats (LTRs) (Telesnitsky and Goff, 1997; Wilhelm and Wilhelm,
2001). This structure contains U3 sequences derived from a unique region at the 3’
end of the RNA genome, R sequences repeated at both the 3’ and 5’ ends of the RNA
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Fig. 1.4 (a) Reverse Transcription. Reverse transcription generates a double-stranded DNA copy of
the viral genome and involves six steps: 1. synthesis of minus strand DNA using tRNA as a primer
from the primer binding site (PBS) to the 5’ end of the RNA genome; 2. transfer of the newly syn-
thesized DNA to the 3’ end of the RNA and continued synthesis of the minus strand; 3. synthesis of
a small plus strand using RNase H-resistant RNA fragments as a primer; 4. completion of minus-
strand synthesis; 5. transfer of the short plus-strand DNA to the 5’ end; 6. completion of plus-strand
synthesis, leading to the synthesis of LTRs at both ends of the genome. Arrows indicate the direction
of synthesis. (b) Integration. The newly synthesized double-stranded linear DNA integrates into the
cellular genome using the viral IN protein. Integration is random with respect to cellular sequences,
but precise with respect to virus sequences. Integrase mediates the initial steps of the integration
reaction; cellular repair molecules complete the integration process

genome, and U5 sequences derived from unique sequences at the 5’ end of the
genome (Fig. 1.4b). The proviral DNA is associated with some capsid derived pro-
teins and IN in the pre-integration complex (PIC) (Goff, 2001; Suzuki and Craigie,
2007). Although PIC composition is not identical or even characterized for all types
of retroviruses, entry of viral DNA into the nucleus and its integration into the host
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genome requires this structure. Although not yet fully understood, integration of the
provirus is essential for subsequent virus gene expression.

The double-stranded linear form of the provirus is the substrate for integration
into the host DNA, an event that is mediated by IN (Brown, 1997; Katz et al., 1990).
Integration is specific with respect to retrovirus sequences, and inverted repeats at
the ends of the LTR are required. Integrase first removes two (or in some instances
three) bases from the ends of the LTRs to expose a 3'OH on each end of the linear
double-stranded DNA. The exposed OH groups attack phosphodiester bonds on the
cellular DNA in a staggered fashion, with four to six bp (depending on the virus)
separating the points of attack on each of the cellular DNA strands. The viral
sequences are then joined to the cellular sequences in a transesterification reaction
using the energy generated by breakage of the phosphodiester bonds (Bushman,
Fujiwara and Craigie, 1990; Craigie, Fujiwara and Bushman, 1990; Engelman,
Mizuuchi and Craigie, 1991). Cellular enzymes complete the integration reaction
to generate a direct repeat of cellular sequences flanking the integration site. The
length of this repeat is characteristic of the virus and reflects the spacing of the
bases involved in the transesterification reaction. These events ensure that integra-
tion is specific with respect to viral sequences and that the integrated provirus
preserves the order of elements in the retrovirus genome (Brown, 1997).

In contrast to the specificity with respect to viral sequences, integration into host
sequences is influenced by sequence and structural features that exhibit only weak
specificity at the nucleotide level (Bushman et al., 2005). Different types of virus have
a propensity to integrate in particular types of sequences. For example, gammaretro-
viruses tend to integrate near the promoter regions of transcriptionally active genes
(Hematti et al., 2004; Wu et al., 2003), whereas lentiviruses tend to integrate into
transcription units without a preference for introns or exons (Mitchell et al., 2004;
Schroder et al., 2002). In contrast, alpharetroviruses integrate in a more random fash-
ion (Barr et al., 2005; Mitchell et al., 2004; Narezkina et al., 2004). The features that
control these differences are not fully understood, but both IN and Gag play a role
(Lewinski et al., 2006). In addition, cellular factors that promote the interaction of the
PIC with chromatin are important (Bushman et al., 2005). For example, LEDGF/p75
(Engelman and Cherepanov, 2008), a member of the hepatoma-derived growth factor
family, has been implicated in targeting integration to regions transcription units
(Ciuffi et al., 2005). Other features that may influence targeting include chromatin
structure and cell-cycle differences (Bushman et al., 2005). This latter idea originates
in the observation that gammaretrovirus PICs and those produced by most other ret-
roviruses typically enter the nucleus during mitosis, whereas lentivirus PICs can enter
the nucleus in the absence of cell division (Suzuki and Craigie, 2007). Promoter trap
assays that monitor activation of a promoterless marker gene inserted into a retrovirus
gene is monitored reveal that these genes are activated more frequently in the setting
of MuLV compared to HIV (De Palma et al., 2005). These data suggest that integra-
tion near promoters is important for full expression of MuLV viral genes, and that this
feature influenced the evolution of viral integration patterns.

Integration is an obligate step that is required for expression of viral proteins by
the Orthoretrovirinae. Expression of these sequences is mediated by host cell
machinery using sequences within the LTR to guide and regulate the process
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(Rabson and Graves, 1997). RNA polymerase II and cellular factors mediate tran-
scriptional initiation at the first base of R. Polyadenylation of the transcripts
requires cis-acting sequences in the 3’ LTR. Enhancer sequences located primarily
in the U3 region of the 5" LTR are recognized by host transcription factors and regu-
late levels of proviral expression. Such interactions affect not only virus replication,
but also have a strong impact on pathogenicity, influencing both the ability of the
virus to induce disease as well as the target cell. For example, these differences
influence the oncogenicity of viruses derived from Akv/ such as the SL3 series of
MULVs (Lenz et al., 1984; Morrison, Soni and Lenz, 1995) and affect the erythroid
cell tropism of Friend MULV (Chatis et al., 1983).

Transcription of the provirus generates a minimum of two mRNAs. The unspliced
RNA encodes the Gag, Pro and Pol proteins, and also serves as the genome (Rabson
and Graves, 1997). A singly spliced env mRNA contains 5’ sequences identical to
those in the unspliced RNA upstream of a donor splice site in the untranslated region
and is joined to a downstream acceptor to eliminate the pol gene. For viruses that
contain oncogenes, the strategy of expression generally reflects the genome structure
and the relationship of the oncogene to viral sequences. Some viral oncogenes are
expressed from unspliced mRNA, whereas others use spliced mRNAs, often using
the same signals that generate the env mRNA.

Some retroviruses of the Betaretrovirus, Deltaretrovirus and Epsilonretrovirus
genera encode additional proteins that are expressed from spliced mRNAs. The func-
tions of these molecules vary and range from regulatory molecules that affect viral
and cellular gene expression to molecules that stimulate immune cells. MMTV
expresses the Sag protein, a superantigen that stimulates immune cells and is impor-
tant for transmission of infection in host animals (Acha-Orbea and MacDonald, 1995;
Ross, 2008). This virus also encodes Rem, a molecule that influences export of
unspliced MMTV RNAs from the nucleus (Indik et al., 2005; Mertz et al., 2005) as
well as well as virus expression (Mertz, Lozano and Dudley, 2009). HTLV expresses
the regulatory proteins Tax, Rex, and HBZ. Tax interacts with cellular transcription
factors, including CREB, to increase HTLV transcription and functions in a similar
fashion to influence expression of a number of cellular genes involved in cell prolif-
eration, migration, cell cycle, apoptosis, and transformation (Giam and Jeang, 2007;
Legros et al., 2009; Wycuff and Marriott, 2005). Rex facilitates the nuclear export and
expression of incompletely spliced viral RNAs leading to increased virus replication
(Legros et al., 2009; Younis and Green, 2005), whereas HBZ is expressed from an
anti-sense transcript and influences pathogenicity (Matsuoka and Green, 2009; Satou
et al., 2006) (see also chapter on Retroviral Regulatory/Accessory Genes). Walleye
dermal sarcoma virus (WDSV), an Epsilonretrovirus, encodes several additional
proteins, including a viral cyclin (Holzschu, Lapierre and Lairmore, 2003), but the
expression mechanisms have not been completely elucidated (see also chapter on
Cancers Induced by Piscine Retroviruses).

Viral proteins are translated on cellular ribosomes, primarily by a cap-dependent
mechanism (Bolinger and Boris-Lawrie, 2009; Rabson and Graves, 1997; Swanstrom
and Wills, 1997). However, some evidence for IRES-mediated mechanisms has been
presented for several viruses including RSV (Deffaud and Darlix, 2000) and MULV
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(Berlioz and Darlix, 1995; Vagner et al., 1995). Gag, Pro and Pol are produced from
a genome-length transcript using several strategies. Most retroviruses use one or two
ribosomal frameshifts to produce Pro and Pol (Falk et al., 1993; Jacks and Varmus,
1985; Mador, Panet and Honigman, 1989), yet some viruses, including MuLV and
FeLV use termination codon readthrough (Hatfield et al., 1992; Yoshinaka et al.,
19854, b). Ribosome frameshifting involves ribosome pausing produced by a combi-
nation of repeat or “shifty” sequences and stable secondary structure that causes a
change in reading frame. Termination codon readthrough in MuLV involves the inter-
action of virally encoded RT and eRF1 (Orlova et al., 2003). This interaction enhances
readthrough and allows self-regulation of RT production. These mechanisms are criti-
cal for production of different optimal amounts of the various viral proteins from a
single genomic mRNA (Swanstrom and Wills, 1997).

For all Orthoretrovirinae except Betaretroviruses, the virion proteins assemble at
the plasma membrane using Gag proteins in a cytoplasmic complex after interaction
with Env and cellular proteins associated with the membrane. Betaretroviruses
assemble in the cytoplasm. Packaging sequences () usually located near the 5’ end
of the viral genome, are required for insertion of the genome into the nascent virion
(D’Souza and Summers, 2005; Mann, Mulligan and Baltimore, 1983). Packaging
signals do not share a common primary sequence; their function appears to be medi-
ated by a complex structure adopted during the packaging process. The NC portion
of the Gag polyprotein, in concert with the ¥ sequences, select the sequences that will
be inserted into the nascent virion (Berkowitz et al., 1995; Zhang and Barklis, 1995).
The genome is packaged as a dimer containing two copies of the RNA genome and
dimerization, which is influenced by RNA structure and the chaperone activity of NC,
is also important for packaging (Greatorex, 2004; Housset et al., 1993; Paillart et al.,
2004). Viruses that contain mutations limiting or abolishing dimerization display
reduced infectivity or are non-infectious. The newly formed virus buds from the cell,
leaving the host cell intact. Depending on the virus, final processing steps mediated
by Pro occur as the virion buds from the cell or soon thereafter, producing the mature
virion (Swanstrom and Wills, 1997). The absence of virally-mediated cell lysis by
most retroviruses and failure of the immune system to recognize infected cells may
ensure life-long persistence that promotes viral oncogenesis (see also chapter on
Immune Response to Oncogenic Retroviruses).

Retrovirus Replication and Effects on the Host

The retrovirus replication strategy allows virus propagation, but aspects of the
life cycle, especially the ability of the virus to integrate and to associate its DNA
permanently with the host cell, have a major impact on the outcome of infection.
This feature [specify what feature] is linked to the ability of many retroviruses
to induce tumors as well as their ability to alter host cell gene expression. The
intimate and stable association with the cellular genome allows retroviral ele-
ments to influence the genetic composition of host cells and, in many cases, the
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evolution of entire species. Furthermore, because integration preserves the
structure of the viral genes and because infectious retroviruses can be produced
after all gene products are supplied in trans, these viruses have been useful as
vectors for gene therapy. These and other unique features of the replication cycle
explain the far-reaching impacts of retroviral research on eukaryotic molecular
biology and cell biology.

Endogenous Viruses

As noted above, a unique feature of retrovirus replication is the obligate require-
ment for integration into the host genome for efficient expression. Integrated
proviral DNA remains a stable part of the cellular genome. Even though reverse
transcription is an error-prone process with high potential for alteration of the
provirus, integration fixes its position and sequence since further replication
occurs through the cellular machinery. If a germ cell is infected, then the retrovi-
rus becomes permanently part of the genetic makeup of offspring resulting from
that cell. Although germline infections are rare, such insertions have occurred
many times throughout mammalian evolution, indicating that retroviral insertions
are stable and ubiquitous. These viruses, referred to as endogenous viruses,
become normal components of the genome (Jern and Coffin, 2008; Stoye, 2001)
(see also chapter on Endogenous Retroviruses and Cancer).

Because of their stability, endogenous viruses have been used as genetic
markers to determine evolutionary relationships. Despite this inherent stability,
endogenous virus LTRs, which are direct repeats, have been particularly suscep-
tible to recombination events. While such recombination events are extremely
rare in the lifetime of individual cells, evolution has produced many events that
result in the deletion of all retroviral sequences except a single or “solo” LTR
(Hughes and Coffin, 2001). For example, human endogenous retroviruses com-
prise about 8% of the human genome, but most of these sequences represent solo
LTRs (Jern and Coffin, 2008). Nonetheless, as illustrated by their large number
in the human genome, such sequences contribute greatly to the overall genetic
makeup of an organism.

Although many endogenous viruses have been silenced by mutations occur-
ring in the millions of years since germline introduction, some remain active or
are activated under certain circumstances. Many endogenous viruses, such as
Akvl, a mouse endogenous gammaretrovirus, contribute by recombination to
replication-competent viruses that directly cause tumor development (Coffin,
Stoye and Frankel, 1989). Components of other endogenous viruses regulate
susceptibility of the host to particular viruses by encoding proteins that block
cellular receptors, or interfere with other steps in infection. Indeed, certain retro-
viral genes and their functions were identified before their association with
endogenous viruses became evident (Jern and Coffin, 2008). The Sag proteins
encoded by endogenous MMTVs (Mtvs) and the Fv4 locus, actually an endogenous
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murine gammaretrovirus, are salient examples. The open reading frame that
encodes Sag was identified through sequence analysis of MMTV (Donehower,
Huang and Hager, 1981) some years before the significance of the coding region
was understood. The significance of the open reading frame was revealed through
studies of host products that influenced the T-cell response in particular strains of
mice (Abe and Hodes, 1989; Janeway et al., 1989), a property known long before
the discovery of its function as a superantigen. Understanding these seemingly
disparate features helped advance our understanding of MMTV transmission
(Acha-Orbea and MacDonald, 1995). In a similar fashion, Fv4 was identified as
a locus that restricted infection by MuLV (Kai et al., 1976) prior to the discovery
that an endogenous virus-encoded Env protein (Ikeda and Sugimura, 1989) func-
tioned through super-infection resistance mechanisms to block the incoming
virus (Taylor, Gao and Sanders, 2001).

Other Consequences of Integration

Retrovirus integration disrupts cellular sequences at the point of integration and can
affect the expression of cellular genes over long distances. These changes can occur
through the effects of viral enhancer sequences located primarily within the LTR or
through mechanisms that allow transcription beginning in viral sequences to proceed
into cellular sequences. In addition, integration affects the relationship of normal cel-
lular regulatory and coding sequences by disrupting the positioning of these elements
within a gene. All of these events may upregulate expression of cellular genes and, in
rare instances when the integration occurs near a proto-oncogene, cell growth can be
altered (Rosenberg and Jolicoeur, 1997). In some cases, integration can disrupt a
gene, resulting in a truncated protein product that lacks regulatory sequences and
functions independently of normal cellular cues. Such events are believed to be
required for oncogenesis by retroviruses that lack oncogenes (see also chapter on
Retroviruses as Tools to Identify Oncogenes and Tumor Suppressor Genes).

Tumor induction is not the inevitable consequence of retrovirus regulation of a
neighboring gene. Some integrations result in altered gene expression in ways that
do not induce disease, but influence host phenotype in other ways. One classical
example is illustrated by the effects of a gibbon ape leukemia virus (GaLV)-derived
endogenous virus. GaLV integrated into an early primate that produced Old World
monkeys and great apes. As a consequence, these animals express pancreatic amy-
lase gene in the parotid gland (Samuelson et al., 1990; Ting et al., 1992), a modifi-
cation that may have influenced the preference for starchy foods displayed by these
primates and their relatives today.

Although upregulation of cellular gene expression is one consequence of retro-
viral integration, these events can occasionally result in loss of gene expression.
Loss of expression, like activation, is often associated with oncogenesis caused by
infection with retroviruses that lack oncogenes. Because of their relatively random
nature, integrations that inactivate gene expression typically affect only one of two
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copies of a somatic cell gene. Thus, many inactivation events have minimal conse-
quences to the cell compared to gene activations. Nevertheless, integrations result-
ing in haploinsufficiency of genes that encode tumor suppressors have been
reported. For example, integration into the gene encoding the p53 tumor suppressor
has been documented in Friend MuLV-induced tumors (Ben-David and Bernstein,
1991; Ben-David et al., 1988). Integrations affecting NF1I, a gene that encodes a
Ras pathway regulatory protein (GAP) also have been reported (Buchberg et al.,
1990; Cho et al., 1995). Similar to the situation with gene activation, integrations
that lead to loss of gene expression are not invariably associated with tumor induc-
tion. Furthermore, an endogenous MuLV integrated in the Hrs locus of HRS/J mice
is responsible for disrupting the gene, causing the hairless phenotype of these mice
(Stoye et al., 1988).

The products of endogenous viruses also affect host function and developement.
A particularly striking example is syncytin-1 and syncytin-2, molecules involved in
placenta morphogenesis (Mi et al., 2000). These molecules are products of the
endogenous Env genes; syncytin-1 is encoded by the env gene of the ERVWEI1
human endogenous retrovirus (HERV-W) locus and syncytin-2 is encoded by
HERV-FRD (Blaise et al., 2003; Mallet et al., 2004; Mangeney et al., 2007).
Syncytins are specifically expressed by trophoblasts, cells that form the boundary
between the mother and the fetus in the placenta. These proteins are important for
fusion of cytotrophoblasts, an important step in the development of the placenta.
The molecule also has immunosuppressive properties that may allow immunologic
tolerance of the placenta, a structure that expresses both maternal and fetal antigens
(Mangeney et al., 2007).

The ability of retroviruses to integrate stably and express genes other than those
encoding viral proteins led to their use as tools to manipulate gene expression and
function. The ability to remove coding sequences from the retrovirus genome and
maintain infectious, but non-replicating, virus particles paved the way for the devel-
opment of retrovirus vectors. At the outset, experiments used retroviruses to over-
express non-viral genes of interest and study their effects on cellular processes.
These experiments were rapidly extended by development of retrovirus vectors
designed to introduce genes that have the potential to stably correct genetic defi-
ciencies (Thomas, Ehrhardt and Kay, 2003).

Perhaps the most striking example that highlights both the tremendous benefits
and risks inherent in these vectors have been demonstrated by investigators who used
gammaretroviral vectors to treat human subjects suffering from X-linked severe com-
bined immunodeficiency (X-SCID) (Santilli et al., 2008). Individuals with this disor-
der fail to express a functional membrane protein called the common y chain, a
critical component of cytokine receptors required for the development of immune
cells. As a consequence of the mutation, these individuals are profoundly immunode-
ficient and typically succumb to their disease by their teenage years or earlier (De
Ravin and Malech, 2009). When gammaretroviral vectors expressing the common
vy chain were introduced into these subjects, immune function was restored in dramatic
fashion, a change that allowed the individuals to resume a normal lifestyle (Hacein-
Bey-Abina et al., 2002). Unfortunately, five of the 20 subjects developed leukemia as
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a consequence of integration properties that made the retroviral vector an attractive
approach for gene transfer (Hacein-Bey-Abina et al., 2003; Howe et al., 2008; Neven
et al., 2009). In four of the five affected subjects, the retroviral vector had inserted in
the vicinity of the LMO?2 gene (Nam and Rabbitts, 2006). LMO2 functions in concert
with the SCL and E47 transcription factors during hematopoiesis. Thus, these tumors
arose by insertional mutagenesis, a mechanism long known to be involved in tumor
induction by many oncogenic retroviruses that do not encode oncogenes (see also
chapter on Mechanisms of Oncogenesis by Retroviruses).

As our understanding of integration patterns of particular retroviruses has
emerged, strategies using lentivirus-based vectors, which lack the propensity to
integrate near promoters, are being tested. Such vectors have not yet shown the high
frequency of oncogene activation that characterizes gammaretrovirus-based vectors
(Cattoglio et al., 2007). In addition, strategies including the use of insulator
sequences or self-inactivating (SIN) vectors that maintain expression of the “payload”
gene that is designed to correct a genetic deficiency, but prevent or minimize activation
of cellular genes are being explored (Howe et al., 2008; Montini et al., 2009; Montini
et al., 2006; Thornhill et al., 2008). This work both builds on our deep knowledge of
retrovirus replication extends this knowledge through study of the properties of
different vectors.

Factors Influencing Infection

As noted earlier, the ability of retroviruses to infect cells is mediated by interactions
that involve the virion protein SU and a cellular receptor (Hunter, 1997). Thus,
expression of the appropriate cellular receptor is a major determinant of susceptibil-
ity to infection. For example, most murine leukemia viruses that infect mouse and
other rodent species do not infect human cells, which lack proteins that function as
receptors because of sequence differences. Alpharetroviruses use a variety of recep-
tors and their ability to infect different types of chicken and other avian cells is
largely controlled at the level of host cell receptor expression. Host range restric-
tions are important for limiting mixed infections that allow exchange of retrovirus
information, creating a new virus with higher fitness or an enhanced ability to
spread. Such restriction could also limit the types of cells that are susceptible to
infection. The expression patterns of CD4, the receptor for HIV, control the interac-
tion of this virus with host cells, althout similar examples for oncogenic retrovi-
ruses have not been described.

Although interactions between the SU protein and the cellular receptor play a
central role in determining host range, other factors can affect virus entry. Env
proteins encoded by endogenous viruses can restrict infection by blocking the abil-
ity of the receptor to interact with virus encountering the surface of the cell. This
phenomenon, called superinfection resistance, has been documented in mice,
chickens and sheep (Jern and Coffin, 2008). As noted earlier, the Fv4 locus, first
identified as a cellular gene that restricted infection with some MuLVs (Kai et al.,
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1976), was later revealed to be an endogenous provirus that retained the ability to
encode an Env protein that blocks the receptor needed for MuLV infection (Ikeda
and Sugimura, 1989; Taylor, Gao and Sanders, 2001). A similar phenomenon
occurs in some chickens that are resistant to ALVs (Weiss, 1993).

In addition to restriction mediated by Env gene products, Gag-related mole-
cules can also restrict infection. One example involves an endogenous JSRV that
encodes a mutant Gag that prevents release of virions containing normal Gag
proteins in a dominant fashion (Arnaud, Murcia and Palmarini, 2007). Association
between the normal and mutant forms inhibits the normal trafficking of the func-
tion Gag protein to restrict infection. The FvI locus is a second example. This
locus was originally identified by its ability to partially restrict replication of dif-
ferent types of MuLVs in mice and in tissue culture cells (Lilly, 1967). Restriction
is influenced by CA sequences encoded by the viruses (Boone et al., 1988; Kozak
and Chakraborti, 1996) and is not absolute. Replication is affected after reverse
transcription, but before entry into the nucleus and integration (Jolicoeur and
Baltimore, 1976; Pryciak and Varmus, 1992). Although the mechanism by which
Fv1 orchestrates its effects remain poorly understood, the gene responsible is
related to a retroviral gag gene with similarity to the ERV-L family of endogenous
retroviruses (Best et al., 1996).

In addition to the receptor, other cellular gene products may also influence virus
replication (Wolf and Goff, 2008). Some cytidine deaminases of the APOBEC fam-
ily of proteins. Some members of this family interfere with replication during
reverse transcription by promoting A to G mutations through deamination of cyti-
dines to deoxyuracils (Harris and Liddament, 2004; Huthoff and Towers, 2008;
Wolf and Goff, 2008). This change causes guanine to adenine substitutions when
DNA is generated during reverse transcription. APOBEC proteins are incorporated
into virions of some types of retroviruses when virus is released and exert their
effects following infection of cells. In addition to their role in editing, these mole-
cules may affect infection and tumorigenesis by MMTV and MuLVs using addi-
tional mechanisms (Ross, 2009).

An important mechanism by which retroviral infection is restricted relates to
the cell cycle status of the cell. As noted earlier, unlike the PIC of lentiviruses,
gammaretrovirus PICs and perhaps those encoded by other retroviruses, enter
the nucleus much more efficiently when the nuclear membrane has broken
down during the mitotic phase of the cell cycle (Suzuki and Craigie, 2007).
This feature restricts infection with these viruses to dividing cells. This require-
ment likely has a strong influence on the phenotypes of different tumors
induced by these viruses, many of which cause hematopoietic cancers. Cell
replication is tightly controlled during the differentiation events that give rise
to these cells; end-stage or fully differentiated cells and the earliest stem cells
that give rise to hematopoietic cells are usually not in cycle, whereas many cells
in intermediate stages are dividing. Intermediate stages of hematopoietic cell
differentiation are more susceptible to infection and tumor development
(Rosenberg and Jolicoeur, 1997).
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Types of Oncogenic Viruses

Although oncogenic retroviruses belong to five different genera based on taxonomic
classification, these agents can be further divided based on their ability to replicate
independently (Rosenberg and Jolicoeur, 1997). Many oncogenic viruses contain a
full complement of functional replication genes and induce tumors by affecting the
expression of cellular genes as a consequence of integration and insertional mutagen-
esis. Other oncogenic retroviruses are defective for replication after recombination
with cellular sequences and loss of structural genes. Viruses of this type were initially
isolated as mixed stocks that contained both the replication-competent retrovirus that
participated in the recombination event and the replication-defective virus. These
viruses usually contain oncogenes that induce tumors rapidly because the oncogene
product plays a dominant and direct role in tumor induction (see also chapter on
Deregulation of Signal Transduction Pathways by Oncogenic Retroviruses).

Replication-Competent Viruses and Tumor Induction

Most retrovirus-induced tumors arise following infection with a replication-competent
virus that expresses the four basic genes found in all retroviruses. A wide range of
gammaretroviruses and alpharetroviruses have oncogenic capacity (Maeda, Fan
and Yoshikai, 2008). As noted earlier, tumors arise when one of these viruses
integrates in the vicinity of a cellular gene and alters the expression of that gene
(Rosenberg and Jolicoeur, 1997). Insertional mutagenesis usually involves up-
regulation of the cellular gene by one of several mechanisms (Mikkers and Berns,
2003; Rosenberg and Jolicoeur, 1997). The most flexible mechanism involves the
effect of the LTR enhancer sequences on cellular sequences. Because enhancers
are relatively independent of position with respect to transcriptional orientation
and can reportedly act over >100 kilobases, proviral integration requires little
precision to affect a neighboring gene. Perhaps not surprisingly, the majority of
insertional mutagenesis events that activate cellular genes appear to use this
mechanism.

In addition to enhancer-mediated effects, two other mechanisms increase gene
expression in situations where integration has occurred upstream of the cellular gene.
The first mechanism involves transcripts that readthrough the normal transcription
termination and polyadenylation signals in the 3° LTR to include cellular sequences.
Depending on the virus, such readthrough transcripts may represent 15% of viral
RNA (Herman and Coffin, 1986). These transcripts can then be processed to yield
hybrid RNAs that encode at least a portion of the cellular gene. In second mechanism,
downstream transcripts are generated. These transcripts initiate in the viral 3° LTR to
direct synthesis of a hybrid RNA containing flanking cellular sequence. Both of these
mechanisms are well-documented but, for unknown reasons, tend to be associated
with particular virus and tumor combinations. For example, readthrough transcripts
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are often involved in ASLV-induced erythroleukemia (Fung et al., 1983; Maihle et al.,
1988) and downstream transcripts are particularly prominent in ASLV-induced bursal
lymphoma (Hayward, Neel and Astrin, 1981).

A wide range of genes are activated by retroviral insertional mutagenesis, often
targeting several genes in each tumor. In most cases, insertional mutagenesis affects
genes that encode proteins. However, in at least one instance involving ASLYV,
insertion influences expression of the bic locus which encodes an miRNA (Clurman
and Hayward, 1989; Eis et al., 2005; Tam, Ben-Yehuda and Hayward, 1997; Tam
et al., 2002). The advent of modern genomics has facilitated rapid analysis of inte-
gration sites in a large number of tumors (Du et al., 2005; Lund et al., 2002). These
studies have revealed an extensive list of genes involved in growth, survival and
differentiation that contribute to tumorigenesis (see also chapters on Retroviruses
as Tools to Identify Oncogenes and Tumor Suppressor genes as well as Mechanisms
of Oncogenesis by Retroviruses). Many of these genes are implicated in non-retroviral
tumors and, like other studies of oncogenic retroviruses, their identification in
retroviral models made significant contributions to our understanding of gene
activation and its role in spontaneous human tumors.

Although insertional mutagenesis is a key step in tumor induction by replication-
competent retroviruses, other events are also required. In several mouse model
systems, the generation of recombinant viruses, with changes in both the envgene
and the LTR, is necessary for tumorigenesis (Stoye, Moroni and Coffin, 1991).
Endogenous retroviruses in the host play important roles in the recombination pro-
cess. Tumorigenesis then selects for recombinant viruses with enhanced transcrip-
tion and with an extended host range (see also chapters on Endogenous Retroviruses
and Cancer as well as Emerging Oncogenic Retroviruses).

Replication-Defective Viruses that Lack Oncogenes

Although the majority of retrovirus-induced tumors involve replication-competent
viruses, a number of tumors arise after infection with viruses that have lost the capac-
ity to replicate in the absence of helper viruses. As discussed below, the majority of
these retroviruses contain oncogenes that have been captured from cellular proto-
oncogenes. The spleen focus-forming virus (SFFV) originally isolated in combina-
tion with Friend MuLV is the hallmark of this type of oncogenic agent (Lee et al.,
2003). SFFV induced an erythroid proliferation in mice that leads to massive spleno-
megaly and death of the animal. The key viral gene product responsible for disease
induction is a deleted Env protein that cannot function as a virion component (Kabat,
1989). This molecule interacts with the receptor for erythropoietin, a molecule
expressed by erythroid precursors that normally initiates proliferative signals after
binding the hormone erythropoietin (Ferro et al., 1993; Nishigaki et al., 2001; Wang
et al., 1993). Indeed, although the SFFV Env protein and erthyropoietin do not inter-
act with the receptor in identical ways, the result of the interaction is the same, leading
to a signaling cascade and initiation of proliferation (see also chapter on Deregulation
of Signal Transduction Pathways by Oncogenic Retroviruses).
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Viruses Containing Oncogenes

Nearly 100 different retrovirus isolates contain oncogenes that were derived from
cellular proto-oncogenes. These genes, referred to as v-onc genes, are responsible
for the oncogenic properties of their respective viruses (Rosenberg and Jolicoeur,
1997). These retroviruses have advanced our understanding of the ways in which
altered gene expression contributes to tumor development, but they are not gener-
ally associated with naturally occurring tumors. Each agent arose in a single animal
and their recognition and subsequent study provided tools to understand
oncogenesis.

Consistent with the role that replication-competent retroviruses play in the gen-
eration of replication-defective agents, each of the viruses arose spontaneously in a
host that is infected either naturally or in a laboratory setting with replicating retro-
viruses. Chickens (naturally infected with ALVs) and domestic cats (naturally
infected with FeLLVs) are two common sources of these viruses (Rosenberg and
Jolicoeur, 1997). The importance of chickens as a food source and the role of cats
as human companions enhance the chances that a retrovirus-induced tumor arising
in one of these animals will be recognized by veterinarians and scientists. Mice are
the third major source of these viruses and a common experimental model used to
study retrovirus biology. The careful observation of disease patterns in these ani-
mals led to the identification of many oncogene-containing retroviruses. Indeed,
among this group of viruses, only the primate-derived simian sarcoma virus origi-
nated in another animal.

Oncogene-containing retroviruses arose through recombination between viral
and cellular sequences, a phenomenon called oncogene capture. The rarity of
these events prevented study of this phenomenon in the natural setting.
Nonetheless, comparisons of c-onc and v-onc structure and modeling conducted
using vectors that mimic some steps in the process has suggested that oncogene
capture occurs in a multi-step process (Fig. 1.5). Integration of a retrovirus
upstream of an oncogene is the first step in the capture event (Telesnitsky and
Goff, 1997). Because retrovirus transcription bypasses the normal stop signals in
the 3’LTR as much as 15% of the time (Herman and Coffin, 1986), hybrid tran-
scripts that contain both viral and cellular sequences are generated. Some
readthrough transcripts are incorporated into nascent virions, which can then
infect another cell (Swain and Coffin, 1989, 1992). Because retroviruses package
two copies of their genome, a fraction of virions will contain a wild-type copy of
the replication-competent virus and a copy of the hybrid transcript. When these
viruses infect another cell, template switching during reverse transcription com-
pletes the “recombination” that was initiated by readthrough transcription to
incorporate the cellular sequences into the viral genome. Although these events
are believed to occur at an extremely low frequency, the ability of the newly
acquired v-onc product to stimulate cell growth provides a strong selective advan-
tage for virus-producing cells. Evidence suggests that additional mutation occurs
at this early stage as the virus continues to replicate in the developing tumor
(Vennstrom et al., 1994).
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Fig. 1.5 Oncogene Capture. A model describing oncogene capture is illustrated. A retrovirus
integrates near a cellular proto-oncogene. Transcription generates the expected retrovirus tran-
scripts, but also reads through into the cellular DNA to generate a transcript containing both viral
and cellular sequences. Some virions produced by this cell package a copy of the normal viral
genome and a copy of the readthrough transcript. Recombination between these molecules can
occur during reverse transcription when a virion carrying these two transcripts infects another cell.
As illustrated, the recombination event may lead to incorporation of the proto-oncogene sequences
into the retrovirus

A hallmark of v-onc gene containing retroviruses is their ability to induce
tumors that appear rapidly (within several weeks of infection), a property immedi-
ately evident for viruses that arose in a laboratory setting. Development of tumors
with unexpected phenotypes was a second hallmark displayed by many of these
agents. For example, the Abelson MuLV (Ab-MuLV) was isolated from a mouse
that had been infected with Moloney MuLV (Mo-MuLV) (Abelson and Rabstein,
1970), a virus that induces thymic tumors after a long latency (several months). One
mouse inoculated with Mo-MuLV was treated with corticosteroids to ablate the
thymus, the normal target tissue of the virus. The non-thymic tumor that developed
several weeks after infection allowed the isolation of Ab-MuLV, the causative agent.

The different genes acquired by v-onc-containing viruses encode proteins of
diverse function, yet virtually all are members of protein groups that regulate key
pathways controlling cell growth and survival (Rosenberg and Jolicoeur, 1997),
including growth factors, growth factor receptors, intracellular kinases, G-proteins,
adaptor proteins, and transcription factors (Table 1.2). Many of these proteins and
their respective signaling cascades were first discovered through the study of these
retroviruses. The impact of this work on our understanding of human tumor biology
cannot be underestimated.
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Table 1.2 Representative v-onc Genes
Representative  Representative
Function Gene(s)* Virus(es)* Host Disease
Growth factors V-sis SSv wooly monkey sarcoma
PI-FeSV cat sarcoma
Growth factor v-fins SM-FeSV cats sarcoma
receptors v-erbB AEV chickens erythroblastosis
v-kit HZA4-FeSV cats sarcoma
Non-receptor v-abl Abelson MULV mice lymphoma
tyrosine HZ-2 FeSV cats sarcoma
kinases V-§rC Rous sarcoma virus  chickens sarcoma
v-fgr GR-FeSV chickens sarcoma
Adaptor proteins  v-crk ASV-1 chickens sarcoma
E3 ligase v-cbl Cas NS-1 mice lymphoma
Serine/threonine  v-akt AKTS mice lymphoma
kinases V-mos Mo-MSV mice sarcoma
v-raf 3611-MSV mice sarcoma
G-proteins v-ras" Ha-MSV rat erythroleukemia;
sarcoma
Transcription v-myc MC-29 chickens myelocytomatosis
factors v-myb AMV chickens myeloblastosis
v-erbA AEV-ES24 chickens erythroblastosis
v-fos FBJ-MSV mice osteosarcoma

“Representative viral oncogenes and some of the viruses that carry them are listed.

Despite the wide range of encoded proteins, the v-onc-containing viruses induce a
more restricted set of tumors compared to the spectrum of spontaneous cancers. Most
tumors induced by these retroviruses have a mesenchymal origin, and many induce
sarcomas. Others induce leukemias or lymphomas, tumors involving hematopoietic
cells that affect cells of the B and T lymphocyte, myeloid and erythroid lineages
(Rosenberg and Jolicoeur, 1997). Carcinomas, which are tumors of epithelial origin
and the most common type of human cancer, are not typically associated with these
viruses. Despite this variety, a particular virus is strongly associated with a specific
tumor type. The mechanistic basis for this association remains poorly understood, but
likely reflects properties of the v-onc-encoded protein as well as replication and host
requirements of the virus. For example, the v-abl oncogene was first isolated in
Ab-MuLV, an agent that induces and early B-lymphocyte tumor (Abelson and
Rabstein, 1970). HZ-2 virus, which induces feline sarcomas, also contains the v-abl
oncogene (Besmer et al., 1983a). Although the precise structure of v-abl differs in the
two viruses, the tumor type reflects host differences because expression of the feline
isolate in mice recapitulates the tumor induction pattern displayed by the murine virus.
In contrast, several v-onc containing viruses, isolated independently from different
species that carry the same oncogene induce similar types of tumors. For example,
3611 MSV (Rapp et al., 1983) and MH2 (Jansen, Patschinsky and Bister, 1983),
isolated from mice and chickens, respectively, express the murine and avian homo-
logues of the raf oncogene to induce sarcomas.
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Viruses that contain v-onc genes also generally alter the growth of tissue culture
cells, i.e., cause cell transformation. Infection stimulates aberrant and disorganized
patterns of growth in cell monolayers of chick embryo fibroblasts or immortalized
rodent cell lines, such as NIH3T3 or Rat-1 cells (Rosenberg and Jolicoeur, 1997).
Many of the viruses associated with hematopoietic tumors immortalize cells that were
phenotypically similar to the original tumor cells. Typically in these cases, transfor-
mation correlated with the ability to grow continuously in culture in the absence of
growth factors or cytokines necessary for normal cell proliferation. Viral transform-
ing properties proved extremely useful for identifying viruses that contain v-onc genes
as well as the ability to clone and study the viruses before molecular approaches were
available. In addition, study of the mechanisms of transformation in cultured cells
revealed important insights into the function of the virus-encoded oncoproteins.

Despite the array of functions that characterize the v-onc products, these proteins
share several common features. Their incorporation into a virus allows expression
in every infected cell. Since expression of many v-onc genes is restricted to particular
cell types or differentiation stages, aberrant expression in new cell types may prevent
normal regulatory mechanisms amd can lead to dramatically altered growth. The
Moloney murine sarcoma virus (Mo-MSV), which contains the v-mos oncogene,
illustrates this phenomenon. The cellular c-mos proto-oncogene regulates oocytes
during meiosis (Wu and Kornbluth, 2008) and is not expressed in most somatic
cells; high levels of virus-directed v-mos expression in other cell types is sufficient
to transform cells (Blair et al., 1981).

Most v-onc genes differ in sequence from their cellular counterparts, leading to
mutations that compromise normal regulatory features of the oncoproteins. Loss of
regulatory domains, either through deletion or point mutation, renders these mole-
cules constitutively active in infected cells. For example, the Ras proteins found in
Harvey MSV and several other MS Vs, are constitutively active because point muta-
tions render the active, GTP-bound state of these proteins more stable (Dhar et al.,
1982; Rasheed, Norman and Heidecker, 1983; Tsuchida, Ohtsubo and Ryder,
1982). In a similar fashion, the v-Src protein has lost C-terminal regulatory residues
that modulate the tyrosine protein kinase activity associated with this protein
(Cartwright et al., 1987; Kmiecik and Shalloway, 1987; Piwnica-Worms et al.,
1987). Although changes in protein structure occur more commonly, loss of regula-
tory sequences such as those located in the 3’ untranslated region of the c-onc gene
also contribute to the oncogenic properties of v-onc gene products. This type of
altered regulation is exemplified by the v-fos gene (Verma, Mitchell and Sassone-
Corsi, 1986).

In addition to this type of mutations, many v-onc gene sequences are expressed
as fusion proteins that contain portions of viral sequence. A particularly common
structure involves fusion between Gag sequences and v-onc-encoded sequences.
In many of these cases, the virus-derived sequences contribute to the function of
the protein. For example, in Ab-MULY, the v-Abl protein is fused to Gag residues,
a feature that mediates localization to the inner face of the plasma membrane and
is important for transformation (Rosenberg and Witte, 1988). This situation con-
trasts with the normal localization of the c-Abl protein, which shuttles between the
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cytoplasm and the nucleus in response to a variety of molecular cues. Other v-onc
genes are fused to different portions of coding sequence and, in some instances,
the same oncogene is fused to different parts of the genome in different viruses
(Rosenberg and Jolicoeur, 1997). For example the v-sis gene is expressed as an env
fusion in simian sarcoma virus, but expressed as a gag fusion in a feline sarcoma
virus (Besmer et al., 1983b).

Some v-onc containing viruses have acquired two oncogenes. AEV-ES4, a virus
that induces erythroblastosis in chickens has both the v-erbA and v-erbB genes,
whereas E26-AMYV, an avian myeloblastosis virus carries both v-myb and v-ets. In
each case, independently isolated, oncogenic avian viruses that express only
v-mybor only v-erbB, have also been isolated. However, the presence of both onco-
genes affects the disease patterns observed in infected birds, reflecting the ability
of the gene combination to alter growth and differentiation of the cells differently
than cells infected with viruses expressing only v-myb or v-erbB (Rosenberg and
Jolicoeur, 1997). These observations are similar to findings that demonstrate onco-
gene cooperativity after infection of oncogene-expressing transgenic mice with
retroviruses that lack oncogenes or spontaneous tumors that acquire sequential
mutations to allow tumor progression (see also chapter on Retroviruses as Tools to
Identify Oncogenes and Tumor Suppressor Genes).

Conclusions

Retroviruses have provided tremendous insights into the growth and differentiation
of eukaryotic cells and the de-regulation of these processes that occurs during can-
cer induction and progression. These agents allowed the identification of onco-
genes, both through their incorporation into viral genomes and their effects on
cellular gene expression following proviral integration into host chromosomes. The
ability of retroviruses to stably affect cellular gene expression has provided both
opportunities and liabilities for their use as gene therapy vectors. Their mutagenic
nature also continues to serve as a source of novel agents that induce disease and
the evolution of multiple animal species, including humans. These features are
further explored in subsequent chapters of this volume.
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