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I. Introduction 

RNA tumor virusesl have become increasingly utilized in studies of cellular 
transformation and gene regulation. The genes of retroviruses exist in two forms; 
as extrachromosomal, RNA-containing, infectious particles and as DNA pro­
viruses2 stably associated with cell genes. Components from the extracellular 
form can be collected in large quantity and purified for the preparation of molec­
ular probes. These probes can be used to dissect the sequence of events required 
for the establishment and expression of the integrated form. Furthermore the 
genomes of retroviruses originated from normal cell genes, genes called virogenes2• 

The nucleic acid and protein probes isolated from these viruses are therefore 
useful for studying the nature and expression of this normal cell gene and in 
elucidating the physiological role of its products. RNA tumor viruses perhaps offer 
us one of the most complete sets of biochemical reagents and biological responses 
for examining gene regulation in vertebrates and for studying the consequences of 
aberrant gene regulation on cell growth in tissue culture and in animals. Further­
more, there is an increasing conviction that virogenes play an important role in 
normal development and/or differentiation (RISSER, STOCKERT and OLD, 1978). 
Consequently, there is a growing feeling that DNA proviruses are altered viro­
genes and are capable of interfering with normal development or differentiation, 
causing reprogrammed growth or the incapacity to specialize. 

Before retroviruses can be most effectively used as experimental tools for 
studying the molecular basis of transformation and genetic regulation it will be 
necessary to understand several aspects of the molecular biology of the viruses 

1 A retrovirus is defined here as a replicating, enveloped particle about 1000 A 
in diameter having an inner structure, the core or nucleoid, encircling high molecular 
weight RNA. The virion RNA is poly(A)-containing and has an associated RNA primer 
such that the complex is suitable for copying into DNA using virion RNA-dependent 
DNA polymerase (reverse transcriptase). The definition also extends to variants of 
this type of virus lacking certain components. 

Retroviruses can be subdivided into types A, B, C and D by morphological criteria. 
All sarcoma and leukemia viruses and the endogenous viruses they evolve from are 
type C. Types A, Band D will not be considered in any detail. 

Those retroviruses capable of causing cancer or suspected to have oncogenic 
potential will be called RNA tumor viruses or oncornaviruses. , 

2 The provirus is the double-stranded DNA copy of the viral genes. The provirus 
can exist in a closed circular unintegrated form or can be inserted into a cell chromo­
some following infection by a retrovirus. The virogene is a gene(s) in a normal cell 
carrying viral or viral-related sequences and thought to be the progenitor of the RNA 
tumor virus genome. 

Virol. Monogr. 17 1 



2 I. Introduction 

themselves. The life cycle of RNA tumor viruses in the laboratory (TEMIN, 1974; 
GILLESPIE, SAXINGER and GALLO, 1975; TODARO and GALLO, 1976) and the bio­
chemistry of the viral RNA-dependent DNA polymerase (SARIN and GALLo. 
1974; TEMIN and BALTIMORE, 1972; BISHOP, 1978) have been reviewed by others. 
Several scientists have incorporated the known features of retrovirus molecular 
biology into a cell biology context, hypothesizing on such diverse topics as morpho­
logical transformation (TEMIN, 1971; HUEBNER and TODARO, 1969), RNA 
processing (GILLESPIE, SAXINGER and GALLO, 1975; GILLESPIE and GALLO, 1975), 
immunogenesis (TEMIN, 1974), embryogenesis (TEMIN, 1971; HUEBNER and 
TODARO, 1969; GILLESPIE and GALLO, 1975) and natural selection (BENVENISTE 
and TODARO, 1974; GILLESPIE, MARSHALL and GALLO, 1972). 

In this monograph we have tried to consider several features of the molecular 
biology of RNA tumor viruses that will be important when evaluating these and 
other proposals. We focused on information transfer, especially on the interaction 
between the invading virus and the cell chromosome. We have attempted to bring 
the concepts and results of previous years into line with some of the recent findings 
in molecular biology. In doing so we have imprinted some aspects of the overall 
picture with our own bias and with prevailing scientific opinion, but we have 
tried to indicate when this was the case. 

In this connection we summarize below our working hypothesis on the nature 
of the interaction between an invading virus and its potential host cell, from the 
viewpoint of the DNA recombination event. This event, termed the "integration" 
of the virus genes into the chromosome of the infected cell appears to be the 
critical event with respect to whether the infected cell "\'Irill become transformed, 
whether it will produce infectious virns, whether it will liberate virus-like but 
inactive particles, etc. The synthesis of DNA copies of parental viral RNA by 
reverse transcriptase and the integration of the "free proviral" DNA into host 
chromosomes, as TEMIN proposed in the early 1960's, is now a well docu­
mented and generally accepted process. In the simplest view, one molecule 
of free proviral DNA interacts with DNA of the host chromosome and results in 
the insertion of a single, complete DNA provirus per genome of the infected cell. 
Much of the evidence suggesting such a simple model stems from highly artificial, 
often abnormal host cell/virus combinations, for example, cells infected by a 
virus they never see in nature. Subsequently, very special types of infected cells 
are often selected, for example, virus-producing cells, and they are cloned and 
recloned before their properties are catalogued. 

The natural situation is likely to be considerably more complex. Some more or 
less recent findings require us to modify the basic scheme outlined in the paragraph 
above in order to make the events that occur during integration more compatible 
with the extremely complex nature of these viruses. Three of the recent findings 
are introduced below without supporting references; they will be discussed in detail 
in ensuing sections. 

First, there exist multiple sites of provirus integration in the host chromosome 
(int sites), since some new viral sequences in a virus-infected cell are multiple-copy. 
The number of copies of a virus gene inserted during infection is not readily 
predictable. Infection of mammalian cells by avian viruses and vice versa would 
be expected to result predominantly in a single insertion of all or part of the viral 
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genome, because of lack of homology between the virus genome and its int site 
on the host chromosome. Infection of cells by viruses that naturally interact with 
them would more often result in multiple insertions. 

In some instances int sites may be endogenous virogene sequences (SHOYAB, 
DASTOOR and BALUDA, 1976) but newer results suggest that newly evolved repeat­
ed DNA may serve as integration sites for retroviruses as they do for the DNA 
virus, SV 40 (LAVI and WINOCOUR, 1972; ROSENBERG et al., 1977). These repeated 
int sites could also be recombinational "hot spots", like those GALLO (1974) 
proposed in an attempt to relate RNA tumor viruses to human leukemia. 

Second, any given integration event can result in the insertion of whole or 
partial proviral fragments into the host chromosome and both types of integration 
might take place in the same cell. Thus, different portions of the viral genome 
could be inserted with different frequencies into a single host cell. The frequency 
and extent of integration depend on the titer of free provirus, the mechanism of 
provirus synthesis, the degree of homology between provirus and int, the number 
of int sites and probably other factors. Generally, the study of virus-infected cells 
is biased toward examinations of complete provirus because, ordinarily, virus­
producing cells are selected. 

Third, viruses can acquire cell genes, especially when only part of the provirus 
is inserted into the cell chromosome and when int is a virogene. Viruses released 
from infected cells are often different from the infecting virus(es). During genetic 
change the viruses can acquire new biological properties, such as sarcomagenic or 
leukemogenic potential. 

Probably, the nature of the integration and the events leading up to it deter­
mine the physiology of the infected cell. A partial insertion can lead to a non­
productive state (no viruses liberated from the infected cell), to an S+L- state 
(defective viruses liberated from the infected cell), or to a state where recombinant 
viruses are liberated from the infected cell. The nonproductive state can be 
associated with transcription and translation of viral genes; whether partial 
integration can also result in a totally quiescent situation, at least temporarily, 
is not known but we suspect this is usually the case. It is common for infected 
cells to liberate defective particles (BASSIN, TUTTLE and FISCHINGER, 1970; 
BASSIN et al., 1974). It seems that it is also common for retroviruses to acquire 
cell sequences (SHOYAB, MARKHAM and BALUDA, 1975). Sometimes, these corre­
spond to virogene sequences (HAYWARD and HANAFusA, 1975) and occasionally 
they confer transforming potential upon the virus (SCOLNICK et al., 1973; 
STEHELIN et al., 1976; SCOLNICK, GOLDBERG and WILLIAMS, 1976). 

As expected, the infection process can cause changes in the genome of the 
invading virus (ALTANER and TEMIN, 1970). However, in cells carrying and 
expressing both complete and defective proviruses, transcripts of the complete 
proviruses are preferentially packaged into mature virus particles. In this manner, 
retroviruses are able to preserve some genetic continuity in the face of strong 
mutational pressure. 

The parameters of the virus-infected cell are described above from the view­
point of the virus. The metabolism of the cell following infection is probably also 
determined by the nature of the integration event. Whether the cell is transformed 
certainly depends upon whether src genes of sarcoma viruses become integrated. 

1* 
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Since current models for the origination of sarcoma viruses involve the interaction 
of endogenous viruses or leukemia viruses and cell genes, certain types of infections 
by these viruses may also transform cells. Whether the infected cell is malignant 
in the sense of being able to cause tumors in recipient animals may also be a 
consequence of exactly how the virus integrated, although we are not aware of 
evidence to support this statement. 

It is our bias that the mechanism that viruses use to cause malignancy will 
not be restricted to them. We believe that malignancy is characterized by a type 
of genetic change efficiently carried out by RNA tumor viruses, inefficiently 
caused by mutagenic carcinogens and only indirectly stimulated by nonmutagenic 
agents. Clouding this relatively simple model are the facts that carcinogens have 
other effects, that they interact with one another, that susceptibility to these 
agents is modified by the genetic background and developmental state of the host 
and that most of our information comes from examining the endproduct of all 
of these interactions, rather than each alone. By the time the phenotype of the 
malignant cell is determined, probably by the time its new complement of proteins 
is synthesized, pleiotropy is evident and similarities in the mechanism two different 
cells or organs used in arriving at the transformed state are lost. A central 
question in tumor cell biology today is whether there in fact is a common event­
integration of a certain sequence, integration in a particular location or transcrip­
tion of particular genes, etc.-that characterizes malignancy in general. 

In this monograph we will make a special effort to place facts relating to the 
molecular biology of retroviruses and cell transformation in an evolutionary 
context. It is generally thought that cancers are manifestations of the abortive 
use of a genetic system and that the origination of retroviruses can be explained 
similarly. It seems reasonable, considering the pervasiveness of the cancer pheno­
type and feeling intuitively that the systems of gene mobility and splicing are 
error-prone, that the genetic system will be newly evolved, not perfected, and 
easily aborted. In such a context RNA tumor viruses are especially adept at 
entering and interfering with this putative new genetic system (GILLESPIE, 

MARSHALL and GALLO, 1972). In the past it has been proposed that this genetic 
system involves vertebrate development (HUEBNER and TODARO, 1969), reverse 
transcription and recombination with relocation (TEMIN, 1971), RNA processing 
(GILLESPIE and GALLO, 1975), growth-regulating proteins, etc. Probably, all of 
these ideas will have an element of truth. We feel that they will all be aspects of 
a more-encompassing genetic system. Specifically, we consider the following idea: 
that the genetic system is the evolution of a dynamic genome from a static 
(relatively) one. In this context when int is a repeated DNA, a newly evolved 
repeated DNA sequence, the integrated portion of the virus genome would become 
a moveable gene and might integrate more or less randomly at many points 
throughout the genome (at related repeated DNA locations). Reintegration at 
particular sites, possibly at virogene locations, would affect the expression of these 
sites, leading to altered growth patterns, transformation. In the model, virogenes 
are not normally moveable genes. When an int is brought next to a virogene, the 
virogene would become mobile, infectious, capable of being transferred to another 
location in the same cell, to another cell, even to another animal species. Some 
of the more remarkable aspects of this model, for example, the idea of a gene 
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becoming infectious and being transmitted to other animal species are well-docu­
mented (BENVENISTE and TODARO, 1974). The more mundane questions-whether 
repeated DNA can be int sites, if so whether integration at repeated DNA plays 
a role in determining an infection leading to transformation, etc.-remain poorly 
documented. 

Though this article deals chiefly with the information transfer aspect of RNA 
tumor viruses, a brief introduction to their structure and molecular components 
is useful. The viruses themselves are roughly spherical particles about 1000 A in 

Fig. 1. Electron micrograph of budding retroviruses 

diameter composed of a mixture of cellular and viral-specific molecules. The 
viruses bud from cell membranes so their outer "coat" is composed primarily of 
cell structures (Fig. 1). Within this outer membrane, however, is the major viral 
glycoprotein, a molecule of approximately 70,000 daltons, the gp 70. This protein 
often helps determine the host range of the virus. 
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Situated within the 1000 A particle is a smaller sphere of about 500 A contain­
ing the RNA genome of the virus. The membrane of this core or nucleoid is formed 
just inside the plasma membrane of the cell during the early stages of virus 
budding. The major protein of the core membrane is a 30,000 dalton, virus­
specific protein of unknown function, the p 30. 

Within the core resides the viral RNA and two associated proteins, the reverse 
transcriptase (60,000 daltons) and the p12, a phosphorylated protein of 12,000 dal­
tons. The reverse transcriptase carries out the function that distinguishes retro­
viruses from all other viruses, the formation of DNA copies of the RNA genome. 
The p12 is a protein that specifically recognizes viral RNA but little is known 
concerning its biological role. 

Analogous proteins from different retroviruses vary in molecular weight, but 
within remarkably narrow limits. Despite considerable amino acid sequence 
divergence of analogous proteins from, for example, birds and primates there has 
been considerable conservation of the size of retrovirus structural proteins. To 
date there is no accepted explanation for the conservation of viral protein size or, 
conversely, for the lack of sequence conservation of analogous viral proteins. 

" " I \ , \ 
\ I 

Fig. 2. Structure of Retroviral 30-35S RNA. 
Two large 30-35S RNA molecules are represented; one by a solid line and the other 
by a dashed line. The 5' end is at the top. the 3' end of the RNA is below. The poly(A) 
region is bounded by horizontal slashes. Regions of secondary structure are indicat· 
ed by double helices; only the most stable hydrogen. bonding linkages survive the 
spreading procedure used for making electron micrographs of the viral RNA. The 
primers are represented by short lines parallel to the 30-358 RNA and near the dimer 
linkage structure at the 5' end. After KUNG et al. (1976) and BENDER and DAVIDSON 

(1976) 

The retroviral RNA genome is an unusual aggregate of molecules. There are 
four important RNA molecules in each viral core; two large, probably identical RNA 
molecules about 10,000 nucleotides long and containing the coding information 
for the viral proteins and two (probably) identical tRNA molecules less than 
100 nucleotides long and serving as "primers" for reverse transcription. The 
elegant electron microscopy of SILVIA Hu and NORMAN DAVIDSON and their 
coworkers has established the arrangement of the two large molecules as that 
drawn schematically in Fig. 2. 
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The large RNAs are joined at their 5' ends in a "dimer linkage" structure. 
The dimer linkage involves hydrogen bonding of a few tens of nucleotides. In 
cases where the potential for packaging two different large RNA molecules is 
generated, heteropackaging is not seen (MAISEL et al., 1978). Thus, there may be 
nucleotide sequence selectivity in the dimer linkage. 

At the 3' end of the large RNA molecules is a long stretch of poly (A). The p12 
protein is thought to be bound to the viral RNA at this end while reverse tran­
scriptase binds at the tRNA primer site. 

The map of avian virus RNA has been determined and a generalized sarcoma 
virus map is shown in Fig. 3. Three major loci code for about 7 proteins. The loci 
have been called gag, coding for several low molecular weight proteins, including 
p 30 and p 12; pol, coding for reverse transcriptase; and env, coding for envelope 
glycoprotein, gp70 1. In each case the locus is translated as an intact precursor 

® 
gag pol env src 

® 
0 I I 

llIl 10X 

x 

env src 

llIl \ I v..AJ\.A,A"I'~VJJ 

vp 

\ 
? 

~ gp70 

? 
RT 

Fig. 3. Map of sarcoma virus RNA. 
Genes are abbreviated as follows: gag small, nonglycosylated viral proteins such as 
p30, p15, p12, etc. (vp); pol reverse transcriptase (RT); env envelope protein (gp70); 
src sarcoma-specific gene. Translation of 30-358 RNA begins at the 5' end of the 
RNA molecules. Gag is frequently translated into a polypeptide precursor from which 
the nonglycosylated viral proteins are cleaved and infrequently into a polypeptide 
precursor containing reverse transcriptase. To translate env, it appears that the 30 to 
358 RNA must be cleaved and the 3'-proximal portion can then be translated into a 
polypeptide from which gp 70 is cleaved. Src is probably translated from the cleaved 
RNA but its mechanism, whether it is a read-through product or a specially-processed 

polypeptide, remains speculative 

polypeptide, then mature viral proteins are produced as cleavage products of the 
precursor (JAMJOOM et al., 1977). Sometimes precursor proteins are packaged into 
mature virus particles. Occasionally, gag and pol are transcribed as a single unit 
(KOPCHICK et al., 1978). Gag and pol are translated from the large RNA, indist­
inguishable from virion RNA. Env, however, seems to be translated from a message 
RNA molecule representing the 3' end of the genomic RNA. Some cytoplasmic, 
viral-specific RNA molecules may be untranslatable (TsucHIDA and GREEN, 

1974). 

1 P 12, P 30 and gp 70 proteins of murine retrovirus have analogues of approx­
imately the same size in other retroviruses, e. g. p 15, P 27 and gp 85/gp 37 of avian 
retroviruses. 
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Other loci are defined by biological function rather than by coding potential. 
Avian oncornaviruses possess a "host range" marker near the poly (A) end of the 
RNA (gp70 also influences the host range of the virus). RNA viruses that transform 
fibroblast cells in culture carry a 8rc sequence; in avian viruses 8rc is between 
env and poly (A). 8rc reportedly codes for a protein (BEEMON and HUNTER, 1977; 
PARKS and SCOLNICK, 1977; PURcmo et al., 1978), but there is little agreement 
concerning the nature of the transforming protein in vivo. The ideas that it is a 
protein kinase, an unprocessed gp70, an unprocessed gag protein, even a modified 
p30 have all been proposed within the last year. 

Since this review was completed, several investigators used temperature­
sensitive mutants of Rous sarcoma virus and Kirsten sarcoma virus to describe 
these 8rc gene products as protein kinases (COLLETT' and ERIKSON, 1978; RUR­
SAMEN, FRns, and BAUER, 1979; SHIH et al., 1979). Additionally, the mouse 
sarcoma virus 8rc protein possesses a guanine nucleotide-binding activity (SCOLNICK, 
PAPAGEORGE, and SHIH, 1979). In normal chickens, an analogous protein has 
been discovered (COLLETT et al., 1979). One problem now is whether the 8rc 
protein only causes cell transformation in vitro or whether it causes tumors in 
vivo. LAu et al. (1979) showed that synthesis of mature 8rc protein did not cor­
relate with whether a Rous sarcoma virus-infected (vole) cell line was trans­
formed in vitro, but did determine whether the cells would be tumorigenic in 
nude mice. Conversely, POSTE and FLOOD (1979) claimed that chick embryo 
fibroblasts infected by a mutant of Rous sarcoma virus induced tumors on the 
chorioallantoic membrane of chicken eggs even when active 8rc protein was 
presumably not produced. It will be interesting to do these experiments in a 
biologically homologous system, as did POSTE and FLOOD (1979), carefully 
measuring 8rc protein activity as did COLLETT et al. (1979). However, the situation 
is now complicated by the possibility that there may exist several different 8rc 
genes in any given species (BrsTER and DUESBERG, 1979; DUESBERG and VOGT, 
1979). 

Infection of cells by retroviruses is often abortive, such that only some of the 
functions specified by the intact viral genome are fixed in the infected cell. It is 
becoming increasingly popular to consider that the variability in the biology of 
infected cells results from variability at the integration step. It is no longer 
thought that the entire virus genome must integrate into the host chromosome. 
The biology of the infected cell and of the viruses liberated by productively 
infected cells might be solely determined by which viral sequences become 
integrated and by their location, e.g. by the details of the integration event. It is 
of some use, therefore, to outline the steps permitting the RNA genome of the 
virus to interact with the DNA genome of its host. 

One of the first events in the infection of a cell by a retrovirus is the synthesis 
of DNA copies of the viral RNA (Fig. 4). This activity is carried out by reverse 
transcriptase, an enzyme brought into the cell by the virus. This enzyme is 
capable of using an RNA template for directing the synthesis of complementary 
DNA (cDNA), providing that a primer molecule for accepting the first deoxynu­
cleotide is associated with the template. 

In the case of the retroviruses, the primer is a tRNA molecule and is located near 
the 5' end of the RNA template, the 30-35S viral RNA genome (Fig. 5). Reverse 
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EVENTS IN RNA TUMOR VIRUS INFECTION AND EXPRESSION 

INTEGRATION 

I 
EARLY I NFECTI ON 

EXPRESSION 
Fig. 4. Life cycle of Retroviruses. 

An RNA tumor virus particle (A) fuses with a cell (B). The RNA of the particle 
becomes uncoated (0) and is transcribed into a double-stranded free provirus of DNA 
(D) by associated reverse transcriptase (see Fig. 5 for details of provirus synthesis). 
The double-stranded provirus enters the nucleus (E) and becomes integrated into the 

cell chromosome (P V) 
Expression of the provirus is schematized in the lower part of the figure. RNA is 
transcribed from the integrated provirus, processed and transported to the cytoplasm 
(A-D). It is translated into viral proteins (VP). Viral proteins associate with RNA 
near the cell membrane (E), form virus "buds" (F) and viruses are released into the 

extracellular fluid (G, H) 

transcriptase begins synthesizing eDNA in a direction toward the 5' end! Reaching 
the end of the template, the enzyme-eDNA "jumps" across to the 3' end, skipping 
the poly (A) region, and continues synthesizing eDNA until the initiation site is 
again reached (TAYLOR and ILLMENSEE, 1975; JUNGHANS et al., 1977). Actually, the 
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enzyme does not jump from one end of the template to the other. A short sequence 
is repeated at both ends of the RNA template, allowing the structure to circularize 
once the 5' end is reached (HASELTINE, MAXAM and GILBERT, 1977; SCHWARTZ, 

ZAMECNIK and WEITH, 1977). This redundant sequence is called the "a" sequence 
in Fig. 5 and one copy of it is lost during the formation of cDNA. To make 
double-stranded, free provirus the cDNA is used as template and a complement 
of it is synthesized. Apparently, this strand is synthesized a few nucleotides at a 
time, then oligomers are sewn together (V ARMUS et al., 1978). In any event, the 
double-stranded, free provirus circularizes, becoming a superhelical structure 
(GUNTAKA et al., 1975; GIANNI, SMOTKIN and WEINBERG, 1975). The superhelical 
provirus migrates to the nucleus where the integration event takes place. 

®~:tSynthesisofO:~ Jump to o,--,~,~~::.,o<,,:vx 
PolvlA) "Strong-Stop" 3' Side" cDNA 

cDNA' ----.... • 

ABC D t Formation of 
Double-

t Standard 
t Free 

Provirus 
Flanking 

Provirus 
Flanking 

Sequence szvx cbs Sequence Integration 
i 

_zvx I Tra~scriPtion cb_ 
E 

G ! Polyadenylation 
• 

Cap Capping 
Poly(A) 

0 

® H ® 
Fig. 5. Synthesis of DNA provirus from viral RNA. 

Viral RNA consists of 30-35S RNA, polyadenylated and capped, and associated RNA 
primer (A). cDNA synthesis begins at primer and moves toward the 5' end of the 
30-35S RNA (B). The cDNA "jumps" to the 3' end by hybridizing to redundant 
sequence, "a" (0). The remainder of the 30-35S RNA is copied into complementary 
DNA (D). A second DNA strand is synthesized, creating a double-stranded provirus, 
which circularizes (E). The "a" sequence must be duplicated during integration into 
the chromosome (F) or during RNA synthesis (G) or processing (H). See Gilboa et al. 

(1979) for recent details 

Recent articles by CLAYMAN et al. (1979) and GILBOA et al. (1979) more pre­
cisely detail the synthesis of double-stranded proviral DNA by enzymes con­
tained within retrovirus particles. 

If aberrant integrations were to take place, they would be likely to result from 
aborted cDNA synthesis and complete integration of free provirus or from 
unusual recombination events between the chromosome and a complete or altered 
provirus. It will be a major task of this monograph to decide whether there is 
evidence pertaining to this point and to try to correlate types of integration events 
with the known biological properties of retroviruses, including the ability of some 
of them to cause cancer in animals. 
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II. Origin of Retroviruses 

It is common to speak of viruses as autonomous genetic elements, dependent 
on cell machinery for replication, at least in part, but consisting of an RNA or DNA 
genome unrelated in nucleotide sequence to genes of its host. It does not necessarily 
follow that virus genomes which are unrelated to cell genes did not originate from 
them. If the genome of a given virus evolved independently of the cellular genes 
the degree of virus-cell homology would depend on the rate of virus-cell divergence 
since the origination event and the elapsed time. RNA tumor viruses offer a unique 
model for studying the origination of viruses from cell genes, for it appears that 
many existing RNA tumor viruses originated recently from cellular genes. Indeed, 
retroviruses can in many instances be derived from uninfected cells in the laboratory. 

In 1964, TEMIN proposed that recombination between an infecting RNA 
tumor virus genome (actually its DNA copy) and cell genes was a required 
step in the replication of the virus. Testing of the "provirus" theory over the past 
14 years has demonstrated its validity. It is now known that recombination 
between RNA tumor virus genomes and cell genes results in the acquisition of 
host nucleotide sequences by the virus (SHOYAB, MARKHAM and BALUDA, 1975; 
HAYWARD and HANAFUSA, 1975). This complicates studies of virus origin, for the 
presence of host-related sequences might reflect either the genetic origin of the 
virus or the nature of its recombination events with cells. 

In 1969, HUEBNER and TODARO proposed that normal, uninfected animals 
carry genes capable of giving rise to RNA tumor viruses, genes they called 
"virogenes". A virogene is defined as a normal cell gene, whereas a provirus 
is a new gene inserted into the chromosome of a normal cell during the infection 
process. For some reason it is out of vogue to talk of virogenes but we find 
the concept. useful when considering retroviruses in an evolutionary context. 
The difference between the provirus and virogene theories is that t.he provirus 
theory does not speak to the origin of the virus genome whereas the virogene 
model specifies that the virus RNA is an exact copy of particular genes in normal 
cells. It is now known that there are viruses of the type proposed by HUEBNER and 
TODARO (endogenous viruses) but there is no evidence they cause cancer as the 
model predicted. Thus, the virogene model is most useful when considering the 
origin of retroviruses rather than their tumorigenic potential. 

In the early 1950s, GROSS accumulated evidence that the capacity of mice 
to produce certain RNA tumor viruses was a vertically-transmitted charac­
t.eristic (GROSS, 1951). Later, the presence of viral-related antigens in embryonic 
chicken and mouse cells was reported (DOUGHERTY and DISTEFANO, 1966; PAYNE 
and CHUBB, 1968; WEISS, 1969; GILDEN and OROSZLAN, 1971; see TOOZE, 1977 
for references). These observations led HUEBNER and TODARO (1969) and BENT­
VELZEN and DAAMS (1969) to speculate that RNA tumor virus genomes originated 
from cell genes, that these viral genes are under the control of repressors like those 
postulated by JACOB and MONOD (1961) and that derepression of these genes leads 
to cancer. 

Support for the virogene theory has come from several areas of research. Lowy 
et al. (1971) and AARONSON, TODARO and SCOLNICK (1971) showed that treatment 
of normal cells in culture with halogenated pyrimidines, especially iododeoxyuri-
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dine, IdU, can cause cells to produce endogenous viruses. The induction is aug­
mented by certain steroids and prevented by inhibitors of nucleic acid metabolism 
(Wu et al., 1972, 1974). The viruses are probably also induced by infection of cells 
by other viruses. 

The early induction experiments could have been criticized on the grounds 
that the cells used were defined as normal only because they were withdrawn 
from apparently normal animals, then cultured. They could have become infected 
during the process of culturing. However, more recent studies with primates 
indicate that this is not the case. Using the electron microscope, several workers 
noticed type C particles budding from cells of fresh placental tissue, especially from 
baboon placenta (SCHIDLOVSKY and AHMED, 1973; KALTER et al., 1973). MELNICK 
et al. (1973) were able to rescue a new virus from baboon cells by superinfection with 
feline sarcoma virus. Subsequently, MELNICK and TODARO collaborated to induce 
infectious virus from primary cell strains with IdU (TODARO et al., 1974). The 
baboon virus was passed to secondary cells and has been analyzed in several ways. 
It is clearly an endogenous virus of baboons (BENVENISTE and TODARO, 1974, 
1976; WONG-STAAL, GILLESPIE and GALLO, 1976; DONEHOWER, WONG-STAAL 
and GILLESPIE, 1977). Thus, it appears that normal tissues as well as cells 
cultured from them are capable of producing retroviral particles. 

Molecular hybridization constitutes the main evidence that cell genes can give 
rise to retroviruses. Viral RNA or cDNA has been hybridized to DNA from normal 
or virus-infected tissue or to DNA from cultured cells. It is assumed that virus­
producing cells carry in their DNA all of the viral sequences found in the viral 
RNA genome. RNA or cDNA from some retroviruses hybridizes as well to DNA 
from certain uninfected animals as it does to DNA from cells presumably contain­
ing a complete provirus. Thus, all the genes of this type of retrovirus can be 
detected in DNA of uninfected animals. For example, the RNA of baboon endogen­
ous virus hybridizes as extensively to DNA from normal baboons as it does to 
human cells infected by and producing the virus (Fig. 6). By similar tests RD 114 
is an endogenous virus of cats (NEIMAN, 1973) and the endogenous guinea pig 
virus is a copy of genes in normal guinea pigs (NAYAK, 1974) and several types of 
RNA viruses that can be induced from mice are replicas of mouse genes (BENVE­
NISTE et al., 1977). 

These experiments have shown that DNA from uninfected tissues of animals 
contains sequences complementary to a major fraction, if not all, of the RNA 
genomes of certain viruses they liberate. By the molecular hybridization criteria 
available, the viral DNA sequences (the virogenes) are the same as sequences 
in the viral RNA, not just related to them. It is somewhat vexing that one cannot 
routinely hybridize 100% of the RNA of these viruses to DNA from cells. Failure 
to do so is usually considered to result from technical limitations of molecular 
hybridization with complex DNA genomes; equal hybridization to DNA from 
uninfected (virogene) or virus-infected (provirus) cells attests to this interpretation. 
The observation that on occasion 100% of a cDNA preparation hybridizes to DNA 
of normal tissues is not necessarily comforting because cDNA is seldom, if ever, a 
complete representation of its RNA template. 

Virogene sequences in animal genomes show unusually rapid evolutionary 
change, compared to unique DNA of the same group of animals (GILLESPIE and 
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GALLO, 1975; BENVENISTE and TODARO, 1976). Therefore, RNA from a given 
virus hybridizes best to DNA from only one type of animal, the type that created 
it. In this context, the word "type" means species or genus. Hybridization of the 
same RNA to DNA from distantly related animals will be less extensive. Thus, 
RNA or cDNA from the endogenous chicken viruses RAV -0 and reticuloendothelio­
sis virus hybridize best to DNA from normal chickens and less well to DNA from 
other birds (NEIMAN, 1973; KANG and TEMIN, 1974; TEREBA, SKOOG and VOGT, 
1975; SHOYAB and BALUDA, 1975; but see FRISBY et al., 1979)1. These viruses 
can truly be called endogenous chicken viruses because apparently normal chicken 
cells liberate them and also because there are genes in chickens identical to the 
RNA of these viruses (within the experimental limits of the techniques). Simi­
larly, genomes of xenotropic mouse viruses hybridize best to DNA from Mus 
musculus, the species of mouse from which they were obtained, less to DNA 
from other mouse species or to rats and poorly to DNA from other ani­
mals. (CALLAHAN et al., 1974; BENVENISTE and TODARO, 1974). RNA or cDNA 
from baboon endogenous virus hybridizes best to the baboons, Papio cynocephalus 
and Papio anubis, then, in decreasing order of ability to hybridize the RNA: other 
Papio species, mandrill and gelada baboons, mangabeys, macaques, gnenons, and 
primitive old world monkeys and apes (Fig. 6) (BENVENISTE and TODARO, 1976; 
DONEHOWER, WONG-STAAL and GILLESPIE, 1977). This type of phylogenetic 
continuum shows not only that virogenes exist in the species of baboon that created 
the virus (Papio cynocephalus), but also that they are the products of evolution 
and have been present as long as the primate order has existed. Similar results 
have been obtained with viruses from other species of animal. 

Thus, the RNA of endogenous RNA tumor viruses hybridizes best to DNA of 
the animal from which the virus was isolated even though the animals studied had 
no contact with viruses. In some cases the animals were raised in a germ-free 
environment. In other instances, the virogenes have been found in animals obtained 
from geographically remote regions. These results seem convincing to us that the 
genome of this class of RNA tumor viruses is encoded also in the genome of normal 
progenitor animals and, in combination with the biological experiments, mark 
these sequences as the virogenes postulated by HUEBNER and TODARO (1969). 

So far, all of the RNA tumor viruses of this group, containing RNA that 
hybridizes to DNA from normal tissue in the manner described above are endogen­
ous viruses and lack tumorigenic activity (but see STEPHENSON, GREENBERGER 
and AARONSON, 1974) Unfortunately, "endogenous" RNA tumor viruses are 
usually classified by biological criteria and thus are defined by their phenotype. 
Classifying the viruses by genotype, e.g. by molecular hybridization, need not 
group the viruses in the same manner. Some viruses, the AKR mouse leukemia 
virus, the Kirsten sarcoma virus and some strains of the mouse mammary tumor 
virus have occasionally been called endogenous, but by molecular hybridization 
they cannot be placed in this category because they carry sequences not found in 
normal animals (GILLESPIE and GALLO, 1975; CHATTOPADHYAY et al., 1974). 
An endogenous virus will be defined here as one whose RNA genome is encoded 

1 The age of the RAV-O virogene is uncertain because we cannot decide whether 
it was recently introduced by infection of chickens (FRISBY et aI., 1979) or whether 
it is an ancestral, rapidly-evQlving chicken gene (see pp. 25, 71). 
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Fig. 6 A and B. Hybridization of RNA from baboon endogenous virus to DNA from 
primates. 

Approximately 1,500 cpm of 125I-labeled RNA (0.015 ng) was mixed with 50 [J.g of 
DNA in 10 (.Ll of 0.4 M phosphate buffer. Samples prepared in replicate were heat­
denatured, hybridized at 60° for particular lengths of time, and assayed for formation 
of structures resistant to ribonuclease A. Each Cot unit corresponds to 0.01 hr. Animals 
or cells used to prepare DNA were as follows: A A Papio cynocephalus; 0 Papio 
anubis; ~ Papio papio; • Mandrillus sphinx; 0 Pan troglodytes (chimp); v Hylo­
bates lar (gibbon); • Rattus rattus (rat); .... Mus musculus (mouse). B • NC 37 
(BaEV) cultured human lymphoid cells producing BaEV virus; v Cercocebus torqua­
tus (mangabey); 0 Macaca cyclopis (macaque); A Felis catus (cat); ~ Presby tis 
cristatus (langur); • NC37 uninfected cultured human cells. Results are normalized 
to the maximum percent of the RNA hybridized to DNA from Papio cynocephalus 

(50%). From DONEHOWER, WONG-STAAL, and GILLESPIE (1977) 

8 
Million 

!-Years--! 
(approx) 

Macaques 

} Baboons 
(Sp Mandrillus, Theropithecus) 

} 
Baboons 
(Sp Papio) 

Mangabeys 

Fig. 6C. Phylogeny of the baboon-macaque-mangabey group. 
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in toto and exactly in DNA of every tissue of every member of a phylogenetically­
defined group of animals, e.g. a species. For this reason the term class 1 virus was 
coined to describe an RNA tumor virus containing a genome that hybridizes 
equally from uninfected or virus-infected cells. 

Since TEMIN'S original provirus paper in 1964 it has been known that some 
tumor virus genomes contain genes not present as such in the chromosomes of 
the animals from which they were obtained, a result inconsistent with the simplest 
form of the virogene theory. In 1971, TEMIN proposed an idea reconciling the 
presence of novel sequences in viruses with their apparent cellular origin. He said 
that even though some RNA tumor viruses appear to have originated directly 
from genes of normal cells, these viruses are not tumorigenic and that genetic 
change is required to produce a tumorigenic virus. This "protovirus" theory put 
forth a specific mechanism for promoting this genetic change, a mechanism involv­
ing repeated cycles of copying virogene RNA into free provirus which then 
recombined with the cell chromosome. In practice, it has been found that the 
tumorigenic viruses all carry sequences not found in the genome of the natural 
host animal. This is seen experimentally as more hybridization of the viral RNA 
to DNA from virus-infected, virus-producing cells than to DNA from normal 
tissue. These viruses are called "exogenous" or class 2 viruses. Class 2 viruses 
include chicken sarcoma and leukemia viruses, mouse leukemia and sarcoma 
viruses, cat leukemia and sarcoma viruses, bovine leukemia virus, and primate 
sarcoma and leukemia viruses (SHOYAB, BALUDA and EVANS, 1974; SHOYAB, 
EVANS and BALUDA, 1974; SHOYAB and BALUDA, 1975; GILLESPIE, et al., 1973; 
GILLESPIE and GALLO, 1975; LONI and GREEN, 1975; SCOLNICK, et al., 1974). In 
each of these cases when viral RNA is used as a probe and especially when hybrid­
ization conditions are adjusted to discourage the formation of poorly matched 
complexes only 5-20% of the viral RNA hybridizes to DNA from tissues of 
normal members of the natural host species (GILLESPIE, et al., 1973). 

It should be emphasized that hybridization results obtained using cDNA 
synthesized by some of the viruses are contrary to those obtained using RNA. 
The cDNA synthesized by the viruses mentioned above hybridizes nearly as much 
to DNA from normal animals as it does to DNA from cells infected by and produc­
ing the respective viruses, though the hybrids are not as perfectly matched (see 
GILLESPIE, SAXINGER and GALLO, 1975, for review). This probably means that 
the cDNA used for those experiments was copied from the 5-20% of the RNA that 
is most closely host-related, the ends of the RNA molecule (Fig. 5). 

An important example of this discrepancy is encountered with feline leukemia 
virus. This virus became widespread in the cat population some 3-5 million years 
ago (BENVENISTE, SHERR and TODARO, 1975) and causes leukemia in that 
species (see ESSEX, 1975, for review). BENVENISTE and TODARO claimed that the 
exogenous viral sequences entered the germline of cats and that the virus is now 
endogenous since cDNA copies of the virus RNA hybridized as well to DNA 
from normal cats as it did to DNA from cells infected by and producing the virus. 
Results with virus RNA deny this conclusion (KOSHY et al., 1979). Only 20% of 
the RNA hybridizes to DNA from normal cats while over 50% hybridizes to DNA 
from cells producing the virus. The virus is clearly a class 2 virus and cannot 
therefore be considered endogenous. We believe that the virus was once endogen-
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ous to cats but that it has since evolved away, becoming a class 2 virus. The 
origin of feline leukemia virus is treated in detail in the Section V (Transmission 
of Retroviruses Among Animals) and the genetic relationship with its host 
parallels that between Rauscher leukemia virus and its (mouse) host, described 
below. 

The observation that the bulk of the sequences in the RNA of class 2 viruses 
does not hybridize stably with DNA of normal animals shows quite clearly that 
the genome of these viruses is not coded per se in genes of cells. However, under 

Fig. 7. Hybridization of RNA from Rauscher Leukemia Virus to DNA from mice. 
Hybrids containing 30 [Lg of RNA and 50 [Lg of DNA were prepared in replicate and 
incubated in 0.4 M phosphate buffer at 60° or 70°. Aliquots were taken at various times 
and RNA· DNA complexes were detected by binding to nitrocellulose (detects all 
complexes) or by resistance to ribonuclease A (detects the most perfectly matched 
complexes). 0 nitrocellulose assay on hybrids formed at 60°; " ribonuclease assay on 
hybrids formed at 60°; '" ribonuclease assay on hybrids formed at 70°. A: normal 
mouse DNA; B: DNA from mice producing Rauscher leukemia virus. From GILLESPIE, 

GILLESPIE, and WONG-STAAL (1975) 

conditions of molecular hybridization that favor the formation of hybrids between 
related nucleic acids, in addition to identical ones, it can be shown that the bulk 
of the sequences in RNA of some class 2 viruses is related, though distantly, to 
DNA sequences in normal animals. 
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The simplest case of this type is Rauscher mouse leukemia virus (GILLESPIE, 
GILLESPIE and WONG-STAAL, 1975). Only 20% of the RNA of this virus forms 
RNA-DNA complexes with DNA from normal mice that withstand exposure to 
ribonuclease A in 0.3 M NaCl at 37° C. These conditions of hybrid detection will 
detect the interactions of nucleic acids that are more than 85% related to one 
another, judging from the thermal stabilities of the hybrid structures. Are there 
also DNA sequences in the mouse related to the genome of Rauscher leukemia 
virus, but less so than the homology detected by the ribonuclease assay 1 To test 
this one would have to score all hybrid structures, not just those resistant to 
nuclease. This can be done by trapping the DNA molecules and associated RNA 
on nitrocellulose filters. When this assay is performed on hybrids formed between 
RNA from Rauscher leukemia virus and DNA from normal mice (Fig. 7), it is 
found that the majority of the RNA is converted to hybrid with DNA, as much 
in fact as when DNA from virus-producing cells is used (the JLSV10 cells of 
Fig. 7). The hybridization is a specific one, since it is not obtained when DNA 
from humans or rats is substituted for the mouse DNA, but the relation between 
the viral RNA and the cell DNA is fairly distant with some of the hybrids being 
30% or so mismatched, from thermal denaturation profiles. Thus, the relationship 
between the RNA of Rauscher leukemia virus and the DNA of normal mice is 
such that some of the regions of the RNA are mirrored by closely related mouse 
DNA sequences while other parts of the RNA are not as closely matched by 
sequences in the mouse genome. This situation would follow normally if the 
Rauscher virus originated from mouse cell genes but evolved away, some regions 
of the RNA accumulating changes more rapidly than others. 

As far as is known, Rauscher leukemia virus has been grown only in mice and 
has not replicated in other animals, except experimentally. It is not likely that 
the Rauscher virus has sequences derived from any animal but mice; indeed the 
Rauscher virus sequences only distantly related to mouse genes are more related 
to genes in mice than to genes in other animals as if even they were originally 
derived from mouse genes (see also Section' VI on Relatedness Among Retro­
viruses). How then could the sequences in Rauscher virus become less and less 
like the original progenitor gene 1 The only reasonable answer seems to be TEMIN'S 
(1971); free proviruses in the cytoplasm of cells can recombine with chromosomes 
at new sites, sites slightly different from the gene that served as the original 
template for the provirus. In Temin's formulation the original provirus, an exact 
copy of a virogene, is called a protovirus and it is not until enough genetic change 
occurs that the virus escapes the controlling host regulatory mechanisms that it 
is properly called a provirus. 

Rauscher virus, then, is an example of an RNA tumor virus that has apparently 
stayed within a species and evolved away from its original progenitor genes. Feline 
leukemia virus is an example of an RNA tumor virus that was transmitted from 
one animal species to another and is evolving in its new host. Both Rauscher 
and feline viruses are tumorigenic while their progenitor endogenous virus homo­
logues are not. These viruses and several others like them provide indirect sup­
port for the protovirus model, both in terms of explaining how a host gene can 
escape normal regulation and also supporting the proposal that the property of 
oncogenesis requires genetic change of the virus after its origination. 

Virol. Monogr. 17 2 
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As we have defined them, class 2 viruses carry a majority of sequences not 
found in normal progenitor animals while class 1 viruses carry genomes that are 
exact copies of normal genes. The criteria are established by molecular hybrid­
ization, though the classifications are roughly equivalent to exogenous and 
endogenous viruses, a biological definition. Some viruses are intermediate between 
class 1 and class 2 in hybridization properties in the sense that only a minority 
of their sequences are different from normal cell genes. The AKR mouse leukemia 
virus, for example, is called endogenous by many because it can be routinely 
isolated from the AKR strain of mouse, a strain with a high incidence of leukemia 
(GROSS, 1951; ROWE, 1972). A complete copy of the virus genome can be found 
in this mouse strain and in other related, high incidence of leukemia strains. 
However, the virus is not an endogenous mouse virus because most mice do not 
contain the entire virus genome in their DNA (CHATTOPADHYAY et al., 1974). 
The AKR mouse could be a genetic variant of Mus musculus carrying a mu­
tant virogene. In this case the mouse strain is probably a laboratory artifact; 
high-incidence leukemic strains with shortened life spans would hardly be selected 
under natural conditions. Alternatively, the AKR virus has inserted its novel 
sequences into the germline of the AK mouse. In this case the virus arose by 
infection rather than by "natural" selection, as in the first case, and will only 
become endogenous if the AKR mice and/or its relatives with a high incidence of 
leukemia are selected for and establish a new species. In both cases, there 
existed a single progenitor of all mouse strains with a high incidence of leukemia. 
We have been unable to discern whether this is the case. 

We could consider the AKR sequences to be virogene, rather than proviral 
sequences of the AKR mouse. This definition would seem to be at odds with our 
tenet that endogenous viruses cannot cause cancer while foreign viruses can. 
Cancer-causing genes should not be evolutionarily preserved in the germline. 
However, if virogenes are used during development they are probably selected in 
a very specific context; in the context of critical evolutionary functions. In a 
setting lacking outbreeding and selection for fitness, mutations that would nor­
mally be disastrous can be perpetuated. The AKR mouse is a widely used strain 
and is propagated for its abnormality. 

Similarly, mouse mammary tumor virus is considered to be an endogenous 
virus by several workers. There are many strains and not all have been adequately 
studied. The DW strain carries RNA that hybridizes as completely to DNA from 
normal mice as to DNA from mice producing the virus (GILLESPIE et al., 1973; 
GILLESPIE and GALLO, 1975) but the hybrid with DNA from normal mice is not 
a perfect one, it has a low thermal stability. Thus, the sequences in the virus are 
subtly different from the sequences in DNA of normal mice. Originally, we placed 
this virus in the class 1 group but probably there should be a new classification 
for viruses like AKR and MMTV, one between class 1 and class 2. 

The distinction is more than semantic. Class 2 viruses arise from class 1 
viruses (GILLESPIE et al., 1975) and in this context the intermediate class may 
represent viruses in transit from one class to another. The transition is correlated 
with the acquisition of oncogenic potential and is accomplished by genetic change. 
A fundamental question, largely unanswered, is how much and what kinds of 
change are required for these viruses to become cancer-causing 1 TEMIN (1974) 
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has pointed out that with the avian sarcoma viruses the degree of oncogenesis is 
related to the extent of genetic divergence from the original host genes, perhaps in­
dicating that random changes promote oncogenicity. Conversely, the src gene of 
avian sarcoma viruses is a hereditable genetic entity, suggesting that directed 
changes can also be effective in establishing oncogenic potential. 

Considering the logic of the provirus, virogene and protovirus theories there 
are two mechanisms one might consider for virus origin (Fig. 8). The exact 
meanings of the words "endogenous" and "exogenous" in the context of this 
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Fig. 8. Models for origin of retroviruses. 
Retroviruses can originate through two separate routes: 

I. Naturally-selected genes are expressed and direct the formation of endogenous 
retroviruses. To form indigenous viruses, the endogenous viruses "reintegrate" into 
the (germline of the) same host species but the virus is genetically modified during the 
process; simultaneously, the individual carrying the modified virus becomes sequester­
ed. An example is the AKR virus from AK and related high incidence leukemia mice. 
Reintegration and modification recur in inbred or outbred populations until the 

exogenous virus is significantly different from the endogenous virus 
II. A virus liberated from one species is transferred to a new host species. It remains 
somatic, not integrating into the germline. Gradually, this exogenous virus becomes 
adapted to the new host so that infection becomes widespread. This may occur by 
forming a recombinant virus with regions of homology with the host. Ultimately, the 
virus titer in the population becomes so high that the probability of a germline in­
fection is significant. If the infected individual is selected for and creates a new species 
the virus becomes endogenous to that species. Otherwise the virus would be indigenous 

to a limited group within the species 

monograph are as follows: Endogenous viruses arise directly from virogenes and 
lack tumorigenic potential; foreign viruses (exogenous) contain genomes that are 
substantially different from any genes in animals and they are in general frankly 
oncogenic; and indigenous viruses are between-they contain some "novel" 
sequences and they are mildly oncogenic. There is no conceptual reason that 
indigenous viruses have to be oncogenic; it is interesting that in fact most of them 
are oncogenic. 

In Fig. 8 normal cell genes, virogenes, are considered to be progenitors of 
endogenous viruses which, in turn, can become indigenous and then exogenous 
and frankly tumorigenic (scheme 1). The transitions from one class to another 
represents accumulated genetic change. The distinction among classes is artificial; 
RNA tumor viruses represent a spectrum that is continuous from unaltered virogene 

2* 
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products to completely foreign genetic elements. The second scheme represents a 
different interpretation of the same theories. A virus from an unknown source 
would enter an animal and by recombination acquire hostlike sequences. Having 
become adapted to the new species it becomes widespread and by further recom­
bination become3 more hostlike. Finally, its sequences are introduced into the 
germline of the animal, thereby creating a new virogene in the species. Though 
this manner of introducing a vertically-transmitted virogene into a new species 
may seem unlikely, even fantastic, BENVENISTE and TODARO (1974-1978) have 
gathered an enormous amount of evidence that can be interpreted in no other 
manner (see Section V on Transmission of Retroviruses Among Animals). The 
introduction of RD 114 virogenes into cats from baboons is the best-docu­
mented example of interspecies transfer of virogenes. The model proposed above 
for the origin of the AKR virus also fits this category. 

The two schemes pictured in Fig. 8 are not mutually exclusive. Virogenes 
created by scheme 2 can serve as progenitors of new viruses and any of the viruses 
created by scheme 1 might cross species barriers to create new virogenes. 

Many of the concepts presented in this chapter ran counter to accepted dogma 
when they were originally described, but most are accepted now as reasonable 
working hypotheses from which to proceed. They raise questions and provide 
approaches to problems of a more fundamental nature, some of which are pre­
sented or outlined below. 

Are virogenes used during normal development? The presence of viral-related 
antigens in normal mouse and chicken embryos (DOUGHERTY and DISTEFANO, 
1966; PAYNE and CHUBB, 1968; WEISS, 1969) was one fact that HUEBNER and 
TODARO (1969) used to support their virogene model. Whether these antigens 
are products of virogenes is still not known, though evidence has been accumu­
lating that the gp70 coded by virogenes is expressed during differentiation and 
that different gp70 genes seem to be expressed in different situations (ELDER et al., 
1977). 

Can "switching-on" of genes cause transformation? This has been an extremely 
difficult question to resolve experimentally. The central questions are whether 
oncogenic sequences exist at all, whether they are carried by normal cells and 
whether they can cause transformation when expressed. If the transformation of 
fibroblast cells in tissue culture is an acceptable model for oncogenesis, then 
potentially oncogenic sequences must exist. Rous sarcoma virus of chickens 
carries a genomic sequence some 1500 nucleotides long that is required for virus 
transforming potential and is not found in related but nontransforming viruses 
(STEHELIN et al., 1976). The DNA of normal chickens does not contain this src 
sequence, but it does have a closely related sequence, called protosrc. A similar 
situation holds for transforming viruses of mice and rats (SCOLNICK et al., 1974). 
Therefore, one could argue that the src viral sequences arise by acquisition and 
modification of cell oncogenes or protooncogenes. In this scenario the cell onco­
genes must be genetically modified before they can cause cancer. 

We are not necessarily driven to this conclusion, however. Rous sarcoma virus 
is a highly purified laboratory isolate and cannot be considered representative of 
chicken sarcoma viruses any more than Adg can be considered representative of A 
bacteriophage. src can promote transformation but it may not be an exclusive or 
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even common route to chicken sarcomas in the same way that A virus can incor­
porate the gal genes of E. coli but only rarely does. In fact, other chicken sarcoma 
virus isolates have different src sequences. Perhaps src acts as a trigger for the 
induction of normal cell oncogenes or virogenes that in turn cause the oncogenic 
response. 

Transformation by src in the Teminesque sense, i.e. by integration of a genet­
ically foreign sequence, would not be expected to be reversible. BEATRICE MINTZ 
has provided strong evidence that mouse teratocarcinoma is a reversible pheno­
type. She injected teratoma cells into a blastocyst from a normal mouse and 
allowed the blastocyst to develop within a normal mouse. The teratoma cells 
became part of the normal tissues of the newborn mouse (MINTZ and ILLMENSEE, 
1975; ILLMENSEE and MINTZ, 1976; DEWEY et al., 1977). MINTZ and her coworkers 
concluded that the participation of the teratocarcinoma cell in a normal develop­
mental program signified that the teratoma phenotype was reversible hence was 
not a stable character. 

The problem with this conclusion is that it runs counter to conclusions from 
other systems in which the tumor characteristic is a hereditable trait. One solution 
is to consider the teratocarcinoma a special, atypical case. Another is to specify 
that genetic change is required for cancer but that it is suppressible under certain 
conditions. Indeed, in cell fusions the malignant phenotype is usually recessive. 
Perhaps teratocarcinomas are suppressible by an early developmental activity. 
This would not be an unprecedented conclusion. Leukemia, a malignancy associ­
ated with chromosomal abnormalities, consists of a phenotype (inability of blood 
cells to differentiate) that can sometimes be passed to daughter cells in culture so 
it is in that sense hereditable. Nevertheless, the block in differentiation can be 
reversed by specific growth factors. Thus, it is still reasonable to consider cancer 
to be genetic change, with the qualification that it be suppressible under certain 
conditions. With this bias, we turn to an examination of the organization of the 
genes that are most likely to be involved in this developmental-malignant process, 
the virogenes. 

III. Organization of Endogenous Retrovirus Genes 

In mammals virogenes are multiple copy elements. Estimates of the number 
of copies lie between five and several hundred. This wide range results from 
variations in the copy number of different virogenes and from technical consid­
erations. The conventional means for determining the number of copies of a 
particular gene in mammalian DNA is to follow the kinetics of hybridization of 
labeled RNA or cDNA copies of the gene to a vast excess of unlabeled cell DNA. 
Under this condition the rate of hybridization of the labeled probe, or more 
properly the half-life of the unreacted probe, is dependent on the concentration 
of complementary sequences in the cell DNA (BRITTEN and KOHNE, 1968). The 
condition under which half of the viral probe hybridizes, the CotY2, is related to 
the number of copies of virogenes per haploid genome. Actually, assigning a copy 
number depends on knowing: (1) the degree of divergence between the viral probe 
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and the virogenes, (2) that the viral probe does not react with nonviral sequences 
in the cell DNA, and (3) the kinetics of hybridization of a single-copy standard. 

RAV-O, an endogenous virogene of chickens, appears to be single copy, judging 
from the rate of hybridization of labeled RNA from RAV-O virus to chicken cell 
DNA (NEIMAN, 1973). Virogenes in several mammalian species are multiple copy 
(GILLESPIE, et al., 1973; BENVENISTE et al., 1974). Fig. 6 shows the type of 
hybridization kinetic data used to estimate virogene copy number (from DONE­
HOWER, WONG-STAAL and GILLESPIE, 1977). The Cot% of hybridization of RNA 
from the baboon endogenous virus to DNA of any of several species of baboons 
is around 200, whereas the hybridization of RNA to single copy DNA is 2000 (not 
shown in the figure). There are about 10 copies of virogenes related to the genome 
of the baboon endogenous virus. Similarly, there are about 10 copies of the 
virogenes in mice related to the common type-C laboratory viruses and about 10 
copies of the virogenes in cats related to the RD 114 virus (BENVENISTE and 
TODARO, 1974). Some experiments with RNA probes yielded somewhat higher 
copy numbers in these two cases; closer to 50 copies (GILLESPIE et al., 1973; 
GILLESPIE, GILLESPIE and WONG-STAAL, 1975) but estimates this high are in the 
minority. 

Ideally, one would want stoichiometric evidence for virogene copy number to 
supplement the kinetic experiments, since interpretation of hybridization kinetics 
depends on several simplifying assumptions that may not be valid. Three types 
of stoichiometric molecular hybridization experiments have been used to estimate 
copy number; DNA saturation, DNA titration and RNA competition. These 
methods have been treated from a technical point of view elsewhere (GILLESPIE, 
GILLESPIE and WONG-STAAL, 1975). A DNA saturation experiment is performed 
by increasing the input of viral RNA or cDNA probe while holding the input of 
cell DNA constant, then measuring the quantity of viral probe the cell DNA will 
accept, maximally. The assay is difficult to interpret if the viral probes are 
contaminated with even traces of nonviral RNA. Accordingly, this assay has not 
been successfully used. 

A DNA titration experiment is carried out by holding the input of viral probe 
fixed and varying the input of cell DNA, keeping the Cot value constant. As more 
DNA is added more RNA is hybridized, until all of the sequences in the RNA 
complementary to the virogenes in the cell DNA have been taken up into hybrid 
structures. The approach to completion of the reaction is related to the concen­
tration of virogenes, i.e. to virogene copy number. Usually, a double reciprocal 
representation of the results is graphed because it yields a straight line when 
percent of the RNA hybridized is plotted against DNA input and the slope is a 
linear function of virogene copy number. The results obtained with RNA from 
baboon endogenous virus are consistent with 10 virogene copies per haploid 
genome of baboons (DONEHOWER, WONG-STAAL and GILLESPIE, 1977). 

Both the hybridization kinetics and DNA titration experiments measure DNA 
sequence concentration. If one is dealing with a situation where the entire viral 
probe can be described as complementary to a set of DNA sequences with every 
member of the set having the same reiteration frequency, then the results take a 
fairly simple form. A Cot representation of hybridization kinetics in the simplest 
case is a sigmoidal curve whose slope at the inflection point spans two logs of 
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Cot in its rise from 0 to maximal hybridization (BRITTEN and KOHNE, 1968). 
Hybridization of RNA from RD114 virus to DNA from normal cats takes this 
form as shown in Fig. 9 A. This, and the rather sharp thermal denaturation profile 
of the resultant hybrids was interpreted to mean that the multiple copies of the 
RD 114 virogenes in cats were closely related to one another (GILLESPIE and 
GALLO, 1975). At about the same time evidence was obtained suggesting that 
RD 114 virogenes arose in cats by interspecies transfer of a virus some 3-5 million 
years ago, rather recently in evolutionary terms (BENVENISTE and TODARO, 1974 
and see Section V on Transmission of Retroviruses Among Animals). 
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Fig. 9A. Hybridization of RNA from RD 114 virus to DNA from a domestic cat. 

Approximately 300 cpm of 33H-labeled RNA (·15 ng) was mixed with the specified 
amount of DNA in 10 fl.l of 0.4M phosphate buffer. Samples prepared in replicate were 
heat-denatured, hybridized at 60° for particular lengths of time and assayed for the 

formation of hybrids resistant to ribonuclease. From GILLESPIE et al. (1973) 

Not all virogenes exhibit this molecular hybridization behavior. The hybrid­
ization of RNA from the baboon endogenous virus to DNA from baboons shows 
complicated kinetics (Fig. 6). Treatment of the results with the Wetmur-Davidson 
formulation shows that the hybridization kinetics reflects a mixture of reactions 
with different rates, indicating the participation of cell DNA sequences of different 
reiteration frequencies (DONEHOWER, WONG-STAAL and GILLESPIE, 1977). Thus, 
different parts of the baboon virogene appear to have different reiteration fre­
quency. Similar results have been obtained with virogenes in mice (GILLESPIE, 
GILLESPIE and WONG-STAAL, 1975) and guinea pigs (NAYAK and DAVIS, 1976), 
both studies using RNA probes. 

The notion that baboon virogenes are loci with apparently mixed copy number 
is supported by DNA titration measurements. As mentioned earlier, a double 
reciprocal plot of a DNA titration will be a straight line if the set of DNA se­
quences complementary to the viral probe consists of members with the same 
repetition frequency. Double reciprocal plots of DNA titration assays using RNA 
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from baboon endogenous virus are two or more lines, depending on the species of 
baboon used as a source of DNA (DONEHOWER, WONG-STAAL and GILLESPIE, 1977). 

Fig.9B describes a simple interpretation of these results. The basic idea is 
that early in evolution the multiple copies of virogenes are identical to one another 

ORIGIN AND EVOLUTION OF VIROGENE SEQUENCES 

NO SEQUENCE I 'N',"TOON 

GENOMIC 

SINGLE COPY 
ABC SEQUENCE I AM"",eAT'ON 

(ABC)lO 

1111111"" DNA 

+ 
ETC. ! EVOLUTION 

I ABC I 
I DEF I 
I GHI I 

+ 
ETC. 

10 IDENTICAL 
VIROGENE SEQUENCES 

10-COPY. RELATED 
VIROGENE SEQUENCES 
(COMMON AMONG 
MAMMALS) 

SINGLE-COPY 
VIROGENE 
SEQUENCES 
(CHICKENS) 

Fig. 9B. Model for origin and evolution of virogene sequences. 
It is assumed that virogenes arise by infection or natural selection but in either case 
they first exist as single copy sequences. They are amplified to 10 or so copies per 
haploid genome and at the time of amplification all members are effectively identical 
and probably in tandem. With time the members accumulate mutations giving rise 
to a family of related, nonidentical genes. Eventually, enough changes are accumulated 

so that each member appears distinct by molecular hybridization 
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but with passage of time each copy accumulates genetic changes. Furthermore, 
since different portions of the virogenes code for different functions they are 
constrained differently. Some portions will accumulate mutations readily, other 
regions will be conserved. In the laboratory the RNA probe from a cloned virus 
represents a copy of only one of the virogenes. The apparent number of copies of 
the conserved regions of virogenes is higher than the apparent number of the 
regions that accumulate changes rapidly. Experiments with cDNA tend to mask 
the differences because cDNA is transcribed preferentially from the conserved 
portion (GILLESPIE, SAXINGER and GALLO, 1975); nevertheless, the conserved 
region of baboon virogenes evolved at about 5 times the rate of most single-copy 
baboon DNA (BENVENISTE and TODARO, 1976). In general, virogenes seem to 
evolve more rapidly than most cellular genes. 

Eventually, members of a multiple-copy virogene family may diverge to the 
extent that they would appear single-copy by molecular hybridization, as does 
RAV-O in the chicken genome (see footnote, p. 13). 

The analysis of multiple-copy, divergent genes poses interesting problems not 
encountered in studying the organization of single-copy genes or multiple-copy, 
conserved genes like the ribosomal or histone genes. Specific features that 
characterize one virogene member, features like base sequence or position 
of cleavage sites for restriction endonucleases, may not be typical of viro­
genes as a collective family. Conversely, it is not clear how to study features 
of a particular virogene in the presence of related, nonidentical members or how 
to purify a virogene of special interest. For example, the gene in AKR mice 
that codes for the AKR virus is now being cloned in E. coli. The AKR mouse also 
carries multiple copies of virogenes coding for endogenous type-C viruses, non­
leukemogenic viruses closely related to the AKR virus. Indeed it is not clear that 
the "AKR virogene" can be reliably distinguished from the endogenous virogenes. 

At an even more subtle level it will probably become important to clone 
individual virogenes corresponding to N-tropic, B-tropic viruses (see Section VI 
on Relatedness Among Retroviruses). There is simply not enough knowledge ab­
out these virogenes to do this efficiently. 

An alternative to examining specific features of virogenes for the purpose of 
understanding their organization in chromosomes is to explore general features 
that are independent of the base sequence of the gene. Certain of these features 
can be compared with properties of the viral RNA genome. Virion RNA is about 
10 kilobases in length and has a guanine + cytosine content of about 50% (Table 1 
and references cited therein). These features apparently characterize retrovirus 
genomes as a class; they do not vary substantially among viruses from widely 
divergent species. The base compositional feature, especially, is a useful one 
because the bulk of vertebrate cell DNA has a guanine + cytosine content of 40%, 
so if the base composition of virogenes is like that of viral RNA, virogenes can be 
separated from the bulk of the remainder of the cell genome. 

The high guanine + cytosine content of retroviral genomes is particularly useful 
for asking whether virogenes are continuously codogenic or whether they are 
interrupted by noncoding "intervening" sequences. Several cell genes are known 
to contain internal intervening sequences. Hemoglobin genes (JEFFREYS and 
FLAVELL, 1977; TILGHMAN et al., 1978), immunoglobin genes (BRACK and TONE-
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GAWA, 1977) and ovalbumin genes (BREATHNACH, MANDEL and CHAMBON, 1977) 
in adult cells are interrupted by noncoding sequences several times the size of the 
coding regions. If virogenes were interrupted by large intervening sequences with 
guanine + cytosine content of 40%, the average base composition of virogenes would 
differ markedly from virion RNA. On the other hand, if virogenes were interrupted 
by large intervening sequences of 50% guanine + cytosine content, the length of 
the high G + C virogene unit would be considerable larger than 10 kilobase pairs. 

The guanine + cytosine content of DNA fragments can be determined by 
centrifugation to equilibrium in density gradients of NaI. Such a determination, 
using cat DNA, is pictured in Fig. 10. In this experiment, DNA fragments about 

0.8 

0.6 

0 

'" ~ 
0.4 

0.2 

25 
Fraction Number 

Fig. 10. Buoyant density of RD 114 virogenes of cat DNA. 
Centri/1tgation to Equilibrium. A solution of DNA in NaI was made by mixing 6.0 ml 
of saturated NaI, 0.5 ml of 0.1 M Tris and 0.1 M EDTA (pH 8.0), 0.1 ml of 1 mg/ml 
ethidium bromide and 3.5 ml of DNA in 0.015 M NaCI. DNA fragments were reduced 
in size to an average of 5.5 kilobase pairs by passing the solution 5 times through 
a 11/2 inch 27 g needle at 35--40 ml/min. 14C-Iabeled E. coli DNA was added as a 
density marker, then the final refractive index was adjusted to 1.4340. Ten ml of 
solution and 2 ml of mineral oil was centrifuged for 90 hI' at 25° and 38,000 rpm in a 
type 40 rotor. Approximately 30 fractions were collected from the bottom of the tube. 
RNA-DNA Hybridization. The density gradient fractions were incubated at 100° for 
15 min, cooled in an ice slurry, diluted with 5 ml of ice cold 6 X SSC (SSC = 0.15 M 

NaCI and 0.015 M Na citrate) and passed through 13 mm filters of nitrocellulose 
(Schleicher and Schuell). The DNA-containing filters were washed with 15 ml of 
6 X SSC and 10 mm circles were cut from the center of each filter. They were then 
baked for 4 hours at 80° under vacuum. Each filter was incubated at 37° for 60 hours with 
5000 cpm of 125I-Iabeled RD 114 RNA in hybridization solution (50% formamide, 

3 X SSC, 0.02 M Tris, pH 7.4, and 0.5% SDS, final concentrations) 
After hybridization, filters were batch-washed exhaustively with 3 X SSC, then 
incubated for 2 hours at 37° with 25 ILg/mlof ribonuclease A in 3 X SSC and rewashed 
with 3 X SSC. 125 I radioactivity was measured in a gamma counter. DNA was released 
from the filters by incubation for 40 min at 70° in 1 M HCI. DNA concentration was 
measured spectrophotometrically; 14C was counted in a scintillation counter in 

Aquasol 
The results of two NaI gradients are superimposed; one shows hybridization to domes­
tic cat DNA, the other to leopard cat DNA. Leopard cats lack the RD 114 virogenes. 
RD114 RNA hybridized (cpm) per fraction to domestic (0-0) or leopard (0-0) 
cat DNA; domestic (e-e) or leopard (.-.) cat DNA released from each filter 

(A26o); 14C-Iabeled E. coli DNA marker (cpm, ... - ... ) 
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half the length of the viral genome were used. Virogene-containing DNA fragments 
were located in the NaI gradient by hybridization to RNA from the endogenous 
cat virus, RD 114. Fig. 10 shows that the RD 114 virogene sequences were re­
covered from the gradient at a modal position corresponding to 50% guanine + 
cytosine content, the position where E. coli DNA (G + C = 50%) bands. The bulk 
of the cat DNA was found further up the gradient at the position expected for 
DNA with a guanine + cytosine content of 40%. The cat DNA was heterogeneous 
with respect to guanine + cytosine content of DNA fragments in the 5 kilobase 
pair range, judging from the broad buoyant density profile. E. coli DNA banded 
more sharply because its guanine + cytosine content is conserved along the length 
of its chromosome (ROLFE and MESELSON, 1959; SUEOKA, MARMUR and DOTY, 
1959). 

Intervening sequences of 40% guanine + cytosine content would have lowered 
the modal buoyant density of the RD 114 virogenes below that actually observed. 
Probably there are no low G + C intervening sequences 1 kilobase pair or longer 
near the middle of the RD 114 virogenes. Flanking low G + C regions would lower 
the buoyant density of terminal virogene fragments, an effect illustrated by the 
skewing of the RD 114 virogenes toward main band density in Figure 10. This 
skewing probably does not arise from internal virogene G + C heterogeneity, nor 
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Fig. 11. Buoyant density of baboon virogenes. 
Experimental procedures are described in the legend to Figure 10. 12,000 cpm of 
162 I-labeled baboon endogenous virus RNA was hybridized for 20 hours to baboon DNA 
fractionated on NaI gradients. RNA hybridized per fraction (0--0); baboon DNA 
released from each filter (A26o) (e-e); 14C-Iabeled E. coli DNA marker (cpm 

times 1/4, .... - .... ) 

is it a technical artifact. It arises from the fact that virogenes in cats are flanked 
by long domains of lower guanine + cytosine content DNA, WHEELER and GILLE­
SPIE, in preparation, 1980, and see later). 

Similar results were obtained with baboon DNA and with virogenes in baboon 
DNA (Fig. 11). The virogenes were detected with RNA from the baboon endo­
genous virus. Like cat DNA, baboon DNA banded as a heterogeneous mixture 
of DNA fragments with respect to buoyant density, having a median that corre-
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sponded to a guanine + cytosine content of 40%. Like the RD114 virogenes in 
cats, the baboon virogenes have a higher buoyant density than most of the cellular 
DNA, exhibiting an apparent modal G + C content of about 50%. 

Virogenes from cats and baboons are related to one another; the cat virogenes 
originated by a germline infection of an ancestor of present day cats by baboon 
endogenous virus or its predecessor (BENVENISTE and TODARO, 1974 and see 
Section V on Transmission of Retroviruses Among Animals). The virogenes of 
chickens, the RAV-O virogenes, are totally unrelated to either of the mam­
malian virogenes described above. However, as shown in Fig. 12, the RAV-O 
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Fig. 12. Buoyant density of chicken virogenes. 
Experimental procedures are described in the legend to Figure 10. Each DNA filter 
was prehybridized with 200 ng of unlabeled HeLa cell rRNA in 15 ~l of hybridization 
solution. After 3 days 9,000 cpm of 125I-labeled Rous sarcoma virus RNA in 20 ~l 
of hybridization solution was added and the hybridization was continued at 37° for 
6 additional days. RNA hybridized (cpm) per fraction (0-0); chicken DNA released 
from each filter (A260) (e-e); 14C-labeled E. coli DNA marker (cpm times 1/2 • . -.) 
virogenes, too, exhibit a guanine + cytosine content higher than that of the bulk 
of the DNA from the same source. The RAV-O virogenes, as probed with RNA 
from Rous sarcoma virus (NEIMAN et al., 1974) have a buoyant density somewhat 
higher then the buoyant density of the cat and baboon virogenes, in agreement 
with the higher guanine + cytosine content of the RNA from a closely related 
virus, RAV-l (compare Roy-BURMAN and KAPLAN, 1972 with ROBINSON, PIT­
KANEN and RUBIN, 1965 and see Table 1). Therefore, it is unlikely that the avian 
type-C virogene is interrupted by a long intervening sequence of low G + C 
content. 

In addition to true virogenes the DNA of at least some animals carries regions 
related in nucleotide sequence to the genomes of class 2 retroviruses. The produc­
tion of infectious virus from these sequences has not been observed. In cats the 
genes related to the feline leukemia virus are examples of this type of sequence. 
Fig. 13 shows that the feline leukemia virus-related genes in cats share the 
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property of virogenes of being high G + C sequences. The same is true of genes in 
mice related to Rauscher leukemia virus (Fig. 14) and of genes in mice related to 
simian sarcoma virus (Fig. 15), a virus that naturally infects primates but was 
thought to have arisen from genes in normal mice (BENVENISTE et al., 1974; 
WONG-STAAL, GALLO and GILLESPIE, 1975). 
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Fig. 13. Buoyant density of cat DNA related to feline leukemia virus. 
Experimental procedures are described in the legend to Figure 10. Each DNA filter 
was prehybridized with 200 ng of Rela cell rRNA in 15 III of hybridization solution. 
After 2 days 1,800 cpm of 125I-Iabeled feline leukemia virus RNA in 15 III of hybrid­
ization solution was added and the hybridization was continued for 6 additional days. 
The results of two separate NaI gradients are superimposed; one shows hybridization 
to domestic cat DNA the other to leopard cat DNA. Leopard cats lack the feline 
leukemia virus-related DNA. RNA hybridized (cpm) per fraction to domestic (0-0) 
or leopard (0-0) cat DNA; domestic (_e) or leopard ( __ ) cat DNA released from 

each filter (A260); 14C-Iabeled E. coli DNA marker (cpm times 0.1, a-a) 
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Fig. 14. Buoyant density of mouse DNA related to Rauscher leukemia virus. 
Experimental procedures are described in the legend to Figure 10. Each DNA filter 
was prehybridized with 200 ng of unlabeled ReLa cell rRNA in 15 III of hybridization 
solution. After 4 days 4,500 cpm of 125I-Iabeled Rauscher leukemia virus RNA was 
added and the hybridization was continued at 37° for 5 additional days. RNA hybrid­
ized (cpm) per fraction (0-0); mouse DNA released from each filter (A26o) (e-e); 

14C-Iabeled E. coli DNA marker (cpm times 1/2, a-a) 
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Fig. 15. Buoyant density of mouse DNA related to simian sarcoma virus. 
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Experimental procedures are described in the legend to Figure 10. Each DNA filter 
was prehybridized to 200 ng of HeLa cell rRNA in 15 fl.l of hybridization buffer. After 
3 days 16,000 cpm of 125I·labeled simian sarcoma vims RNA in 20 fl.l of hybridization 
solution was added and the hybridization was continued for 6 additional days at 37°. 
RNA hybridized (cpm) per fraction (0--0); mouse DNA released from each filter 

(A26o) (e-e); 14C-Iabeled E. coli DNA marker (cpm times 1/4, a-a) 
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Fig. 16. Buoyant density of human DNA related to baboon endogenous virus. 
Experimental procedures are described in the legend to Figure 10. Each DNA filter 
was prehybridized with 200 ng of unlabeled HeLa cell rRNA in 15 fl.l of hybridization 
solution. After 9 days 8,000 cpm of 125I-Iabeled baboon endogenous virus RNA in 
15 fl.l of hybridization solution was added and the hybridization was continued for 
5 additional days. The DNA from a duplicate gradient was hybridized with 9,400 cpm 
of 125I-Iabeled E. coli rRNA (16S + 23S) in 20 fl.l of hybridization solution for 7 days. 
The results of the two gradients have been superimposed. The results are normalized 
to hybridization to unfractionated, homologous DNA. Baboon endogenous virus RNA 
(0--0) or E. coli rRNA (0-0) hybridized (% of unfractionated, homologous DNA) 
per fraction to human placental DNA; human DNA (e-e, __ ); 14C-Iabeled 

E. coli DNA marker from one gradient (a-a) 
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Therefore, virogenes are high G + C elements and have been conserved as 
such in birds, rodents, carnivores and primates. In a practical sense this fact 
adds a property of virogenes that can be used to characterize a genomic DNA 
sequence suspected of being viral but for which no biological assays are available. 
For example, there exist sequences in human DNA that are evolutionarily related 
to baboon virogenes. They are recognizable by a low level of hybridization of RNA 
or cDNA from the baboon endogenous virus to baboon DNA (BENVENISTE and 
TODARO, 1976; DONEHOWER, WONG-STAAL and GILLESPIE, 1977), but the hybrid­
ization is so low that "nonspecific" hybridization was not ruled out. Fig. 16 
demonstrates that the human DNA sequences that hybridize to the RNA of 
baboon endogenous virus are a select set, being contained in DNA fragments 
having an apparent guanine + cytosine content of 50%. For comparison, the 
extent of interaction between ribosomal RNA from E. coli, an RNA of complexity 
comparable to that of the baboon endogenous virus genome and an RNA of high 
guanine + cytosine content is shown (open square, Fig. 16). The viral RNA-human 
DNA hybrid had a thermal transition in tetraethylammonium chloride (MELCIDOR 
and VON RIPPEL, 1973) expected of a mismatched complex (Fig. 17) and the RNA 
recovered from the hybrid had hybridization properties of baboon endogenous 
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Fig. 17. Thermal melting of BaEV RNA. human DNA hybrids in 2.4 M tetraethyl-
ammonium chloride (TEAC). 

Ten nitrocellulose filters each containing 30 fLgm of human placental DNA were 
prehybridized with 200 ng of unlabeled HeLa r-RNA in 15 fLI of hybridization solution 
(50% formamide-3 X SSC). After 4 days 10,000 cpm of 125I-Iabeled BaEV RNA in 
15 fLI was added and the hybridization was continued at 37° C for 4 additional days. 
After exhaustive washing with 3 X SSC the filters were incubated in 2.4 M TEAC at 
increasing temperatures (0° -+ 75° C at 5° C intervals) for 5 minutes at each tempera­
ture. The 125I-Iabeled BaEV RNA released at each temperature was measured in a 
gamma counter. The results obtained for a typical filter are shown above. The BaEV 
RNA released between 20°-55° C from 10 filters was pooled, precipitated with 2 vol­
umes of ethanol, recovered by centrifugation at 10,000 X g for 2 hours and hybridized 

to baboon or dog DNA immobilized on nitrocellulose filters (see text for results) 
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virus RNA. On the other hand, there has been no report of the isolation of an 
endogenous virus from humans, so the hybridization results can only be classified 
as "consistent" with humans having type-C virogenes. 

In a conceptual sense the conservation of guanine + cytosine content among 
vertebrate virogenes is puzzling. Endogenous viral sequences divergent for more 
than 300 million years have nearly the same guanine + cytosine content. This is 
despite the unusually rapid evolution of virogenes relative to most unique DNA 
sequences (GILLESPIE et al., 1975; BENVENISTE and TODARO, 1976; DONEHOWER 
et al., 1977). This rapid evolution is thought to arise in part from repeated recom­
bination events during infection in addition to rapid accumulation of tolerated 
mutations (ALTANER and TEMIN, 1970; CAU,AHAN et al., 1974). Thus, among 
type-C viruses, the conservation of guanine + cytosine content does not result 
from a conservation of base sequence. In particular, since many of the viruses 
examined lack detectable protein homology, conservation of guanine + cytosine 
content does not result from conservation of coding sequences. 

Some clue concerning the reasons for conserving the guanine + cytosine 
content of type-C viral genomes might be obtained from examining base composi­
tional features of the RNA transcripts of virogenes, the viral genome. Table 1 
shows the best estimates of base composition of the genomes of nine retroviruses 
along with the means and variances (S2) for each individual base and for three 
combinations of two bases. The G + C combination shows the narrowest range of 
values among the nine viruses with a variance of 1.70 which is even lower than the 
variance of any individual base. The variation of s2 between the three com­
bination of pairs is greater than expected by chance alone with p<0.0251 . In 
addition, the S2 of G + C is significantly lower statistically than the s2 of C + A 
(p < .006) or C + U (p < .05). Thus, guanine + cytosine (or adenine plus thy­
mine) content is the most conserved base compositional feature among retroviral 
RNAs. The variation of S2 between the four bases themselves is not statistically 
significant with p > 0.80. Therefore, conservation of G + C does not merely reflect 
a conservation of G and C independently. Instead, as G (or C) increases, C (or G) 
decreases to keep the sum (G + C) constant. 

1 The homogeneity of the variances in Table 1 was evaluated by using 
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Although the conservation of viral RNA structure for the purpose of packaging 
in virions may be important and may account for conserved features in the 
structure of virogenes, we were unable to account for the guanine plus cytosine 
conservation at the RNA level. It seems unlikely that the regulation of guanine­
cytosine content could relate to RNA primary structure for the reasons given 
above or to the secondary structure of the viral RNA since guanine equals cytosine 
would seem a more likely parameter to be conserved. 

In DNA the regulation of guanine plus cytosine content results in regulation 
of interstrand stability (MABMUR and DOTY, 1959). Regions of homogeneous 
physical stability have been indicated in phage DNA (WADA et al., 1976). Such 
homostability regions may play important roles in transcriptional control. For 
example, the ease of DNA unwinding could determine the quantity of a particular 
gene transcript in the absence of discriminating initiation signals. 

Alternatively, the conservation of guanine plus cytosine content may relate 
to the organization of proteins on DNA. It has been proposed that ~- ribbon 
portions of proteins interact with the minor groove of RNA (CARTER and KRAUT, 

ORGANIZATION OF VIROGENES 

Host 
+ 

Vi,ogene Host 

Fig. 18. Diagram of possible organizations of virogenes 

1974), or DNA duplexes (CHURCH, SUSSMAN and KIM, 1977). This is a base 
sequence-indeJilendent interaction but the protein is free to slide in the DNA 
minor groove and probe with hydrogen-bonding groups for base-specific contacts. 
SEEMAN, ROSENBERG and RICH (1976) proposed a system that utilizes two 
H-bonding sites for the recognition of each base pair in double stranded DNA. 
With respect to protein probes the A-T and T-A base pairs are equivalent in 
the DNA minor groove, while essentially all other base pairs exhibit unique 
stereo-chemistry. If the arrangement of AT pairs regulated the interaction of 
control proteins on DNA, then the involvement of a significant number of base 
pairs in the recognition process would both fix the AT content of a region of DNA 
and could contribute to its nucleoprotein structure. This would result in the 
apparent conservation of guanine-cytosine content. 

By examining the buoyant density of larger DNA fragments, it is possible to 
show that the length of the 50% G + C region is about 10 kilo base pairs and that 
these regions are flanked by large domains (> 25 kbp) of lower guanine + cytosine 
content. The general logic of this experiment is depicted in Fig. 18. If virogenes 
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are very long stretches of high G + C content DNA, for example, if they are 
arranged in tandem, then most randomly-sheared DNA fragments up to 50 kilo­
base pairs in length which contain virogene sequences will still have a guanine + 
cytosine content of 50%. Conversely, if virogenes are organized as separated 
genes flanked by long stretches of DNA with an average guanine + cytosine 
content of 40%, then randomly-sheared DNA fragments as short as 20 kilobase 
pairs will, on the average, be composed equally of 50% G + C virogene and 40% 
G + C nonvirogene sequences. The actual curves that relate density of virogene­
containing DNA fragments to fragment-chain length will be characteristic for each 
organization. Some theoretical curves are shown in Fig. 19. They were calculated 
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Fig. 19. Theoretical curve relating DNA fragment chain length and virogene density. 
See text for explanation 

on the assumption that a virogene contains 10 kilobase pairs, that it has a 50% 
guanine + cytosine content throughout its length and that flanking cell sequences 
have a guanine + cytosine content of 40%, like most cell DNA sequences. A model 
having two tandem virogenes of 50% guanine + cytosine content is formally the 
same as -one virogene carrying 10 kilobase pairs of high G + C content intervening 
sequences. Thus, finding the special case of individual organization (top model, 
Fig. 18) rules out high G + C intervening sequences of large size, (i.e. > 5 kilo­
base pairs), as well as indicates a separated organization. 

To differentiate among the models shown in Fig. 18 with respect to the 
RD 114 virogenes in cats, cat DNA was randomly sheared then separated according 
to size by electrophoresis through gels of agarose on a preparative scale (STRAYER, 

3· 
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WHEELER and GILLESPIE, in preparation). DNA was removed from the agarose 
gel by centrifugation in NaI, then the buoyant density of DNA fragments contain­
ing virogenes was measured for different size classes of DNA. Fig. 20 presents the 
size distribution of the DNA recovered from the agarose prep gel and after the 

Fig. 20. Size estimation of DNA fragments analyzed in Fig. 21. 
Randomly sheared cat DNA was fractionated according to size by electrophoresis 
through 0.4% agarose on a preparative scale (see legend to Fig. 25). DNA was recovered 
from the agarose gel by centrifugation to equilibrium after dissolving the agarose in 
NaI. The DNA was banded analytically to measure the buoyant of the RD 114 viro­
genes. Before the DNA was denatured and immobilized on nitrocellulose an aliquot 
was taken for sizing on a slab of 0.3% agarose. Electrophoresis was in 0.04 M Tris­
acetate, pH 7.8, 0.005 M Na acetate and 0.002 M EDTA for 20 hours at 8 rna. The gel 
was stained in 1 fLg/ml of ethidium bromide for 60 minutes, then photographed under 
UV light. Slot A = lambda virus DNA plus lambda virus DNA digested with Eco R 1 

endonuclease. Slot B = 28 million dalton cat DNA (46 kilobase pairs) 

final centrifugation in NaI. Fig. 21 shows the density distribution of the DNA 
fragments 46 kilo base pairs long and containing virogene sequences. Virogenes 
contained in DNA fragments of this large size are of much lower density than viro­
genes contained in DNA 5 kilobase pairs in length (compare Figs. 10 and 21). 
The density at the center of the virogene band of 46 kilo base pair DNA corresponds 
to a guanine + cytosine content of 39.7%, yielding a point that best fits the 
computer-generated curve of an organization based on individually-located viro-
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Fig. 21. Buoyant density of high molecular weight cat DNA containing RD 114 
virogenes. 

DNA fractionated as described in the legend to Figure 20 was mixed with E. coli 
DNA marker and centrifuged at 23,000 rpm for 250 hours. Other experimental pro­
cedures are those described in the legend to Figure 10. Each DNA filter was pre­
hybridized with 200 ng of unlabeled Hela cell rRNA in 15 [1-1 of hybridization solution. 
After 3 days 2,000 cpm of 125I-labeled RD 114 viral RNA was added and hybridization 
was continued for an additional 5 days. RNA hybridized (cpm) per fraction (0-0); 
cat DNA released from each filter (A26o) (e-e); 14e-labeled E. coli DNA marker 

(cpm times 10) ( ... - ... ) 

genes in the cat genome (Fig. 22A). Experiments were performed to study addi­
tional size classes of cat DNA and the results shown in Figs. 22A and B suggest 
that each RD114 virogene (to kilobase pairs) has a high G+C content (e.g. 50%) 
and is flanked by regions of lower G + C content (e.g. 38%). The simplest inter­
pretation at this point seems to be not only that virogenes are separated from one 
another, but also that they are not internally interrupted by large high G + C 
(> 5 kbp) or low G + C (> 2 kbp) intervening DNA. We cannot rule out the 
possibility that virogenes are both fractured and carry intervening sequences of 
high G + C content, but we consider this to be unlikely. We also cannot exclude 
the possibility that virogene units are in tandem but consist of a much larger 
domain than is indicated by the length of the retroviralRNA, i.e. virogenes are 
separated by spacers of low G + C content DNA which are at least 25 kbp in 
length. 

There are two a pTioTi reasons for expecting a tandem organization of virogenes, 
especially in the cat. The cat RD 114 virogenes were newly introduced into the 
species, at least in evolutionary terms. They apparently entered cats by infection 
of germline cells some 3-5 million years ago (BENVENISTE and TODARO, 1974). 
If they entered as single-copy DNA, then they were amplified into to-copy genes. 
The mechanisms of amplification proposed and known to us-involving replica­
tive loops or unequal crossing over (KEYL, 1965; SMITH, 1973 and 1976)-result 
in tandemly organized amplification products. 
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Second, some multiple-copy genes are tandemly organized. Ribosomal DNA 
and histone genes (KEDES et al., 1975) display a tandem organization. 

A first indication that virogenes are tandemly-arranged, but separated by low 
G + C spacers could come from studies of the regions that immediately flank. them. 
If each of the approximately ten virogenes in an animal has the same flanking 
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Fig. 22A. Relationship between length and G + 0 content of cat DNA fragments 
containing RD 114 virogenes. 

Distinguishing between tandem and individual organizations. Oat DNA was randomly 
sheared, fractionated according to size and the buoyant density of DNA fragments 
containing RD 114 virogenes in different DNA size classes was determined as detailed 
in the legends to Figs. 10,20 and 21. The results have been plotted on the theoretical" 

curves described in the text (Fig. 19) 

Fig. 22B. Relationship between length and G + 0 content of cat DNA fragments 
containing RD 114 virogenes. 

Distinguishing between several G + 0 contents for flanking sequences. The same 
experimental results (Fig. 22A) are shown with four theoretical curves. These curves 
assume an individual virogene organization, virogene G + 0 content = 50% and 
virogene size = 10 kbp. The G + 0 content of flanking sequences was varied (36, 38 

40 and 42%) 

sequence, then virogenes could reside within domains of lovy- guanine + cytosine 
content, apparently individually organized, but still be part of a tandem block. 
The following experiments involve studies of baboon virogenes and do indicate 
such conservation of flanking regions. 
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Like the RD 114 virogenes of cats, each baboon virogene is also flanked. by 
domains of low guanine + cytosine content (Figs. 11,23 and 24). Fig. 23 demon­
strates that 140 kilobase pairs-long fragments of baboon DNA containing viro­
gene sequences are lower density than virogene containing fragments 5.5 kilobase 
pairs long (Fig. 11). The density relationship of virogene-containing DNA vs. 
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Fig. 23. Buoyant density of high molecular weight baboon DNA containing baboon 
endogenous virogenes. 

Baboon DNA (140 kbp) obtained as described in the legend to Figure 20 was mixed 
with E. coli DNA marker and centrifuged at 27,000 rpm for 200 hours. Other experi­
mental procedures are those described in the legend to Figure 10. Each DNA filter 
was prehybridized with 200 ng of unlabeled HeLa cell rRNA in 15 fl.1 of hybridization 
solution. After 2 days 2,000 cpm of uiI·labeled baboon endogenous virus RNA was 
added and hybridization was continued for an additional 5 days. RNA hybridized 
(cpm) per fraction (0--0); baboon DNA released from each filter (Az6o) ( __ ); 

14C-Iabeled E. coli DNA marker (cpm times 10) (.t.-.t.) 

DNA fragment length is that expected of a virogene organization consisting of 
10 kilobase pairs of uninterrupted DNA of 50% guanine + cytosine content 
flanked by a long region of about 38% G+C content (Figs. 24A and B). 

Virogenes in baboons are evolutionarily old genes, since related DNA sequences 
can be found by molecular hybridization in DNA of all old world primates, 
including apes and humans (BENVENISTE and TODARO, 1976; DONEHOWER, 
WONG-STAAL and GILLESPIE, 1977). Old world monkeys and apes shared a 
common ancestor some 30-50 million years ago, so the baboon virogenes must 
be at least that old. DONEHOWER, WONG-STAAL and GILLESPIE (1977) postulated 
from RNA-DNA hybridization data that the multiple copies of baboon virogenes 
were nonidentical and that different regions of the virogenes evolved at different 
rates. This conclusion is supported by the analysis of fragments of baboon viro­
genes produced by restriction endonucleases (Fig. 25). The restriction endonucle­
ase, Endo . Eco Rl, cuts DNA at the sequence GAATTC, cutting DNA once 
every 5,000 bases on the average. It would be expected to cut the 10 kilobase 
pair baboon virogene about twice, leaving three DNA fragments containing viro­
gene sequences, One internal fragment and two terminal fragments bearing 
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Fig. 24A. Relationship between length and G + C content of baboon DNA fragments 
containing BaEV virogenes. 

Distinguishing between tand'emah'd individual organizations. Baboon DNA was 
randomly sheared, fractionated according to size and the buoyant density of DNA 
fragments containing baboon endogenous virogenes in different DNA size classes was 
determined as described in the legends to Figs. 10 and 23. The results have been 
plotted on the theoretical curves described in the text (Fig. 19) Fig. 24B. Relationship 
between length and G + C content of baboon DNA fragments containing BaEV 

virogenes 
Distinguishing between several G + C contents for flanking sequences. See legend 

Fig.22B 

flanking cell DNA. In practice when DNA is cut with Endo . Eco RI and the 
resulting fragments are separated according to size on agarose gels many fragments 
are found, so many that a distribution of sequences is generated approximating 
the average size of the total population of baboon DNA fragments with a few 
peaks rising out of the population (Fig. 25). The two major peaks are 8.1 kilobase 
pairs and 4.6 kilobase pairs, judging from quantitative analysis of the virogene 
concentration in each gel slice (see legend to Fig. 25). 

Knowing that baboon virogenes are individually-organized genes of 50% G + C 
content flanked by lower G + C DNA and appreciating their sequence heteroge­
neity with respect to fragmentation by Endo . Eco RI, it becomes possible to assess 
the homogeneity or heterogeneity of the flanking sequences. If the flanking 
sequences are heterogeneous, then the distance between the virogene terminus 
and the first Endo . Eco RI cleavage site in the flanking sequence will not be 
preserved from one virogene to the next. Internal fragments will tend to be more 
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Fig. 25. Size of virogenf1-containing fragments in baboon DNA digested with Eco R 1 
endonuclease. 

Twelve milligrams of baboon DNA was digested with 12,000 units of Endo . Eco R 1 
at 37° for 6 hours. Completion of digestion and lack of random degradation was 
monitored by examining the nature of ribosomal DNA fragments (lower panel). The 
DNA was made 10% in glycerol and applied to the surface of an 0.6% agarose cylinder 
5 inches in diameter and 7 inches in length. Electrophoresis was at 4° and 12 volts for 
7 days. After electrophoresis the gel was sectioned into 0.4 cm slices. The size distribu­
tion of DNA in each slice was determined by placing a small piece of the gel on a slab 
gel and electrophoresing the DNA through the slab in the presence of suitable markers. 
The concentration of baboon endogenous virogenes in each gel slice was measured by 
hybridization in DNA excess as described by VOGELSTEIN and GILLESPIE (1979). 
Briefly, a representative portion of each slice was dissolved in NaI and DNA was 
selectively precipitated from the solution with 0.5 vols of acetone. The DNA was 
collected by centrifugation and overlaid with 10 [1.1 of hybridization solution (70% 
formamide and 0.4 M phosphate; VOGELSTEIN and GILLESPIE, 1977) containing 
125I-labeled RNA from baboon endogenous virus. The system was overlaid with 
mineral oil, incubated at 100° for 10 minutes then at 44° for 3 days. Hybrids were 
detected by resistance to ribonuclease. Similarly, slices containing 18S and 28S rDNA 

were located by molecular hybridization 

homogeneous in size than terminal fragments (Fig. 26). Thus, both the 8.1 kilobase 
pair and the 4.6 kilobase pair Endo . Eco Rl virogene DNA fragments will be 
internal, representing two divergent forms of the baboon virogenes. If either 
fragment were a terminal fragment, the fact would support the idea that virogene 
flanking regions are conserved. Terminal and internal virogene fragments can be 
resolved by centrifugation to equilibrium in NaI gradients. It is important to 
note that the experiment involves specific DNA fragments, produced by nucleases 
that cleave DNA at specific sites and is not constrained by the same logic used 
to assess density distributions of randomly-sheared DNA. Thus, internal fragments 
will lack low G + C flanking domains and will have a higher buoyant density than 
terminal virogene fragments. The density of terminal fragments will be deter­
mined by the ratio of virogene: flanking DNA. 
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Fig. 26. Size distributions of endonuclease-treated virogenes with nonconserved 
flanking sequences 
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Fig. 27. Buoyant density of virogenes in baboon DNA digested with Eco R 1 and size 
of high and low density fragments. 

Baboon DNA was digested with Endo . Eco R 1 and fractionated according to buoyant 
density as described in the legend to Fig. 10. Fractions containing baboon virogenes 
were located by hybridization to 125I-Iabeled RNA from baboon endogenous virus. A: 
DNA from fractions 14 and 19 were precipitated from ethanol and fractionated by 
electrophoresis through gels of 0.6% agarose. The gel was sliced and virogenes were 
located by acetone precipitation and molecular hybridization as outlined in the legend 
to Fig. 25. B: Gel electrophoresis of DNA from NaI gradient fraction 14; 0: Gel electro­
phoresis of DNA from NaI gradient fraction 19. Numbers above peaks represent size 

of DNA fragments in kilobase pairs 
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It should be possible to resolve terminal from internal fragments by measuring 
the size of fragments first separated according to buoyant density or by measuring 
the density of fragments first separated according to size. Fig. 27 A shows the 
density profile of baboon virogenes that have been cut specifically with Endo . Eco 
Rl. There appear to be two density distributions; one centered around 50% G + C 
and one with a lower average buoyant density. Figs. 27B and27C show that the 
predominant fragments present in both areas of the gradient are the 4.6 and the 
8.1 kilobase pair fragments. The method is not reliable enough to indicate whether 
either fragment is terminal or internal, since each density cut contained both 
fragments. 

Figs. 25 and 28 show the reverse experiment. Baboon DNA treated with 
Endo . Eco RI was fractionated according to size by electrophoresis through 
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Fig. 28. Buoyant density of major baboon virogene fragments after Eco R 1 cleavage. 
The 8.1 and 4.6 kbp DNA fragments (slices 17 and 24, Fig. 25) were recovered from the 
agarose gel as described in the legend to Fig. 20. The buoyant density of each purified 
fragment was studied in gradients of NaI as described previously (legend to Fig. 10). 
14C-Iabeled E. coli DNA (50% G + C) and 3H-Iabeled SV 40 DNA (40% were included 
in each gradient to serve as density markers. 125I-Iabeled baboon endogenous virus 
RNA was hybridized to each gradient fraction as described in the legend to Fig. 10. 

The results of duplicate experiments are shown in Table 2 
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agarose (Fig. 25) and the 4.6 and 8.1 kilobase pair fragments were isolated. Their 
apparent G + C content was measured by centrifugation to equilibrium in gradi­
ents of NaI (Fig. 28). The buoyant density of the 4.6 and 8.1 kilobase pair frag­
ments corresponded to G + C contents of 46.7 and 44.4, respectively. Duplicate 
measurements yielded similar results (Table 2). Thus, both fragments are probably 

Table 2. Eco RI fragment8 of baboon virogene8 

DNA 
fragment G + C content (%) 

size 

kbp 
I 

Exp.l 
I 

Exp.2 
I 

Average 

4.6 
I 

47.1 
I 

46.3 
I 

46.7 ± 0.4 

8.1 
I 

44.5 I 44.2 
I 

44.4± 0.2 

terminal, although, we cannot rule out the possibility that a 2 kilobase pair 
(upper size limit permitted from our data) intervening sequence of low G + C 
content accounts for the buoyant density of the 4.6 kilobase pair fragment. This re­
sult suggests that the areas surrounding the 10 kilo base pair virogene are conserved. 
Therefore, multiplication of virogenes from a single copy gene to a 10-copy family 
of genes probably did not arise by interspersion to unselected chromosome loca­
tions. 

It would be interesting to know what virogenes do in their normal setting. They 
are expressed during differentiation (STOCKERT, OLD and BOYCE, 1971; RISSER 
et al., 1978). It seems unreasonable to relegate them to the role of generating 
viruses, especially considering that the viruses, even the endogenous ones, have 
the potential for becoming oncogenic. Possibly, they have a role making use of a 
typical property of viruses, e.g. that of transmission, without requiring that they 
fulfill all the criteria that define a virus, i.e. an autonomous genetic existence. 
MAYER, SMITH and GALLO proposed in 1974 that the baboon endogenous virus 
might effect transfer of information from the mother to her offspring during 
embryogenesis. It is difficult to reconcile this with the genetic similarity between 
mother and child, but perhaps the virogenes operate by gene relocation or rear­
rangement within a cell, rather than between cells and individuals. The genes may 
be normally quiescent unless activated in certain cells by relocation, possibly 
using the mechanism described by TEMIN'S protovirus theory (1971). Probably, 
virogenes would be more prone to interanimal transmission while they are being 
activated for relocation. 

Since virogenes code for endogenous viruses and endogenous viruses can be 
precursors to tumorigenic RNA viruses, virogenes are at least potentially tumor­
igenic themselves. Indeed, HUEBNER and TODARO in 1969 proposed that cancer is 
the "turned on" state of virogenes and an associated gene, the oncogene. Since 
TEMIN proposed his proto-virus model in 1970, a model that demanded genetic 
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change of virogene products to affect carcinogenesis, it has become unfashionable 
to seriously consider the ·virogene-oncogene model. We know that the oncogenic 
sequences of an RNA tumor virus are inherited from cell genes (STEHELIN et al., 
1976) however, it is questionable whether src or its cellular progenitor, protosrc is 
preferentially expressed in tumors (BONDURANT et al., 1979). Other genes appear 
to be preferentially transcribed in transformed cells (GROUDINE and WEINTRAUB, 
1975; ADAMS et al., 1977). The observations that chicken cells produce mRNA 
coding for fetal hemoglobin after infection by Rous sarcoma virus (GROUDINE 
and WEINTRAUB, 1975) might suggest a special relationship between type-C 
viruses and hematopoietic functions, but the work of ADAMS et al. (1977) suggests 
that the expression of several genes is altered after infection. In any event it may 
be reasonable to think in terms of the deregulation of cell genes by an incoming 
virus or by a chemical mutagen. 

One interaction of special interest is that between an incoming virus genome 
and cellular virogenes. Do proviruses integrate within or next to virogenes? Can 
exogenously added viral genes modulate the expression of virogenes? Does this 
modulation affect cellular growth patterns? RISSER, STOCKERT and OLD (1978) 
report that an antigen peculiar to Abelson murine leukemia virus is also found on 
normal cells from marrow, spleen and fetal liver but not on cells from several adult 
tissues. At the end of the discussion of their work they wonder " ... what effects 
on normal cell function and proliferative state such a molecule might have if it 
were constitutively expressed as a consequence of viral infection". This idea, that 
constitutive expression of virogenes, may impair differentiation, cause "de­
differentiation", or otherwise alter growth patterns in producing a "transformed" 
state seems to be becoming more popular. In such a context, the RNA tumor 
viruses can be compared to DNA viruses and carcinogens. The viruses can be 
viewed as site-specific mutagens or activators because of their sequence homology 
with virogenes. Mutagenic carcinogens could disrupt gene expression more 
generally by nucleotide sequence alternation at random positions on the chromo­
some. Nonmutagenic carcinogens might alter virogene expression at a post­
transcriptional level, albeit some mechanism for establishing long-term alterations 
in a pluripotent cell must be proposed in this case. 

In any event, it is important to consider the idea that modulation of the 
regulation of virogenes by infecting RNA tumor viruses can cause cell trans­
formation. The sections to follow on the transmission of Retroviruses among 
cells and on the relatedness among Retroviruses (especially recombinant viruses) 
explore this possibility more deeply. 

IV. Organization of Infectious Retrovirus Genes 

Transmission of RNA tumor viruses begins when virogenes are expressed and 
the gene products are packaged in an extracellular particle. The virus released 
usually grows more readily in cells from a new animal species (secondary cells) 
than in cells from the species that released them. The capacity to produce virus 
is transmitted vertically by both the first and second hosts. Expression of 
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type-C virus information represents a spectrum of biological activities; second­
arily-infected cells can produce biologically active virus, biologically inactive 
particles or produce no particles even though infected. 

Cells infected by an RNA tumor virus contain a DNA provirus integrated into 
the infected cell genome, hence the capacity to produce the viruses can be inher­
ited. Although TEMIN proposed the provirus model in 1964, it gathered few 
supporters until 1970 when he and MIzUTANI (1970) and BALTIMORE (1970) 
discovered an enzyme capable of making the requisite DNA copies of the viral 
RNA genome. Scientific opinion shifted dramatically until TEMIN'S original idea, 
in its simplest possible form was added to the central dogma. In a way this has 
been unfortunate because while the provirus concept is suitable for explaining 
transmission of retroviruses among cells, those natural infections that result in 
oncogenesis may be more complicated. Indeed, TEMIN (1971) in formulating his 
protovirus hypothesis (see Section II on Origin of Retroviruses) indicated that a 
more complex process was likely. 

In its simplest form the provirus theory states: (1) viral RNA codes for viral 
functions (see Figs. 4 and 5), (2) during infection a DNA copy of the viral RNA 
is made, (3) this "free provirus" is integrated in toto into the chromosome of the 
host cell, and (4) the "integrated provirus" is capable of being expressed in a 
manner that leads to production of the original virus by the new host cell (Fig. 4). 
Aside from many studies on the detailed mechanism of action of reverse trans­
criptase, the provirus model is supported by molecular hybridization and DNA 
transfection experiments. 

TEMIN (1964) and BALUDA (BALUDA and NAYAK, 1970; BALUDA, 1972) 
pioneered the molecular hybridization studies using avian RNA tumor viruses. 
Using an excess of RNA purified from RNA tumor viruses they were able to 
show new viral-related sequences in the DNA of virus-infected cells that were 
not detectable in the cells prior to infection. These experiments had three dif­
ficulties that limited interpretation. First, RNA tumor viruses contain cell 
components since they bud from the cell membrane. Particularly, impure 
virus preparations contain cell-derived nonviral RNA molecules. Though viral 
RNA preparations free of cell contaminants were prepared occasionally (BADER 
and STECK, 1969) this was uncommon. Consequently, BALUDA and TEMIN carried 
out their molecular hybridization experiments in the presence of an excess of 
unlabeled (competing) cellular RNA. We know now that many of the sequences 
in RNA tumor virus genomes are mirrored by related cell RNA and DNA, so in 
these experiments some of the viral sequences were probably competed as well. 
Moreover, we cannot know the efficiency of competition of the cell-derived RNA. 
Second, the uninfected cells carried DNA sequences related to a portion of the 
RNA genomes of the viruses studied. Thus, new sequences in the infected cell 
was reflected by about two times higher hybridization values with DNA from the 
infected cell than with DNA from the uninfected cell. Third, at the time BALUDA 
and TEMIN did their early work the Carnegie group was just beginning to learn 
about repetition of DNA sequences in the genomes of animals (BRITTEN and 
WARING, 1965) and the complications that sequence repetition has on interpreting 
molecular hybridization experiments (BRITTEN and KOHNE, 1968). TEMIN and 
BALUDA could not have known the repetition frequency of those DNA sequences 



IV. Organization of Infectious Retrovirus Genes 47 

of the infected cell that became involved in hybrids with viral RNA. If they were 
repeated sequences, then the conclusion that similar sequences were missing in the 
uninfected cell was not warranted, they could only say that the sequences were 
not detectable. Indeed, more recent molecular hybridization work from BALUDA's 
laboratory on proviral sequences in DNA of infected chicken cells shows hybrid­
ization of the viral RNA to a repeated DNA sequence component (DROHAN et al., 
1975). 

Both TEMIN and BALUDA interpreted their results as support of the provirus 
theory, instead of reflecting other biological phenomena such as gene amplification 
or as indicating technical difficulties such as differential extraction of particular 
DNA sequences and, in fact, subsequent, more detailed work supports their 
interpretation. 

Since these early molecular hybridization experiments, several investigators 
confirmed the presence of new, viral-related sequences in DNA from cells infected 
by class 2 viruses (or heterologous hosts infected by class 1 viruses) that are 
missing in uninfected cells. The appearance of these proviral sequences follows 
infection by all studied RNA tumor viruses, including the chicken viruses, Rous 
sarcoma virus (TEMIN, 1964; NEIMAN, 1972) and avian myeloblastosis virus 
(BALUDA and NAYAK, 1970); other bird viruses, the Trager duck necrosis virus 
(KANG and TEMIN, 1974) and duck reticuloendotheliosis virus (KANG and TEMIN, 
1974; COLLET, KIERAS and FARAS, 1975); the feline viruses, feline leukemia virus 
(Table 2) and RD 114 virus (RUPRECHT et al., 1973); the mouse leukemia (GILLE­
SPIE et al., 1973; CHATTOPADHYAY et al., 1974) and sarcoma viruses (GILLESPIE, 
1973; SCOLNICK et al., 1974); bovine leukemia virus (CALLAHAN et al., 1976; 
KETTMAN et al., 1976) and the primate viruses, baboon endogenous virus (BEN­
VENISTE and TODARO, 1974), Mason-Pfizer monkey virus (DROHAN et al., 1977), 
simian (woolly monkey) sarcoma virus (SCOLNICK et al., 1974) and gibbon ape 
leukemia virus (SCOLNICK et al., 1974). Both class 1 and class 2 viruses insert 
proviral genes into new host cells upon infection. No exceptions to this finding 
have been reported, though in some instances proviral DNA is more difficult to 
detect than would have been expected (see later). These experiments have all 
been done with cell DNA in vast excess, using BRITTEN and KOHNE'S paper (1968) 
on repeated DNA sequences as a guide. They have uniformly failed to find exact 
class 2 viral genes in normal cells at a level of one copy per genome. Thus, it does 
not appear that uninfected cells have the capacity to code for the viruses studied 
and models such as amplification of chromosomal genes do not explain the early 
results of BALUDA and TEMIN. 

In many instances class 2 viruses growing in cells of their natural host have 
been studied. The results of hybridization of RNA from class 2 viruses to DNA 
from natural host cells usually take the form of a low level of hybridization to 
DNA from uninfected cells, usually involving 10-30% of the RNA and a larger 
fraction of the RNA hybridized to DNA from virus-infected cells. The hybrids 
that are formed with DNA from uninfected cells involve DNA repeated some 
10-100 times and are poorly base-paired (GILLESPIE et al., 1973; BENVENISTE 
and TODARO, 1974; GILLESPIE and GALLO, 1975). These hybrids probably involve 
viral RNA sequences that have maintained some homology with host virogenes 
by repeated recombination (GILLESPIE, GILLESPIE and WONG-STAAL, 1975). In 
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some instances involving transfer of a virus between species, relatedness to genes 
in the original species reflect vestigial homology as the virus moves genetically 
away from its old host (see Section VI on Relatedness Among Retroviruses). 

In the case of class 2 viruses that have remained within the progenitor host 
virtually all of the viral RNA can be distantly related to the uninfected cell 
genome, since nearly all of the viral RNA can be hybridized when the formation 
of very poorly paired hybrids is permitted (GILLESPIE, GILLESPIE and WONG­
STAAL, 1975). Of course, when DNA from the infected natural host is used well­
paired hybrids involving essentially the entire virus genome can be formed. 

The clearest results concerning the relatedness of a viral genome to DNA of its 
natural host has come from molecular hybridization experiments employing viral 
RNA, not cDNA reverse transcripts of the viral RNA. Even in cases where it is 
clear from viral RNA-cell DNA hybridization that a virus possesses novel RNA 
sequences not found in the natural host, cDNA-DNA hybridizations may show 
complete homology of the viral probe with cell DNA sequences. (Compare V ARMUS 
et al., 1972 with NEIMAN, 1972 for analysis of Rous sarcoma virus; compare GELB, 
AARONSON and MARTIN, 1971 with GILLESPIE, GILLESPIE and WONG-STAAL, 1975 
for analysis of Rauscher leukemia virus; and compare OKABE et al., 1976 with 
KOSHY et al., 1979, for analysis of feline leukemia virus.) 

Feline leukeInia virus is an important example of the limitations of cDNA 
probes when searching for virogenes or viral-related genes in cell DNA. Feline 
leukemia virus is horizontally transmitted among cats (ESSEX et al., 1971; HARDY 
et al., 1973; JARRETT et al., 1973) and is the etiologic agent for most cat leukemias 
and lymphomas (BRODY et al., 1969). Evidence suggests that the virus was 
tranSmitted from rats to cats about 3-5 Inillion years ago (BENVENISTE, SHERR 
and TODARO, 1975, and see following section), almost exactly the same time that 
RD 114 was transInitted from baboons to cats. RD 114 infected the cat germline 
and became a bona tide cat virogene. RD 114 seems not to cause cat leukeInia. 

The situation with feline leukemia virus is less clear. From cDNA hybrid­
ization data (BENVENISTE and TODARO, 1977; OKABE et al., 1976) it appears 
endogenous, but from viral RNA hybridization results it is clearly a class 2 virus 
possessing genes not found as such in DNA of normal cats (KOSHY et al., 1979). 
Thus, cat leukemia is associated with the introduction of a foreign genetic element 
carried by a virus with genetic homology with its host, just as in the cases of mice 
and chickens. 

Occasionally cDNA transcripts can be used to define novel sequences in a virus. 
Host-related sequences can be removed by preparative hybridization (BAXT and 
SPIEGELMAN, 1972; RUPRECHT et al., 1973). Sometimes, the novel sequences can 
be seen by paying extreme attention to detail, as in the case of the AKR mouse 
leukemia virus (CHATTOPADHYAY et al., 1974; Lowy et al., 1974). 

The second type of experiment supporting the provirus model is the DNA 
transfection experiment. First accomplished by HILL and HILLOVA (1972) and 
since confirmed by several investigators, the experiment consists of extracting 
DNA from virus-infected cells then using this DNA to "transfect" normal cells, 
causing them to produce the same class 2 virus produced by the original infected 
cells used to make the DNA. Like the experiments resulting in induction of type-C 
RNA viruses from normal cells, which confirmed the virogene theory at a function-
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allevel, DNA transfection confirms the provirus model at a functional level. Work 
through 1975-1976 leaves little doubt that the provirus concept is essentially 
correct. More recent work defines the mechanism of provirus synthesis, including 
the cytoplasmic (V ARMUS et al., 1978) synthesis of supercoiled viral DNA (GUN­
TAKA et al., 1975) and its migration to the nucleus prior to recombination with the 
host chromosome (SHANK and V ARMUS, 1978). 

It is generally accepted that free provirus recombines with a host chromosome 
and becomes a part of it. However the fact that proviral DNA is physically 
integrated into the host chromosome as linear cell-viral-cell DNA is poorly 
documented. BISHOP, V ARMUS and their colleagues showed that, when DNA of 
infected cells is denatured then reannealed to low Cot, the resultant DNA network 
contains viral sequences (VARMUS, BISHOP and VOGT, 1973). Networks can form 
upon reannealing long pieces of DNA because each molecule carries several 
repeated DNA sequences and highly branched structures can be formed. The 
network is essentially insoluble, while unreacted DNA remains in solution. Since 
viral sequences were found in the insoluble fraction, it was concluded that they 
were physically adjacent to or at least near cell repeated sequences, hence inte­
grated. Of course, if the viral genome itself carried a cell repeated DNA sequence 
it would associate itself with the network, whether or not it was integrated. And 
viral genomes probably do carry cell repeated DNA sequences (DROHAN et al., 
1975, and see later). 

MARKHAM and BALUDA (1973) showed that the viral DNA sequences of the 
infected cell were carried on DNA molecules larger than the viral genome and 
concluded that the viral genome must therefore be integrated. But an episomal 
concatomer of viral genes would also be larger than the original viral DNA. The 
sequences adjacent to the viral genes were unfortunately not identified as cell 
DNA in this study. 

The finding that recombinant viruses can be formed after infection (SCOLNICK 
et al., 1973), especially the type that appear to be recombinant between provirus 
and virogene (ELDER et al., 1977) suggests the occurrence of genetic exchange 
between virus and cell. Again, however, it is not clear that the exchange involves 
chromosomal, rather than episomal, virogenes. 

Transfection of recipient cells by DNA from infected cells (HILL and HILLOV A, 
1972) provides the strongest evidence that retroviruses are capable of integration. 
Very high molecular weight DNA can be infectious and the buoyant density of the 
infecting high molecular weight DNA is that of the bulk of genomic DNA (BAT­
TULA and TEMIN, 1977) confirming the results of MARKHAM and BALUDA (1973) 
and additionally showing the attachment of nonviral DNA to the proviral DNA. 

However, there is evidence that retroviruses do not always integrate. Unin­
tegrated DNA can persist long after infection (V ARMUS and SHANK, 1976). In one 
case a cell that reverted from a transformed phenotype to a nontransformed 
phenotype concommitantly lost proviral sequences (FRANKEL et al., 1978), imply­
ing that proviral genes can be extrachromosomal or that chromosomal genes can 
be selectively discarded. 

Probably, it is prudent to take a conservative view, the view that proviruses 
integrate but that the situation is more complex than the simplest form of TEMIN'S 
theory. Intact or nearly intact proviruses integrate because the viruses produced 

Virol. Monogr. 17 4 



50 IV. Organization of Infectious Retrovirus Genes 

by transfected cells are exactly the ones used to produce the infected cell (HILL 
and HILLOVA, 1972), but it is far from clear that this is the commonest or most 
important mode of integration. 

It is likely that recombination of free provirus with cell DNA usually results 
in partial integration of viral genes. The phenomenon characterizes infection of 
cells by DNA viruses like herpesviruses. The high incidence of abortive infections 
by retroviruses, even with carefully-prepared virus stocks, may result from partial 
integrations of provirus upon infection. Sometimes, the abortive infections are 
characterized by production of only selected viral proteins and occasionally the 
virus particles produced by the cell have only portions of the incoming viral 
genome. These aspects of infection of cells by RNA tumor viruses were reviewed 
in 1975 (GILLESPIE, SAXINGER and GALLo). Since that time, considerable effort has 
been spent on the phenotypic aspect of abortive infection, but few attempts have 
been made to define the genotype of nonproductively infected cells. 

The structure of integrated proviruses has been most rigorously examined in 
singly-infected, cloned, virus-producing cells. In this situation a complete provirus 
gene representing the entire viral genome is often found. The approach which has 
been taken has been to treat the DNA of such virus-infected cells with selected 
restriction endonucleases and then to examine the size and composition of the 
provirus-containing DNA fragments. 

The resulting picture, deduced independently by SABRAN et al. (1979) and 
HUGHES et al. (1978) is shown in Fig. 29. The provirus is colinear with the viral 
genomic RNA (see Fig. 3) in terms of the order of the gag, pol, env and src genes 
and carries no large sequences not found in the RNA. One unusual feature of the 
proviral gene is its terminal duplication. The 5' end RNA sequence is found at 
both ends of the provirus as is the 3' end RNA sequence, resulting in a long tandem 
repeat (LTR) unit some 300 nucleotides long. The short repeat formed at both 
ends of the RNA (STR) lies within LTR. In mouse sarcoma virus provirus LTR 
is about 600 nucleotides long (Lowy and Scolnick, personal communication) while 
in mouse mammary tumor virus provirus it is 1300 nucleotides long (Hager, 
personal communication). Interestingly, repeated mouse DNA sequences cut with 
the restriction endonucleases Taq 1, Bam Hi and Eco Rl are 340, 600 and 1300 
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STR 
,; gag pol 
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Fig. 29. Structure and proposed expression of rous sarcoma virus provirus. See text 
for discussion 
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base pairs, respectively (HOUSMAN and GILLESPIE, unpublished). Two forms of 
closed circular proviral DNA can be found in virus-infected cells; the closed form 
of the linear proviral DNA containing the terminal repeats and a smaller form 
lacking them (RINGOLD, SHANK and YAMAMOTO, 1978; YOSHIMURA and WEIN­

BERG, 1979). 
A more complicated question to answer concerns the general nature of integra­

tion events during natural infection. Do complete or partial integrations pre­
dominate? More sophisticated questions concerning the nature of integrations in 
special situations such as transformation or virus production come later once the 
first question is answered. Therefore, the cells examined should be uncloned and 
as little selection pressure should be placed upon them as possible. Moreover, the 
cells or animals used to raise the virus should approximate as closely as possible 
the natural host. Finally, there should be few, if any, sequences in the natural 
host related to the provirus. 

One of the few systems that meets these criteria is the simian sarcoma virus and 
associated virus complex, which we shall call simian sarcoma virus. The virus was 
initially an endogenous virus of mice (LIEBER et al., 1975) but was transmitted to 
primates naturally and appears to be commonly infecting primates (WONG­

STAAL, GILLESPIE and GALLO, 1975). There are few sequences in DNA of normal 
primates related to this virus 

The natural history of simian sarcoma virus is shown in Fig. 30. The virus was 
originally obtained by WOLFE et al. (1971) from a cell-free extract of a fibrosarcoma 
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Fig. 30. Natural history of simian sarcoma virus. 
See text for explanation. The nomenclature follows GILLESPIE, SAXINGER and GALLO 
(1975), where the designation for the cell line is followed by parentheses containing the 
designation for the virus. 1283 marmoset fetal lung cells, 71AP 1 marmoset tumor 
cells, HF marmoset fibroblast cells, N RK rat kidney cells, NO 37 human lymphoid 
cells, KN RK NRK cells nonproductively transformed by Kirsten sarcoma virus, 

71 Q 1 marmoset tumor cells 
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of a woolly monkey. Virus stocks commonly used have been obtained in one of 
three alternative ways (F. DEl.i'fHARDT, personal communication). In one instance, 
cultured 1283 fetal marmoset lung cells were productively infected with this 
extract. The resulting type-C virus-producing cells were inoculated into a mar­
moset which subsequently developed a tumor. The virus produced by the cultured 
tumor cells, the 71AP1 strain of simian sarcoma virus, was used to infect a variety 
of cells, including marmoset HF cells, human NC37 cells and rat NRK cells. In 
the second lineage, the woolly monkey extract was placed directly on NRK cells 
previously transformed with Kirsten murine sarcoma virus (KNRK cells). In the 
third lineage, the woolly monkey extract was inoculated into a marmoset #71Q1, 
subsequently producing a tumor in that animal. The resulting tumor cells were 
explanted and grown in tissue culture. The virus liberated from these cells was 
used to infect human NC37 cells. 

Details of the hybridization results using RNA from the 71AP1 strain of 
simian sarcoma virus and DNA from a variety of the infected cell lines is only 
interpretable in the context of partial integrations being a common event in the 
infection of cells by this virus. This unpublished work was done in collaboration 
with S. Kaufmann, R. G. Smith, F. Wong-Staal and R. C. Gallo. First, the 
kinetics of hybridization of the viral RNA to DNA from the infected cells follows 
a complicated time course (Figs. 31 A and 31 B), too complicated to be accounted 
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Fig. 31A. Kinetics of hybridization of RNA from simian sarcoma virus to DNA. 
Reactions containing 0.005 ng of 125I-Iabeled viral RNA and 50 [Lg of cell DNA in 
10 [LI of 0.4 M phosphate buffer were incubated at 60° and withdrawn at various times. 
Hybridization was assayed by resistance to ribonuclease A. 
o DNA from 71AP 1 cells producing simian sarcoma virus, 0 DNA from NRK cells 
producing simian sarcoma virus, (!) DNA from KNRK cells producing simian sarcoma 
virus, '" DNA from NC37 cells producing simian sarcoma virus, " DNA from HF 
cells producing simian sarcoma virus, • DNA from a rat spleen, .... DNA from NC 37 

cells, "" DNA from marmoset cells. See legend to Fig. 30 for cell line designations 

for by the presence of complete proviruses in each cell. If there were one or more 
complete proviruses and no incomplete ones, then the kinetics of hybridization of 
the viral RNA to an excess of cell DNA would follow simple second-order kinetics, 
going to completion over two logs of Cot on a Britten and Kohne representation 
(Fig. 31A) and being a single straight line on a Wetmur-Davidson (1968) plot 
(Fig. 31 B). The simplest interpretation of the kinetic data is that the RNA is 
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Some of the results from Figure 31A have been replotted, using the coordinates of 
WETMUR and DAVIDSON (1968). Hybridization of 125I-labeled mouse IgG mRNA 
(50% pure) was used as a single copy reference. This reference standard hybridizes 

to DNA considerably slower than DNA reanneals, in this ionic environment 

hybridizing to several sequences in the infected cell and the different sequences 
have different repetition frequencies. 

There is little hybridization to DNA from uninfected cells, save uninfected rat 
cells. 

The details of the stoichiometry of the hybridization reactions support the 
conclusions derived from the kinetic analysis. Fig. 32 shows the results of DNA 
titration experiments, where the amount of RNA is held constant and the amount 
of DNA is varied, all reactions being carried out to the same Cot value. In most 
cases, relatively low amounts of DNA resulted in significant hybridization of the 
RNA, but as the amount of DNA was further increased more RNA could be 
hybridized. The results are presented as a double reciprocal plot because in this 
formulation if all proviral sequences were reiterated the same number of times, 
then a single straight line would result. In practice bi- or multiphasic curves 
resulted; a fraction of the RNA could be hybridized with small amounts of DNA 
(toward the right of Fig. 32) but inordinate amounts were required to approach 
complete hybridization of the RNA (at the point where l/DNA = 0, at infinite 
DNA input). For example, infinite inputs of DNA might have hybridized 50 to 
100% of the viral RNA but the curves are not straight lines. Thus, different parts 
of the virus genome were deposited in infected cells with different frequencies. The 
results with DNA from 71AP1 cells is not interpreta,ble because of the massive 
hybridization to moderately repeated DNA. 

The most frequent proviral sequences differed in different lines of infected 
cells, as shown by additive DNA titration experiments (Fig. 33). If the distribution 
of proviral sequences were the same in all infected cell lines, then a DNA titration 
experiment with two types of DNA added together would give the same curve as 
the one that showed the largest hybridization by itself. If in two different cell 
lines different proviral sequences predominated, then more hybridization would 
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Fig. 32. Stoichiometry of hybridization of RNA from simian sarcoma virus to DNA. 
Hybridization mixtures containing varying amounts of cell DNA and 0.01 ng of 
125I-Iabeled viral RNA from simian sarcoma virus produced by 71AP 1 cells were 
incubated for 160 hours (DNA concentration = 5 mg/ml, Cot = 2· 104 ) in 0.4 1\1 phos­
phate buffer, pH 6.8 at 60° and were then exposed to 20 (Jog/ml of ribonuclease A in 
0.6 M NaCI for 60 min at 37°. The ratio of proviral DNA to viral RNA was calculated 
based on a complexity of 3· 106 daltons for viral RNA and 1.5· 1012 daltons for one 
strand of the mammalian genomes. The results are presented as a double-reciprocal 
analysis. The designations for the cell lines can be found in the legend to Fig. 30 
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Fig. 33. Stoichiometry of hybridization of viral RNA to mixtures of cell DNA. 
Hybridization mixtures equal parts of DNA from two different cell lines were prepared, 
incubated and processed as described in the legend to Fig. 32. ~ DNA from NC 37 cells 
producing simian sarcoma virus and DNA from normal NIH Swiss mice, • DNA from 
NC37 cells producing simian sarcoma virus and DNA from HF cells producing simian 
sarcoma virus, b. DNA from normal NIH Swiss mice, 0 DNA from NC37 cells pro­
ducing simian sarcoma virus, lJ DNA from HF cells producing simian sarcoma virus. 

The designations for the cell lines can be found in the legend to Fig. 30 
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be obtained by a combination of both DNAs than with either DNA alone, at least 
at low DNA inputs. Fig. 33 shows that in every case hybridization values 
obtained with small amounts of DNA were higher with a mixture of two types of 
DNA than with either DNA alone. For example, 20 fLg of DNA from human NC37 
or marmoset HF cells infected with simian sarcoma virus hybridized 12 and 17% 
of the viral RNA (1jDNA = .05), while 10 fLg of DNA from each source hybridized 
33% of the RNA. Extrapolating the DNA titration curves to infinite DNA input, 
considering only the contribution of the most frequently repeated proviral 
sequences, it is apparent that 20% of the virus RNA hybridizes to frequent 
sequences in either infected cell line, while 40% of the RNA hybridizes to a mixture 
of DNA containing frequent sequences from both sources. Therefore, the addition 
hybridization results indicate that different proviral sequences predominate in the 
two cell lines. 

It seems inescapable that some viral sequences predominate in infected cells 
while others do not and that in different cells different sequences are most frequent. 
In each case, when the 71AP1 strain of simian sarcoma virus was transmitted to 
a new cell line genetic change took place, for the thermal stability of hybrids 
formed with RNA from the 71AP1 strain of virus was higher with 71AP1 parental 
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Fig. 34. Thermal stability of simian sarcoma virus RNA-cell DNA hybrids. 
Hybrids formed between 125I-Iabeled viral RNA from virus produced by 71 AP 1 cells 
and cell DNA were exposed to the indicated temperature for 5 min, then ribonuclease­
resistant hybrid was assayed. 0 DNA from 71AP1 cells producing simian sarcoma 
virus, • DNA from HF cells producing simian sarcoma virus, ... DNA from KNRK 
cells producing simian sarcoma virus, • DNA from NC37 cells producing simian 

sarcoma virus, " DNA from NRK cells producing simian sarcoma virus 

DNA than with DNA from the secondarily-infected cells (Fig. 34). In every case 
the thermal transition was broad, indicating the presence of some proviral se­
quences closely related to the RNA and others more genetically distant. 

The simplest way to view these results is that genetic change takes place 
during infection, therefore more cycles of infection produce more genetic change. 
Transmission is usually effected by infecting a culture at low multiplicity and 
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allowing iirlected cells to accumulate by continued infection of the constantly­
declining uninfected cell population. One would expect that, since proviral 
sequences in the secondarily-infected cells differ from proviruses in the parental 
71AP1 cells, the viruses produced by the secondary cells should be different from 
the viruses produced by the parental cells. This can be tested in a rather sensitive 
fashion by RNA competitive hybridization (GILLESPIE, GILLESPIE and WONG­

STAAL, 1975). Labeled viral RNA and cell DNA (fixed amounts) are mixed in the 
presence of different amounts of unlabeled RNA from a different virus. H the two 
viruses are related, then the unlabeled viral RNA depresses the amount of labeled 
viral RNA entering hybrids by competing for the same DNA sites. The slope of 
the curve obtained when the log of the fraction of the labeled RNA hybridized is 
plotted against the log of the amount of RNA present is a measure of the degree 
of relatedness between the two viruses; if they are identical, the slope is that 
predicted from simple isotope-dilution. By this test the genome of the virus from 
human NC37 cells is indistinguishable from the 71AP1 strain of simian sarcoma 
virus with respect to the sequences they share (R. G. Smith, personal communica­
tion). The only difference between the two viruses detectable by this method is 
that the NC37 strain lacks 20% of the sequences found in the 71AP1 strain. 
Fingerprints of the RNA by two-dimensional gel separation of RNase T1 digests 
is in support of this conclusion (W. PRENSKY, personal communication). 

Direct hybridization of labeled RNA from the NC37 strain of virus also 
supports the notion that the genomes of the two viruses are identical except for 
the extra sequences in the 71AP1 strain. Like RNA from the 71AP1 strain, RNA 
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Fig. 35. Comparison of hybridization kinetics using RNA from simian sarcoma virus 
produced by 71AP 1 and NC37 cells. 

Procedure are outlined in the legend to Fig. 31A. 0 and • RNA from 71AP 1 virus 
hybridized to DNA from 71AP 1 cells producing, simian sarcoma virus; X, + RNA 
from the 71AP1 virus hybridized to DNA from NC37AP and NC37Q cells producing 
simian sarcoma'virus, the AP and 'Q cell strains, respectively (see Fig. 30); • RNA 
from the NC37 virus hybridized to DNA from 71AP 1 cells producing simian sarcoma 
virus; D. RNA from the NC37 virus hybridized to DNA from NC37 cells producing 

simian sarcoma virus 
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from the NC37 strain hybridizes best and fastest to DNA from 71AP1 cells and 
actually hybridizes more poorly to DNA from infected NC37 cells, the cells 
producing it (compare Figs. 35 and 30). The hybridization kinetics curves using 
RNA from the two viruses are superimposable, except that RNA from the NC37 
strain hybridized slightly better to DNA from its own host at high Cot values. 
Similarly, the thermal stabilities of hybrids formed with RNA from the NC37 
strain and provirus DNA were like those formed with RNA from the 71AP1 strain. 
The hybrids with the highest thermal stability were those with DNA from 71AP1 
cells. Their tm was at least 40 higher than the tm of hybrids formed with DNA from 
other infected cells. Thus, the genetic variation among proviruses from different 
cells infected with simian sarcoma virus, is contradicted by the virtual identity 
of the viruses produced by the different cells. 

Let us again try to take the conservative view. It can be postulated that 
simian sarcoma virus is in fact two viruses, a true sarcoma virus capable of trans­
forming fibroblasts and causing tumors in animals and, in addition, a helper virus 
required to supply replication functions lacked by the (defective) sarcoma virus. 
This is, after all, the conventional view of mammalian sarcoma viruses. Certainly, 
helper virus, or more accurately replication-competent, transformation-defective 
virus has been purified from the sarcoma virus stock (WOLFE et al., 1972). More­
over, the 71AP1 strain is a transforming virus and the NC37 strain is not (S. 
Mayassie, K. Harewood and Z. Sallahudin, personal communication). The extra 
sequences in the genome of the 71AP1 virus could simply be sarcoma-specific 
sequences, sequences that are missing in the nontransforming NC37 strain. 

Unfortunately, the conservative view is insufficient this time. The hybrid­
ization results are not explained by sorting out two viruses. The complexity of the 
provirus is indicative of many different but related forms of provirus with different 
parts in different frequencies. Moreover, if two (or more) viruses were being 
sorted, the nature of the provirus would dictate the nature of the genome of the 
virus produced and this is not the case. Finally, in the specific case of sarcoma and 
helper viruses, the helper predominates lOOO-fold over the sarcoma virus, at least 
as measured biologically (WOLFE et al., 1972). 

No, we are pressed to an unconventional view. We must explain that pieces of 
an incoming virus genome can be integrated at different frequencies, that genetic 
change can take place in the process and that, despite the fracturing, multiplica­
tion and change of the proviral sequences, the virus can come out only minimally 
changed-a deletion, after all, is ordinarily only a single genetic event. 

The simplest explanation is that partial integration is the rule, rather than the 
exception. Repeated integrations can probably occur once a cell has become 
infected. It follows from the data that only certain of the integrations are expressed 
by production of infectious virus; probably the "complete" integrations and those 
complemented by host functions, as in the case of infections that produce recom­
binant viruses. That is not to say that the partial integrations are without bio­
logical consequence. Indeed, they may playa major role leading to transformation. 

It is probably worth considering, for example, that a provirus integrated 
within or near a repeated sequence might be readily translocated to alternate 
chromosomal sites. Should the translocated element intervene within a unit of 
transcription, aberrant expression of that unit might result. The protovirus theory 
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(TEMIN, 1970) requires such a translocation mechanism to create a tumorigenic 
virus from an endogenous virogene transcript. The involvement of repeated DNA 
not only provides a logical mechanism for the translocation process but also 
provides a satisfactory explanation for the expression of repeated DNA in tumors 
(SHEARER and SMUCKLER, 1971 and 1972; SMUCKLER, 1973). 

One piece of preliminary evidence bearing on this point is shown in Fig. 36. 
For this experiment human DNA (probably DNA from any primate will suffice) 
was digested with a restriction enzyme that cuts repeated DNA at regular inter­
vals, leaving a large number of DNA fragments 340 base pairs in length (DoNE­
HOWER and GILLESPIE, 1979). The digested DNA was fractionated by electro-
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Fig. 36. Hybridization of RNA from simian sarcoma virus to human DNA fragments 
produced by Endo . Xba I. 

Ten micrograms of DNA from a normal human spleen was digested with the restriction 
endonuclease Xba I. The DNA was fractionated according to size by electrophoresis 
through gels of 2% agarose. DNA was stained with ethidium bromide and visualized 
under ultraviolet light. The inset to the left of the graph shows a typical gel electro­
phoretogram, noting the position of repeated DNA fragments 340 and 680 base pairs 
long. This repeated sequence represents under 1 % of the human genome 
The gel was sliced and the slices were dissolved in 2 vols of saturated NaI. DNA was 
bound to glass and collected by centrifugation (VOGELSTEIN and GILLESPIE, 1979). 
DNA was released from the glass in 0.4 M NaOH. The solution was neutralized with 
acetic acid and the denatured DNA was immobilized on nitrocellulose membranes. 
Each filter was incubated in 50 microliters of 50% formamide and 0.5 M NaCl contain­
ing lOs cpm of1 2sI viral RNA at 37° for 20 hours. After hybridization unreactedRNA was 
washed away and the filters were counted in a gamma counter (open circles). The 
filters were then incubated in 20 [Lgjml of ribonuclease A, free RNA was washed away 
and the hybridized RNA remaining on the filter was measured (clbsed circles). The 

scale for the open circles is four times that for the closed circles 
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phoresis through agarose. The gel was then sectioned into slices and the DNA was 
recovered from each slice and hybridized to DNA from simian sarcoma virus. 
The hybridization system was constructed so that only repeated DNA sequences 
would participate, providing they had homology to sequences in the viral RNA. 
As can be seen from Figure 36, about half of the hybridization response observed 
was to DNA about or exactly 340 base pairs in length. The result indicates that 
simian sarcoma virus, at least the strain tested has a genome containing a cell­
derived repeated DNA sequence. This does not prove that the repeated DNA is a 
potential viral integration site, but it is consistent with that idea. 

HUGHES et al. (1978) determined the restriction map of integrated provirus 
from twelve clones of cells infected by Rous sarcoma virus. They found three with 
large internal deletions. The three deletions all deleted a common site including 
the env gene and approaching the terminus of the src gene. They found no evidence 
for translocation of provirus once established in the cell. It is not known whether 
the deletions were formed during provirus synthesis from RNA or during integra­
tion, but the former seems most likely (SHIH et al., 1978). 

In any event, interaction between the DNA provirus of an infecting particle 
and the chromosome of the recipient cell can clearly create recombinant viruses 
carrying cellular genes and evidence is mounting that these recombinant viruses 
are more oncogenic than their cell gene-deficient viral precursors. 

v. Horizontal Transmission of Retroviruses 
Among Animals 

The common view holds that class 1, endogenous, type-C RNA viruses are 
transmitted as virogenes, vertically through the germline and are thus confined 
to interbreeding members of a group of animals (usually a species), while class 2 
viruses can be transmitted horizontally among animals. Until recently, it was 
thought that horizontal transmission was also confined to members of the same 
species. There is ample evidence to show that horizontal and vertical transmission 
of RNA tumor viruses occurs among members of a species, but new evidence 
suggests that interspecies horizontal transmission also occurs. 

Intraspecies horizontal transmission of RNA tumor viruses has been document­
ed with several species, notably chickens (Rous, 1911), mice (RASHEED, GARDNER 
and CHAN 1976; HARTLEY and ROWE, 1976), cats (ESSEX et al., 1971; HARDY et al., 
1973; JARRETT et al., 1973) and cows (Piper et al., 1975). Chickens carrying avian 
myeloblastosis virus have been known to infect entire flocks. Cats carrying feline 
leukemia virus readily infect other cats in a household, some developing leukemia. 
Transmission among wild mice also occurs, though not as readily as with inbred 
laboratory mice. The articles cited above describe recovery of infectious virus 
from recipient animals. When virus infection is assayed by the production of 
antibodies against virus-specific proteins by recipient animals, intraspecies 
horizontal transmission of RNA tumor viruses appears to be even more common. 
Thus, normal gibbons housed in the same colony with leukemic gibbons often 
produce antibodies against proteins of the class 2 virus isolated from the leukemic 
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gibbon even though virus cannot be isolated from the recipient animals (KAWA­
KAMI et al., 1973). 

The presence of proviral DNA sequences in naturally-infected animals is 
poorly documented. Mice inoculated with Rauscher leukemia virus contain 
proviral sequences in tumor tissue that are absent in normal tissue (SWEET et al., 
1974) and AKR mice carry "proviral" sequences not found in nonleukemic mouse 
strains (CHATTOPADHYAY et al., 1974), but these are hardly natural infections. In 
the case of web tumors in chickens induced by Rous sarcoma virus a large fraction 
of the virus genome is found in DNA of the tumor (NEIMAN, 1972). The cases 
known to us of proviral DNA spontaneous tumors of mammals include several 
tissues of a gibbon that spontaneously developed acute lymphocytic leukemia 
(GALLO et al., 1978), lymph nodes and blood leukocytes of leukemic cows (CALLA­
HAN et al., 1976; KETTMAN et al., 1976), sarcomas of cats (RUPRECHT, GOODMAN 
and SPIEGELMAN, 1973), leukemic tissues of cats (KOSHY et al., 1979) and blood 
leukocytes from leukemic humans (BAXT and SPIEGELMAN, 1972; WONG-STAAL, 
GILLESPIE and GALLO, 1976). None of these cases can be safely classified as 
interspecies horizontal transmission (see below). 

Viruses which originated from virogenes in a particular animal species often 
contain genomes that are most closely related to sequences in DNA from their 
natural host, providing the virus infected only the one animal species during its 
evolutionary history. Rauscher mouse leukemia virus is a case in point (Fig. 7). 
As we shall see later, viruses that have crossed species can bear preferential 
relatedness either to their progenitor animal, as in the case of simian sarcoma 
virus, a virus that originated from mice but that now infects primates or to their 
new natural host, as in the case of feline leukemia virus, a virus that originated in 
rats but now infects cats. Viruses that have remained within the bounds of a 
single species for a long period of time are generally more closely related to genes 
in that species than to genes in other species. RNA from Rous sarcoma virus 
(class 2), avian myeloblastosis virus (class 2) and RAV-O (class 1) hybridizes to a 
greater extent to an excess of DNA from normal chickens than to DNA from 
other birds (KANG and TEMIN, 1974; TEREBA, SKOOG and VOGT, 1975; SHOYAB 
and BALUDA, 1975; FRISBY et al., 1979). RNA from Rauscher and Moloney leuke­
mia viruses of mice (class 2) and mouse mammary tumor virus and the AKR mouse 
leukemia virus (intermediate between class 1 and class 2) hybridize better to DNA 
from normal mice than to DNA from rats or other animals (GILLESPIE et al., 
1973; BENVENISTE and TODARO, 1974; DROHAN et al., 1977). RNA from an 
endogenous guinea pig virus (class 1) hybridizes better to DNA from guinea pigs 
than to other rodents (NAYAK and DAVIS, 1977). Finally, RNA or DNA copies 
of it derived from the baboon endogenous virus hybridize better to DNA of 
baboons than to DNA of other primates (Fig. 6) (BENVENISTE and TODARO, 1976; 
DONEHOWER, WONG-STAAL and GILLESPIE, 1977). The results of such studies are 
more convincing when larger numbers of animals are examined and a phyloge­
netic gradation can be shown. In this regard, the data with mouse mammary tu­
mor virus and the guinea pig virus are the least complete. 

The results of molecular hybridization using the RNA genomes of the viruses 
cited above indicate that those viruses have been maintained within the confines 
of their progenitor host species. Other retroviruses have not remained confined in 
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this way. BENVENISTE and TODARO have amassed evidence that genes related to 
the genomes of feline leukemia virus and the RD 114 virus were introduced into 
cats from other animals (BENVENISTE and TODARO, 1974). SCOLNICK and his 
coworkers have shown that Kirsten, Moloney and Harvey murine sarcoma viruses 
contain a mixture of mouse- and rat-derived genomic sequences or two different 
mouse-derived sets of sequences (SCOLNICK et al., 1973, 1975; SCOLNICK and 
PARKS, 1974; see also PANG, PHILLIPS and HAPAALA, 1977; Roy-BURMAN and 
KLEMENT, 1975; ANDERSON and ROBBINS, 1976 and, the following section). 
Similarly, simian sarcoma virus and gibbon ape leukemia virus entered primates 
from rodents (BENVENISTE and TODARO, 1973; WONG-STAAL, GALLO and GILLE­
SPIE, 1975). Bovine leukemia virus appears not to have originated in cows (CAL­
LAHAN et al., 1976; KETTMAN et al., 1976). Finally, BENVENISTE and TODARO (1975) 
furnished evidence that pig leukemia and endogenous viruses were originally 
mouse viruses and were transmitted to pigs within the last few million years. 

Most of the cases of interspecies transfer of RNA tumor viruses that we know 
today were reviewed by TODARO, BENVENISTE and SHERR in 1976. Let us briefly 
examine the kind of evidence that prompted them to such an unusual and im­
portant conclusion by considering the viruses that have been transmitted to cats 
from other animals in nature. 

The virus called RD 114 was isolated from a kitten which had been inoculated 
with extracts of a human rhabdomyosarcoma during attempts by HUEBNER, 
McALLISTER and colleagues to isolate oncornaviruses from extracts of human 
tumors (McALLISTER et al., 1972). Intense work on this virus quickly showed that 
it was an endogenous feline virus with a genome having complete homology with 
genes in normal cats (NEIMAN, 1973; GILLESPIE et al., 1973; RUPRECHT, GOODMAN 
and SPIEGELMAN, 1973; OKABE, GILDEN and HATANAKA, 1973; BALUDA and 
RoY-BURMAN, 1973). Thus, it was abandoned as a candidate human virus but it 
has become an important keystone in our understanding of the origin and evolution 
of RNA tumor viruses. 

Near the same time KALTER and MELNICK isolated an endogenous virus from 
baboons (MELNICK et al., 1973). The two groups carried out the initial character­
ization of the virus(es) with TODARO and his colleagues (BENVENISTE et al., 
1974-with S. KALTER; TODARO et al., 1974-with J. MELNICK). TODARO and 
BENVENISTE and their colleagues quickly determined that the baboon endogenous 
virus carried proteins that bore no immunological relatedness to any known 
virus, except RD 114 (see TODARO et al., 1976) and that the genomes of the two 
viruses were much more closely related than would have been predicted from the 
phylogenetic distance between cats and baboons. BENVENISTE and TODARO then 
discovered that there were sequences in the DNA of baboons and related pri­
mates with more than expected homology to the RD 114 genome (BENVENISTE 
and TODARO, 1974) and there were genes in cats unusually related to the genome 
of the baboon endogenous virus (BENVENISTE and TODARO, 1974). Other animals, 
e.g. rodents, edentates and new world monkeys may have related genes but they 
were so distant from the viral genomes that no hybridization was found. 

This set of data led BENVENISTE and TODARO to propose that a virus of 
baboons had been transmitted to cats or that a virus of cats had been transferred 
to baboons. They then noticed that the genes related to baboon endogenous virus 
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showed a phylogenetic gradation among primates that could be traced back some 
30 million years (BENVENISTE and TODARO, 1976; see also DONEHOWER, WONG­
STAAL and GILLESPIE, 1977) while the RD 114 genes of domestic cats could only 
be traced back some 3-5 million years (BENVENISTE and TODARO, 1975). That 
is, the RD 114 genes are present in a small number of closely related cats, cats 
which (presumably) were derived from a common ancestor 3-5 million years in 
the past but they are absent, totally absent, in all other cats. Thus, BENVENISTE 
and TODARO concluded that the transfer went from baboons to cats about 3-5 
million years in the past. 

The transfer of genes among species, using viruses as vectors, must occur in 
stages. To facilitate future discussions let us divide the process of transspecies 
infection as follows (Fig. 37). A virus produced by one species infects an individual 
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Fig. 37. Postulated stages in interspecies transmission of retroviral genes 

of another species so that the infected individual produces a virus capable of 
infecting the second species with a reasonable frequency. A few individuals of the 
second species become infected and produce low titers of virus. A second stage 
develops as the virus becomes better and better adapted to its new host, increasing 
the number of individuals infected and the titer of viruses produced by the 
infected individuals. Eventually, the virus titer becomes sufficiently high that the 
probability of a germline infection is appreciable. The occurrence of one or more 
germline infections marks the onset of stage 3. Such an infection of germline 
tissue, leading to virogenes segregating in a Mendelian fashion has been accom­
plished by JAENISCH (1976, 1977). 
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But these events are only the beginning, for during a fourth stage the individual 
infected in its germline would be selected for with the emergence of a new "species" 
of animal. Especially in the case of the RD 114 transfer this seems so, for every 
tissue of every domestic cat examined carries RD 114 virogenes. The RD 114-
positive cats form a phylogenetically-defined group, as do the RD 114-negative 
cats. To date, there are no spurious results, e.g. cats in the RD 114-negative group 
with RD 114 sequences or vice versa. 

It is difficult to take a conservative view. Were animals with new viral se­
quences in the germline not actively selected for in a Darwinian sense, then at 
best some members would contain the viral genes and they would be heterozygous. 
The copy number of RD 114 genes in different members of the species would vary 
and also, some would be zero. In practice, cats with the RD 114 genes appear homo­
zygous and all tissues of all cats so far examined have about 10 copies of the RD 114 
virogenes (BENVENISTE and TODARO, 1975). 

It is not sufficient to propose that animals carrying the RD 114 virogenes are 
actively selected for, because RD 114-positive cats not only carry RD 114 viro­
genes; they are homozygous. RD 114 negative cats are also homozygous in lacking 
the viral genes. Fig. 38 presents three possible routes to homozygosity in the 
RD 114 system. The three schemes include variations that seem to fit individual 
cases of transfers detected so far. Generally, a germline infection creates a hetero-
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zygote. The viral genes are amplified to a linked (but not necessarily immediately 
adjacent) series of multiple-copy virogenes and homozygotes are added to the 
population by inbreeding. Through evolution and segregation pure lines are 
established. Pseudohomozygosity can be generated by creating two or more 
germline-infected individuals independently (scheme B). If related viruses are 
involved this can lead to mixed genotypes that appear homozygous by molecular 
hybridization (and possibly functionally). Alternatively, homozygosity can precede 
amplification (scheme C). Mechanisms of unequal crossover can change copy 
numbers in homozygotes, the final copy number being selected at a functional 
level (RITOSSA, 1968). 

Interestingly, there is one feature to all three schemes that is common. The 
heterozygote is selected against. It did not survive. RD114-positive and RD114-
negative cats interbreed, producing fertile offspring in captivity, but naturally 
no heterozygotes exist. Possibly, two functional and different virogenes produce 
contradictory signals during development and are thus incompatible. In any 
event, it will be interesting to see whether the principle of homozygosity is general 
or restricted to cats. 

RD 114 is not the only virus to have entered cats from another animal. Feline 
leukemia virus was originally an endogenous rat virus and was transmitted to cats 
at about the same time that RD 114 entered cats from baboons (BENVENISTE, 
SHERR and TODARO, 1975). The same species of cats that carry RD 114 virogenes 
also carry sequences related to the feline leukemia virus and the remaining cats 
lack both types of viral sequences. It is somewhat staggering to think that genes 
can be transferred from one animal to another and be selected for, but that it 
should happen twice, essentially simultaneously, seems incredible. 

The parallel between RD 114 and feline leukemia virus should not be extended 
too far. RD 114 is now an endogenous cat virus; feline leukemia virus clearly is not. 
The RNA of feline leukemia virus contains some sequences not found in DNA of 
normal cats. It is not difficult to stipulate that a gene transferred from one animal 
to another might be expressed in the new animal as RNA once the fact of trans­
mission itself is established. It is more of a problem to understand how, after 
transfer, there could exist a new DNA sequence and new RNA similar in base 
sequence but nonidentical to the new DNA. 

Fig. 39 attempts to come to grips with this problem. It shows the four stages 
of transspecies infection with specific reference to the rat-to-cat transfer which 
led to "the production of feline leukemia virus. In the first stage an ancestor to the 
present-day rat produced retroviruses. One of these viruses infected a cat in such 
a way that the infected cat cell produced infectious viruses. Probably cats and 
other animals were and are commonly infected by retroviruses from other species 
but only those infections that are productive are involved in interspecies transfer 
of viral genes into germlines. 

During the second stage of the transspecies infection leading to feline leukemia 
virus the newly-transferred virus adapted to efficient growth in its new host. 
Members of the virus population repeatedly interacted with the cat genome during 
infection and they became genetically modified by this interaction and by other 
mutational events. In this way a population of related, nonidentical viruses 
could have arisen in the cat, much in the way that today in primates the simian 
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Fig. 39. Postulated stages in the transfer of feline leukemia virus to cats 
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sarcoma virus and its associated virus is a population of related, nonidentical 
viruses. 

At this second stage the only DNA sequences in cats related to feline leukemia 
virus is found in infected tissue. If cats were infected by a population of feline 
leukemia viruses and if the RNA probes used to examine cat DNA for viral related 
sequences came from one or a few of these viruses, then what might be most 
frequently detected would be DNA related to the RNA probe but not identical 
to it. This is in fact what is found. However, to explain the observation that all 
cats examined have the viral-related DNA one would have to postulate that 

Virol. lHonogr. 17 5 
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infection is much more widespread than is presently thought (virtually all tissues 
of all cats would be infected) and that if enough cats were examined some would 
be found that lacked DNA related to the feline leukemia virus. Indeed, KOSHY 
et al. (1979) examined over 100 cat tissues and discovered some with unusually 
low values. It will be interesting to examine the viral-related sequences in these 
tissues in detail, with respect to number of copies and which portion of the viral 
genome is hybridizing to DNA of different cats, for during stage 2 of transspecies 
infection there should be a randomness not seen at later stages. However, there are 
so many logical problems with assuming that feline leukemia virus is in stage 2-
the feline leukemia virus negativity of RD 114-negative cats, the presence of 
viral-related sequences in specific-pathogen-free cats, for examples-that for this 
monograph we consider the stage 2 model unlikely. 

During stage 3 one or more of the members of the ancestral population of 
feline leukemia viruses infected germline cells of a cat(s) and the descendants of 
this cat increased in frequency in the cat population. At this stage both the virus 
population and the cat population were complex in composition. The population 
of ancestral viruses, somatically propagated, would persist until their replication 
is controlled by the cat. At this stage some members of the cat population carry 
the viral genes as a Mendelian trait, others do not. Some members are infected 
somatically, others may not be. Using an RNA probe from a cloned feline leukemia 
virus only related DNA sequences would be seen in the cat and this is the case. 

However, a stage 3 model is not consistent with all of the present results, for 
it predicts that the majority of feline leukemia virus-positive cats will be hetero­
zygous and that there will still exist cats that are homozygous-negative for feline 
leukemia virus genes. The limited data available suggests that the feline leukemia 
virus-related DNA in cats is homozygous (BENVENISTE, SHERR and TODARO, 
1975). 

During stage 4 germIine-infected cats (homozygous) flourished and reached 
a state where they comprised a phylogenetically defined group of cats. Thus, all 
cats within the group carried the new viral gene and essentially all cats outside 
the group lacked them. In addition viruses replicating somatically could introduce 
new DNA into cats with a frequency that is unpredictable. The virus population 
might be simple, if the new virogene is expressed and if the species is rid of the 
ancestral virus population as in the case of RD 114, for example. Or it can remain 
complex if the ancestral virus population persists. Moreover, if the new virogene 
is expressed there is the potential to package the RNA transcripts and create new 
viruses from them through genetic change as TEMIN (1970) proposed. Again the 
DNA of normal cats contains sequences related but not identical to the RNA probe 
of a cloned feline leukemia virus until the virogene transcript is discovered and 
utilized. The copy number of the viral sequences will appear more uniform among 
cats than in the cases of earlier stages of transspecies transmission. And finally, 
after segregation and selection homozygous cats can make up the bulk or all of 
the cat population. 

We are still left with the perplexing problem of why all RD114-positive cats 
are positive for DNA related to feline leukemia virus and vice versa. Probably there 
was a causal relationship. BENVENISTE and TODARO (1975) supposed that the 
introduction of RD 114 into cats facilitated infection by an ancestor of feline 
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leukemia virus. Of many possible mechanisms for generating dually homozygous 
multiple-copy sets of new genes in a species two of the more likely schemes are 
shown in Fig. 40. A germline infection of a cat by RD 114 is closely followed by 
an infection with feline leukemia virus (scheme D). In the simplest version the 
feline leukemia virus integrates near the RD 114 gene. The two linked genes can 
then be amplified to an alternating unit and homozygosity can be achieved by 
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Fig. 40. Mechanisms for generating homozygosity of linked RD 114 and feline leukemia 
virus genes in cats 

inbreeding. It is more complicated to achieve distinct, homozygous groups of cats 
either positive for both virogenes or negative for both virogenes if the genes enter 
different cat chromosomes. . ... " 

The scheme D model implies that the RD 114 integration made the site"" of 
integration unusually susceptible to subsequent integration in the same vicinity 
by feline leukemia virus. This could be a direct potentiation as indicated in scheme 
E of Fig. 39 or it could be an indirect mechanism. By a direct potentiation we 
mean that an RD 114 virogene was the integration site for feline leukemia virus. 

5* 
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In the simplest case, RD 114 would have infected the germline of a cat and the 
new genes would have been amplified. Cats heterozygous for the multiple-copy 
virogene would exist and feline leukemia virus would integrate into one member 
of the virogene family. This virogene member would then be amplified and made 
homozygous by inbreeding. 

It should be emphasized that if feline leukemia virus inserted within RD 114 
virogenes (Fig. 41, Model 2, virogene Rr) the hybrid virogene must be expressed 
only rarely, if at all. As far as is known, feline leukemia virus RNA has no RD 114 
sequences in it. It has to be stipulated in this model that infectious feline leu­
kemia virus is propagated somatically, not by expression of Mendelian cat genes. 
If feline leukemia virus integrated elsewhere in toto (Model 1) or fragmented 
within a virogene (Model 3) or elsewhere, it might be expressed but not as any 
of the commonly-used laboratory strains of feline leukemia virus. Note in Fig. 41 
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Fig. 41. Possible arrangements of virogenes in cats 

that a normal cat virogene is postulated, apart from RD 114 virogenes and viro­
genes related to feline leukemia virus. If such virogenes exist in cats, as they do 
in other animals, then they will be found in all cats, not only in the RD 114-posi­
tive, feline leukemia virus-positive group. 

Alternative to an integration of feline leukemia virus within RD 114 genes, the 
infection of cats by RD 114 could have had an indirect effect on facilitating 
integration of feline leukemia virus. L. Donehower (unpublished) discovered a 
newly evofv'ed repeated sequence in DNA of cats, a sequence confined to cats 
positive for RD 114 virogenes. Fig. 42 shows that RNA extracted from feline 
leukemia virus carries sequences that hybridize to this 510 base pair repeated 
DNA. Possibly, infection of cats by RD 114 caused amplification of repeated DNA 
which served as an integration site for the feline leukemia virus. This particular 
isolate of feline leukemia virus was grown in cat cells, so it is not certain that the 
sequences in the RNA which hybridized to the repeated DNA were part of the 
viral genome as opposed to a cell RNA contaminant. Further studies will clarify 
this point and the general idea that infection by RD 114 caused a local chromoso­
mal change potentiating integration of feline leukemia virus. 

To summarize this section, it seems inescapable that interspecies transmission 
occurred naturally and that the consequences of such a transfer can include the 
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establishment of a new gene in the species and cancer. It is important to try to 
understand the basis of the gene transfer process and the aspects that contribute 
to evolution, on the one hand, and cancer on the other. Does the mobility of 
retroviral genes among species indicate the possibility of mobility of the same 
genes within a given genome (TEMIN, 1971) 1 If so, do repeated DNA sequences 
contribute to the mobility 1 Does the expression of repeated DNA and the cyto-
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Fig. 42. Hybridization of RNA from feline leukemia virus to repeated cat DNA. 
Ten micrograms of DNA from a domestic cat was digested with the restriction endo­
nuclease, EndoR . Bam H 1. The DNA was fractionated according to size by electro­
phoresis through gels of 2% agarose. The gel was sliced and DNA removed and immo­
bilized to nitrocellulose membranes as in Fig. 36. Each filter was incubated with 
hybridization solution containing 105 cpm of 125! viral RNA. Ribonuclease-resistant 

hybrids were assayed 

plasmic appearance of high molecular weight RNA in tumors suggest pathological 
aspects of RNA synthesis in neoplasia 1 Has the transfer of retroviruses to humans 
occurred and if so, is cancer a possible consequence 1 Hopefully, research in the next 
few years will provide anSwers to some of these questions. 

VI. Relatedness Among Retroviruses: 
Recombinant Viruses 

The general statement has been made that RNA tumor viruses from different 
species are related to one another and are interrelated in the same way their 
natural hosts are related (BENVENISTE and TODARO, 1973; MILLER et al., 1974; 
OKABE, GILDEN and HATANAKA, 1973; HAAPALA and FrSCHINGER, 1973; EAST 
et al., 1975). The validity of this statement might be expected, considering the 
evidence that type-C RNA viruses originated from cell genes. On the other hand, 
several facts complicate the homology pattern considerably, including the produc­
tion of several, unrelated viruses by one animal, transmission of viruses between 
animal species and recombination among viruses. 
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Interviral homologies have been assessed by two molecular hybridization 
techniques; by hybridizing partial DNA transcripts of RNA from one virus to 
genomic RNA of several others and by hybridizing viral RNA to cell DNA and 
competing the hybridization with an excess of unlabeled RNA from other viruses. 
The DNA transcript (cDNA) technique itself has two variations. In the first, 
small amounts of labeled cDNA are hybridized to vast quantities of viral RNA 
and the fraction of the cDNA hybridized is measured. In the second, a small 
amount of labeled viral RNA is hybridized to a vast amount of cDNA and the 
percent of the viral RNA hybridized is assayed. All three methods have yielded 
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equivalent results, despite considerable hullabaloo over whose method _ was 
superior. The actual numbers of percentages of RNA or cDNA hybridized or of 
RNA competed varied with experimental conditions. Most studies included many 
viruses, however, and it is the pattern of homology that gives informations. These 
patterns are presented in Figs. 43-46. They are simplified, but as far as we know, 
they are accurate. 

Fig. 43 gives an overview of the relatedness among avian and mammalian 
retroviruses, stressing type-C viruses and the leukemia and sarcoma viruses 
derived from them, but in some cases including type-A (mouse), type-B (mouse) 
and type-D (primate) viruses as well. Each species or group of closely related 
animals (e.g. primates) can give rise to many unrelated endogenous viruses and 
can harbor different exogenous, class 2 viruses (GILLESPIE, SAXINGER and GALLO, 
1975). In Fig. 43 a box encloses related viruses obtained from the same animal 
species. These viruses are unrelated to viruses in other boxes (less than 2% 
genomic homology) unless homology is indicated by a connecting bar. Most of the 
data is from BENVENISTE and TODARO, 1973; MILLER et al., 1974 and EAST et al., 
1975. In the mouse and rat category, distinct viruses have recombined to form 
viruses related to both progenitors (see SCOLNICK references and later). The 
animal groups that have been studied most intensely are the birds, mice and rats, 
cats, and primates. These groups are considered individually. 

RAVo, lLV-UV, l-lLV 
RAV-2, RAV-60, RAV-6i, Myeloblastosis-associated virus 
Avian osteopetrosis virus 
Avian myeloblastosis virus 
Rous sarcoma virus 
B77 Avian sarcoma virus 

Chicken syncytial virus 
Reticuloendotheliosis virus 
Trager duck necrosis virus 
Duck infectious anemia virus 

Fig. 44. Diagram of relatedness among avian retroviruses 

Virtually all type-C viruses obtained from chickens are closely related to one 
another (Fig. 44) (lUNG and TEMIN, 1973; NEIMAN et al., 1974; HAYWARD and 
HANAFUSA, 1975; SHOYAB and BALUDA, 1976). KANG and TEMIN (1973) studied 
three endogenous viruses-subgroup E-and found them indistinguishable. 
RAV-O is spontaneously produced by line 100 chicken cells (VOGT and FRIIS, 1971) 
and is a class 1 virus (NEIMAN, 1973). ILV-UV and I-ILV were induced from 
normal chicken cells by WEISS et al. (1971). lUNG and TEMIN were unable to 
distinguish these viruses from the weakly sarcomagenic RAV-61 virus, produced 
by passing the Bryan high titer strain of Rous sarcoma virus through pheasant 
cells (HANAFUSA and HANAFUSA, 1973) or from the strongly sarcomagenic viruses, 
the Schmidt-Rupin strain of Rous sarcoma virus and the B77 avian sarcoma virus. 
Other studies routinely describe sequences in the sarcomagenic viruses that are 
absent in the "endogenous" helper viruses (NEIMAN et al., 1974; HAYWARD and 
HANAFUSA, 1975), the so-called src sequences (STEHELIN et al., 1976). RAV-2 is a 
class 2 avian virus (HAYWARD and HANAFUSA, 1975) which, when passed through 
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normal chicken cells "rescues" a new virus, RAV-60 (HANAFUSA, HANAFUSA and 
MIYAMOTO, 1970). RAV-2 is related but nonidentical to the class 1 virus, RAV-O 
and RAV-60 seems to be genetically intermediate (HAYWARD and HANAFUSA, 
1975). 

In this same group of viruses belong the leukemogenic chicken virus, avian 
myeloblastosis virus (SHOYAB and BALUDA, 1975) and an avian osteopetrosis 
virus obtained from a stock of avian myeloblastosis virus (SMITH ani MuscoVICI, 
1969; SMITH, DAVIDS and NEIMAN, 1976). A field isolate of avian lymphomatosis 
virus is also closely related (SMITH, DAVIDS and NEIMAN, 1976). The three viruses 
named above are all class 2 viruses, containing some sequences not found in the 
DNA of uninfected chickens but, like the avian sarcoma viruses they contain 
genomes that are largely related to the genes of the true endogenous chicken virus, 
RAV-O (NEIMAN, 1972; NEIMAN, PURCHASE and OKAZAKI, 1975; SHOYAB and 
BALUDA, 1976). 

It seems routine that avian viruses represent a mixture of genetically related 
nonidentical individuals, until cloned, like the situation described earlier for 
simian sarcoma virus (pp. 51-59). Even after cloning, new related viruses can 
accumulate (Bishop, personal communication). It is probably inaccurate to think 
of RNA tumor viruses as stable genetic entities, especially in their setting, in their 
natural host, where recombination with cell genes occurs frequently (see later). 

There exists a second, separate group of avian type-C viruses, called the 
reticuloendotheliosis virus group. As far as we can tell, they are grouped because 
of their homology (KANG and TEMIN, 1973) rather than because they have a 
common origin or common pathology. The members of the reticuloendotheIiosis 
virus group include chicken syncytial virus, avian reticuloendotheliosis virus, 
Trager duck necrosis virus and duck infectious anemia virus. 

The chicken syncytial virus was isolated by COOK (1969) from the CAL-1 
strain of chicken with Marek's disease. Marek's disease chickens also release RA V -0 
endogenous RNA virus as well as a herpes DNA virus. Chicken syncytial virus is 
not antigenically related to the avian leukosis viruses (COOK, 1969). 

Avian reticuloendotheliosis virus was isolated from adult turkeys by TWIEHAUS 
and ROBINSON (1965). It was adapted to young chicks but is unrelated antigeni­
cally to avian leukosis viruses (THEILEN, ZEIGEL and TWIEHAUS, 1966). The virus 
is a typical type-CRNA tumor virus but the purified virus is not nearly as patho­
genic as extracts of spleens from infected birds (BAXTER-GABBARD et al., 1971). 

Trager duck necrosis virus and duck infectious anemia virus were both discover­
ed as contaminants of malarial parasite, Plasmodium lophurae (TRAGER, 1959; 
MCGHEE and LOFTIS, 1968; LUDFORD, PURCHASE and Cox, 1972). Similar viruses 
were found in several different malarial parasites of birds (DEARBORN, 1946). Plas­
modium lophurae was originally isolated from a ring-necked pheasant (COGGE­
SHALL, 1938). 

All of these viruses are highly related, even though they were isolated from 
birds that are related to one another only distantly from the point of view of the 
homology of their DNA (KANG and TEMIN, 1973, 1974). The Trager duck necrosis 
virus lacks homology with DNA from chickens, ducks, pheasants or turkeys and 
presumably the other viruses will behave similarly. Two of the viruses are associat­
ed with a parasite that is horizontally-transmitted by insects and a third is in 
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association with a horizontally-transmitted DNA virus. The fourth is more 
infectious in crude extracts than when purified, suggesting it, too, exists in as­
sociation with another agent. Possibly, a common ancestor of these viruses was 
transmitted to domestic birds from another animal but, as KANG and TEMIN 
(1974) emphasize, their genetic origin is not clear. 

Fig. 45 interprets the relatedness of selected chicken RNA tumor viruses to 
genes in normal chickens. RA V -0 is considered to be a direct RNA transcript of a 
chicken virogene. It may be altered somewhat since it is produced as an extra­
cellular virus, but it is not tumorigenic. RAV-2 is pictured as a descendant of 
RAV-O, having evolved away from the chicken virogene by some undefined means. 
RAV-60 is a recombinant virus (HAYWARD and HANAFUSA, 1975) formed by 
passing RAV-2 through normal chicken cells (see later). 
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Fig. 45. Diagram of relatedness of some avian retroviruses to cell genes 

Rous sarcoma virus is a product of recombination between RAV-O or a descend­
ant of it and a cell gene termed "protosrc" (STEHELIN et al., 1976). The src sequence 
in Rous sarcoma virus is related but not exactly identical to its progenitor, 
protosrc. There may be several unrelated protosrc sequences in normal chicken 
DNA. It is assumed that protosrc existed first in chicken DNA then was acquired 
rather recently by RNA-containing viruses. It is theoretically possible that src 
existed first in the virus and was introduced into the germline of chickens in the 
evolutionary past, only more recently becoming protosrc. Usually, however, 
protosrc is considered to be the original sequence, as its name implies. 

Avian myeloblastosis virus, a leukosis virus, is also a descendant of RAV-O. The 
dashed line of Fig. 45 signifies that it is not known whether chickens carry a 
"protoleuk" sequence for forming leukosis viruses. It is also not known whether 
sarcoma and leukosis viruses originate independently or whether sarcoma viruses 
arise from leukemia viruses, as is suspected to be the case in laboratory-derived 
sarcoma viruses of mice (see later). 

The second major group of RNA tumor viruses come from mice and, to a 
certain extent, from rats. The mouse viruses are an inordinately complex group. 
A large fraction of the mouse genome codes for virogenes (GILLESPIE, SAXINGER 
and GALLO, 1975; BENVENISTE et al., 1977). Mice possess several different classes of 
virogenes, unrelated to each other (Fig. 46}. Those retroviruses other than the 
type- C class will be discussed only briefly. 
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Fig. 46. Diagram of relatedness among mouse viruses 

Type-A particles are intracellular and noninfectious, but they contain RNA 
physically similar to the RNA of the infectious RNA tumor viruses (YANG and 
WIVEL, 1973). They appear to be class 1 viruses coded by multiple genes (LUEDERS 
and KUFF, 1977). They are probably genetically distinct from type-B and type-C 
mouse viruses (WONG-STAAL et al., 1975). Mouse mammary tumor virus is a type-B 
RNA virus capable of causing breast tumors in mice. Different strains of mouse 
mammary tumor virus have different oncogenic potential, but all the isolates are 
highly related to one another. Mouse mammary tumor viruses are not related to 
other mouse viruses. 

The remaining viruses we will consider are all type-C viruses. They are all 
genetically interrelated and are composed of leukemogenic viruses, sarcomagenic 
viruses, or their progenitors. These viruses are often categorized according to their 
host range. The "xenotropic" mouse. viruses fail to grow on mouse cells but 
replicate in cells of other species (LEVY, 1973). The "N-tropic" and "B-tropic" 
mouse viruses grow on some mouse cells but not others (HARTLEY, ROWE and 
HUEBNER, 1970; PINCUS, HARTLEY and ROWE, 1971). Specifically, N-tropic 
viruses grow only in mouse cells with an Fv-1n allele (e.g. NIH Swiss mouse cells) 
and B-tropic viruses grow only in mouse cells with an Fv-1b allele (e.g. BALBc 
mouse cells). Other mouse viruses grow well in both types of mouse cells; those 
are called N, B-tropic. Finally, a newly-discovered group of viruses from wild 
mice, Mus musculus, (OFFICER et al., 1973) grow both in mouse cells and in cells 
from other animals. They have been called "amphotropic" (RASHEED, GARDNER 
and CHAN, 1976; HARTLEY and ROWE, 1976). The N, B-tropic and the ampho­
tropic viruses are of special interest because they are tumorigenic; the N, B-tropic 
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viruses provide laboratory models for the formation of oncogenic viruses while the 
amphotropic viruses are the natural examples for testing the models. 

It is exceedingly difficult to deduce progenitor-descendant relationships among 
the mouse viruses because their hosts are highly inbred. Thus, endogenous mouse 
viruses carry genomes that bear more homology to DNA from the strain of 
laboratory mice that yielded them than to DNA from other strains of mice 
(CALLAHAN et al., 1974). This is in spite of the virtual identity in the bulk of 
the unique sequence DNA among mouse strains and subspecies (RICE and STRAUSS, 
1973). Thus, in inbred mice the virogene sequences have evolved at an unusually 
rapid rate and their transcripts can become viruses that are indigenous to mouse 
strains, but not endogenous to mice. CAIJ,AHAN et al., (1974) ascribe this unusually 
rapid rate of virogene evolution in laboratory mice to virus activation and reinte­
gration, according to the protovirus concept (TEMIN, 1971). This notion is sup­
ported by the finding that an endogenous virus from Mus cervicolor, a wild asian 
mouse, carries a genome that shows essentially the same homology to genes in 
Mus caroli and Mus musculus as is exhibited by the unique sequence DNA of 
Mus cervicolor. 

Nevertheless, it is valuable to compare the relatedness among the indigenous 
mouse viruses (Fig. 46). There are two classes of xenotropic viruses, termed alpha 
and beta. They are considered separate classes because viruses of the alpha group 
exhibit more internal homology than homology to viruses of the beta group and 
vice versa (CALLAHAN et al., 1974). Nonetheless, they are considered to have arisen 
from divergent copies of a single virogene that was amplified in the past. The 
xenotropic viruses are related to the N-tropic, B-tropic and N, B-tropic viruses, 
collectively called the ecotropic mouse RNA viruses. 

The xenotropic and most of the N -tropic and B-tropic viruses are not readily 
produced by mouse cells. They have been induced from cultured cells with chemicals 
(Lowy et al., 1971; AARONSON, TODARO and SCOLNICK, 1971) or transmitted 
from leukemic mice (GROSS, 1951; ROWE, 1972). By molecular hybridization these 
viruses are indigenous to the strain of mice from which they were obtained. 

N, B-tropic viruses grow readily on all mouse cells where the state of the allele 
at the Fv-1locus is Fv-1n or Fv-1b. Mouse cell hybrids of the constitution Fv-1b/ 
Fv-1n can be produced and they are refractory to infection by N, B-tropic viruses 
as well as to infection by N-tropic and B-tropic viruses. Otherwise, N, B-tropic 
viruses grow ubiquitously on mouse cells. Ordinarily, they grow poorly on cells 
from other species. The N, B-tropic viruses can be generated in either of two ways, 
operationally; they can be generated by forced passage of B-tropic viruses through 
restrictive cells carrying the Fv-1n allele and they can be isolated as leukemia 
viruses from mouse tumors (FRIEND, 1957; MOLONEY, 1960; RAUSCHER, 1962). 
Since all the oncogenic N,B-tropic leukemia viruses were isolated after repeated 
passages through animals, they, too, could represent forced passage through 
restrictive cells. 

The mechanism of action of the product of the Fv -1 allele is still unknown. 
The genomes of N-tropic and B-tropic viruses differ (FALLER and HOPKINS, 1977) 
at many places (FALLER and HOPKINS, 1978). N,B-tropic viruses formed by forced 
passage contain RNA genomes that differ from the B-tropic parent, at least near 
the 5' end and possibly elsewhere (FALLER and HOPKINS, 1978). Thus, the Fv-1 



76 VI. Relatedness Among Retroviruses: Recombinant Viruses 

allele seems to respond to alterations in the coding properties of the virus genome. 
As described earlier, the product of the Fv-110cus stops infection prior to provirus 
integration and its action can be abrogated by prior infection with one virus 
particle. A possible explanation to account for the properties of this dominant 
gene is a protein produced in limited quantity (under 50 copies per cell) which 
binds tightly to proviral DNA, preventing its interaction with the host chromo­
some. It is difficult to imagine a normal role for such a protein, however. 

The viruses isolated from spontaneous tumors comprise some of the most 
widely-used leukemia viruses of mice, the Gross-type leukemia viruses and the 
Friend-Moloney-Rauscher leukemia viruses. Each virus group is represented by 
several members that are more related to one another than they are to viruses of 
the other group. 

The viruses of the Friend-Moloney-Rauscher group of viruses are characterized 
by complicated natural histories. FRIEND isolated the first virus of the group 
in 1957. While passing an Ehrlich ascites tumor in NIH Swiss mice she noticed 
a case of leukemia and was able to isolate a cell-free agent capable of cau­
sing leukemia in recipient mice. The participation of the ascites cells in the 
isolation of the virus is seldom mentioned, but to our knowledge it is not clear 
whether the virus came from the Ehrlich tumor or the carrier mouse or both. 
Until recently the question was academic, but since recent evidence suggests that 
tumorigenic potential arises from recombinations between nontumorigenic viruses 
and cell genes, it may be prudent to reemphasize the complication in the natural 
history of the virus. 

In 1960, MOLONEY isolated a virus from a sarcoma called sarcoma 37 of 
BALBjc mice. Initially, the virus had very little tumorigenic activity but after 
repeated passages in BALBjc mice the leukemogenic titer increased. The repeated 
passaging to enhance the leukemogenic phenotype is reminiscent of the history of 
the Friend leukemia virus. 

Rauscher mouse leukemia virus has an equally complicated natural history. 
Following the report of GROSS (1951) that AK mice, a strain of mice with 
a high incidence of "spontaneous" leukemia, contain an agent that causes leu­
kemia in recipients, SCHOOLMAN and his colleagues (SCHOOLMAN et al., 1957) 
caged an AKR mouse with an NIH Swiss mouse and obtained a "spontaneous" 
lymphoblastoma in the NIH Swiss mouse. These tumors could be transmitted to 
recipient NIH Swiss or DBA mice with cell-free extracts. 

RAUSCHER obtained a sample of a cell-free extract from one of the mice with 
lymphoblastomas, but the potency of the extract had decayed and was only 20% 
of that originally reported by SCHOOLMAN et al. (1957). Consequently, RAUSCHER 
(1962) used the forced passaging procedure that had been successful in increasing 
the potency of other RNA tumor viruses. Finally, after passages in BALBjc mice 
a mouse developed a tumor at the site of inoculation. The virus isolated from this 
tumor caused leukemia in recipient animals. 

Both RAUSCHER and MOLONEY were experimenting on the Friend virus when 
they obtained their isolates. Moreover, the Rauscher virus was clearly isolated 
from mice that had received the AKR Gross-type virus. This led GROSS (1966) to 
speculate that the Rauscher virus and possibly the Moloney virus were in actuality 
mixtures of the Friend virus and the true leukemia virus, the Gross virus. 
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If xenotropic viruses are progenitors of leukemia viruses (see Section II on Origin 
of Retroviruses), it appears that leukemia viruses are progenitors of sarcoma 
viruses. We have already seen in the avian virus system that the nondefective 
avian sarcoma virus is a modified cell gene added onto a viral genome. The 
recipient virus is unidentified in this case; it could either be a leukemia or an 
endogenous virus. In the case of the mouse viruses SCOLNICK and his associates 
have accumulated evidence that the recipient virus is leukemogenic and that the 
cell gene has special properties. Before examining this evidence let us first review 
the natural histories of a few of the mouse sarcoma viruses. 

In the early 1960's, HARVEY was working with the Moloney strain of mouse 
leukemia virus, passaging it in rats. She reported in 1964, that one of the rats 
developed a tumor which yielded a virus capable of causing tumors in rats 
and mice. Two years later, in 1966, MOLONEY observed sarcomas in mice after 
injecting them with massive doses of Moloney leukemia virus. The sarcomas 
yielded a virus capable of causing sarcomas when administered in low doses. 
HARVEY obtained a sarcoma virus by passing a leukemia virus in a low dose in a 
new animal species while MOLONEY achieved the same result by finding a rare 
sarcoma-causing virus in the leukemia virus stock. Probably, recombinational 
events were responsible in both instances for creating the sarcomagenic pheno­
type. 

In 1967, KIRSTEN and his colleagues isolated a murine erythroblastosis virus 
from a strain of mice that had previously yielded Gross-type viruses (KIRSTEN 
et al., 1967). That same year KIRSTEN and MAYER reported the isolation of a 
sarcoma virus following the repeated inoculation of the erythroblastosis virus into 
rats. With each passage the virus became more virulent, finally becoming a potent 
sarcomagenic virus. 

We are going to pay some attention to the facts that are known about the 
mechanism of formation of mouse sarcoma viruses because the topic is leading in 
the direction of a general understanding of how retroviruses cause cancer. We 
focus on the mouse viruses because more details have been obtained from them 
than from the avian viruses, but for perspective we shall review salient facts from 
the avian virus system. 

In 1971, in his protovirus model TEMIN proposed that an endogenous, non­
tumorigenic type-C RNA virus becomes a tumorigenic RNA tumor virus by 
genetic change caused in part by repeated recombination with cell genomes. It 
has become fashionable to equate the active portion of the cell genome with viro­
genes. 

HAYWARD and HANAFUSA (1975) studied RAV-60, a virus formed by passing 
the exogenous virus, RAV-2 through uninfected chicken cells. They found that 
RAV-60 was related both to RAV-2 and RAV-O but identical to neither. The 
genome of RAV-60 was more highly related to the RNA of RAV-O, the true 
endogenous chicken virus than it was to the RNA of RAV-2. HAYWARD and HANA­
FUSA concluded that RAV-60 was a recombinant virus, recombinant between the 
incoming RAV-2 and the RAV-O virogene. The possibility that RAV-60 was a 
mixture of complete RAV-2 and RAV-O viruses was discounted because the 
RAV-60 stock was purified by endpoint dilution on quail cells, a cell line that does 
not support the growth of RAV-2. 
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The following year SHOYAB, DASTOOR and BALUDA (1976) obtained evidence 
by molecular hybridization that the proviruses of avian myeloblastosis virus 
integrated next to the endogenous RA V-O gene. The difficulty with the experiment 
is that it rests on quantitative differences from competitive molecular hybrid­
ization to distinguish among six related models for integration and consequently 
is not generally accepted as conclusive. 

In 1977, KESHET and TEMIN reported that RAV-61 was a recombinant between 
the infecting high titer Bryan strain of Rous sarcoma virus and genes in normal 
pheasants (see IlANAFUSA and HANAFusA, 1973, for origin of RA V -61). The pheasant 
sequences acquired by RA V -61 were not related to the genomes of the reticuloendot­
heliosis virus, pheasant viruses, or other avian viruses (KESHET and TEMIN, 1977). 

These results suggest that infecting RNA tumor viruses can recombine with 
host virogenes, giving rise to new, recombinant forms. The new forms can acquire 
new biological properties. Of special interest would be the properties of leukemo­
genesis and sarcomagenesis. With this in mind we turn to a discussion of the mouse 
sarcoma viruses. 

The known sarcoma viruses of mice are all replication-defective; they are 
produced by cells only when the cells are coinfected by a helper virus capable of 
supplying the missing growth functions. In the cases cited above-Harvey, 
Moloney, and Kirsten sarcoma viruses-the helper virus was a leukemia virus 
and was present in the final virus stocks possessing sarcomagenic potential. 

What is the nature of the sarcoma virus in mice? Is it a helper virus with a Brc 
gene added, as in the replication-competent avian sarcoma viruses? Apparently 
not, for the RNA genome of the sarcoma virus is actually smaller than the genome 
of the original leukemia virus (MAISEL et al., 1973; 1978). This difference in size 
not only prompted the idea that mouse sarcoma viruses lacked sequences present 
in the leukemia virus genome, it also provided a means for studying the sarcoma 
component in the absence of the RNA of the helper virus. 

Since 1973, SCOLNICK and his colleagues have been accumulating evidence 
that the mouse sarcoma viruses are recombinants between the leukemia virus and 
genes in the DNA of the host cell. During the recombination event(s) cell sequences 
are added to the virus and at the same time viral sequences are deleted. The 
resultant virus acquires sarcomagenic potential and loses replication capacity. 

SCOLNICK'S is a particularly attractive model, but it is important to review the 
nature of the experiments on which the conclusions rest, for the early work had 
serious interpretive limitations. 

In 1973, SCOLNICK et al. showed that Kirsten virus carried rat sequences in 
addition to sequences corresponding to the mouse leukemia virus genome. They 
obtained plasma from one of the original virus-shedding rats. The virus had never 
been grown in tissue culture. With this stock of Kirsten sarcoma virus they 
produced transformed nonproducer NIH Swiss mouse cells. These cells, but not 
the original uninfected NIH Swiss mouse cells, contained RNA related to an endo­
genous rat virus. SCOLNICK et al. (1973) stressed the interpretation that the rat 
virus-related RNA was the expression of the Kirsten sarcoma virus RNA in the 
nonproducer cells rather than the alternative that both the uninfected mouse cells 
and the infected transformed mouse cells carried the capacity to code for the rat 
virus RNA but only the transformed cells expressed the appropriate sequences. 
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SCOLNICK et al. (1973) also showed that DNA copies of the RNAs of the sarcoma 
plus leukemia virus, but not the leukemia virus alone, hybridized to RNA from 
cells producing the rat endogenous virus. They concluded again that Kirsten 
sarcoma virus carried RNA related to the genome of the rat virus. Of course, 
since the stock containing the sarcoma virus came through rats it could have 
consisted of three viruses, the Kirsten sarcoma virus, the helper erythroblastosis 
virus, and the rat endogenous virus. 

Nevertheless, SCOLNICK et al. (1973) took the following tack, and subsequent 
work has shown that they are probably correct: 

"During passage of Ki-MuL V in rats, a recombinational event occurred with 
information contained in rat cells. The process resulted in the formation of a 
recombinant between Ki-MuLV and sequences in the rat cells. Thus Ki-SV now 
contains some MuLV information plus additional information. Part of this addi­
tional information clearly has homology with information contained in rat type-C 
viruses. This rat information can be transduced into mouse cells during the 
process of transmission of Ki-MuSV from rat cells to mouse cells or mouse cells 
to mouse cells. Presumably, Mo-SV (Moloney sarcoma virus) resulted from similar 
events in mouse cells; different strains of Mo-SV may then simply reflect varying 
amounts or kinds of MuLV sequences associated with the transforming informa­
tion." 

It obviously followed that Harvey sarcoma virus should also possess rat virus­
related sequences, since it was obtained by repeated passage through rats (HAR­
VEY, 1964). SCOLNICK and PARKS (1974) showed this to be the case. The ratlike 
sequences were absent from the helper Moloney leukemia virus and appeared to 
be the same or similar to the ratlike sequences in Kirsten sarcoma virus. The types 
of experiments characterizing Harvey sarcoma virus were the same as those used 
to characterize Kirsten sarcoma virus, subject to the same alternate explanations. 

Moloney sarcoma virus lacks these ratlike sequences (SCOLNICK and PARKS, 
1974; SCOLNICK et al., 1975) as would be expected since the virus was contained 
within mice throughout its natural history (MOLONEY, 1960). Apparently, the src 
sequences of Moloney sarcoma virus originated in mice (SCOLNICK et al., 1975; 
FRANKEL and FrSCHINGER, 1977) and were introduced into the sarcoma virus by 
recombination. 

More recently, the data supporting a recombinational origin for mouse sarcoma 
viruses has been strengthened. Roy-BURMAN and KLEMENT (1975) showed that 
the RNA of Kirsten virus hybridized to DNA from rats, eliminating the problem 
of coding capacity vs. expression. Unfortunately, Roy-BURMAN and KLEMENT did 
not purify the sarcoma-specific RNA but relied on assays indicating a high 
biological titer of sarcoma virus to attest to the relative absence of leukemia virus 
and rat endogenous virus. 

MAISEL, SCOLNICK and DUESBERG (1975) purified the small sarcoma virus 
subunit of Harvey sarcoma virus RNA, freeing it from the larger helper virus RNA, 
and showed that the small subunit carried the ratlike sequences. SHIH et al. (1978) 
purified Kirsten sarcoma virus RNA and mapped T1 RNase-resistant oligo­
nucleotides specific for either the leukemia virus or the rat endogenous virus, 
combining the poly (A) selection technique of WANG et al. (1975) with the hybrid­
ization of oligonucleotides developed by COFFIN and BILLETER (1976). Within the 
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6000 nucleotide RNA molecule corresponding to the sarcoma virus, reading 
from the poly (A)-containing 3' end, nucleotides 1-1000 come from the leukemia 
virus, nucleotides 1000-5900 (approx.) come from the rat, and nucleotides 
5900-6000 come from the leukemia virus. 

By the RNA fingerprinting method the ratlike sequences of Kirsten sarcoma 
virus are not distinguishable from sequences in rat endogenous virus, hence not 
distinguishable from a gene(s) in rats, but they are distinguishable from the 
ratlike sequences in Harvey sarcoma virus (SHIH et al., 1978). Oddly, the hybrid 
formed between the RNA of Kirsten sarcoma virus and rat DNA has a low thermal 
stability (our unpublished data). 

Moloney leukemia virus 

~~-------------------------------~c5' 10kb 

src (mousel 
3' w ...... -----__ ----_0 5' 5 kb 

Moloney sarcoma virus 

Kirsten erythroblastosis virus 

3' "'''''···>---------------------------------00 5' 10 kb 

src (ratl 
3'"".,..· ----------05' 6 kb 

Kirsten sarcoma virus 

Fig. 47. Map of two mouse sarcoma virus RNAs. 
Kirsten sarcoma virus and Moloney sarcoma virus are apparently formed by recom· 
bination between leukemia virus genomes (thin lines) and a particular cell gene or 
genes (thick lines). In both cases the cell genes replace the center of the leukemia virus 
genome. Each leukemia virus genome is 10 kilobases long while the sarcoma virus 

RNAs are only 5-6 kilobases in length 

A simple view concerning the sequence arrangement in RNA of sarcoma viruses 
and the mechanism of their origin is diagrammed in Figs. 47 and 48. RNA from 
Moloney sarcoma virus is a 1500 nucleotide src sequence derived from mouse DNA 
flanked by 1000 nucleotides of Moloney leukemia virus sequence toward the 3' end 
and 2500 nucleotides of Moloney leukemia virus sequence toward the 5' end. The 
RNA of Kirsten sarcoma virus is arranged similarly with a 5000 nucleotide src 
sequence derived from rat DNA flanked toward the 3' end by 1000 nucleotides 
of Kirsten erythroblastosis virus sequence and at the 5' terminus by a very short 
piece of the erythroblastosis RNA. The positions of the leukemia virus sequences 
in the sarcoma virus RNA are the same as their position in the leukemia virus 
RNA, as far as can be determined; the 3' end of the leukemia virus RNA ends up 
as the 3' end of the sarcoma virus genome while the 5' end of the helper is recovered 
at the 5' end of the sarcoma virus RNA. 
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SHIH et 01. (1978) proposed that the recombination event creating these hybrid 
RNAs is an extrachromasomal, copy-choice mechanism involving reverse tran­
scription, as deduced earlier by WEISS, MASON and VOGT (1973) in the avian virus 
system. Early in the infection of a cell by a leukemia virus a DNA provirus is 
made from the invading viral RNA, using reverse transcriptase. H the viral RNA 
is aligned at the time with a molecule of endogenous virus RNA, then the leukemia 
virus reverse transcriptase can begin by copying the leukemia virus RNA, switch 
to the endogenous virus RNA at some point, then switch back to the leukemia 
virus RNA to finish up (Fig. 48). This model leads to an insertion of a cell sequence 

Fig. 48. Copy·Choice model for sarcoma virus formation. 
The leukemia virus RNA (thin line) "aligns" with an endogenous "type-C RNA" (thick 
line). During copying of the leukemia virus RNA into DNA (see Fig. 5) the DNA 
polymerase switches, templates and copies the type C RNA. Before finishing, the 
polymerase switches back and finishes the leukemia virus RNA. The position of the 
second switch seems to be more random than the position of the first switch. Mter 

SHIH et al. (1978) 

within the viral genome, deleting the viral genome in the process. It does not 
necessarily alter the base sequence of the RNA regions that become incorporated 
into the sarcoma virus genome. 

The provirus formed by copy-choice can then integrate into the host cell as the 
leukemia virus would, but the integration would not lead to virus production 
except in cases where a leukemia virus integrated into the same cell. The sarcoma 
virus should have two functions derived from the leukemia virus parent. It should 
carry signals requisite for initiating reverse transcription. Presumably the termini 
perform this function and will be conserved in replication-defective sarcoma 
viruses, as TRONICK et al. (1978) have found. TRONICK et al. also suggest that the 
termini would be required for forming the dimer structure of the viral RNA or for 
providing leader sequences. The other function that must be transmitted to the 
sarcoma provirus is the ability to integrate into the cell genome. It is unlikely that 
cell DNA integrates with the efficiency of proviruses; some special sequence is 
probably required. Again, the ends of the RNA have been implicated in the 
process of integration as well as in the other functions described above. However, 
in all sarcoma viruses known to us about 1000 nucleotides of helper virus enters 
the sarcoma virus genome. In the avian viruses the host range marker maps in 
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this region. Possibly a substantial portion of the 3' end of the RNA codes for 
integration functions. 

What is the nature of the new sequences acquired from the rat, in the cases of 
Kirsten and Harvey sarcoma viruses, or from the mouse, in the case of Moloney 
sarcoma virus? 8COLNICK, GOLDBERG and WILLI.AMS (1976) distinguished between 
"type-C rat genes" and "rat cellular genes" a nomenclature equivalent to the "viro­
genes" VS. "other cell genes" we use in this monograph. 8COLNICK, GOLDBERG 
and WILLI.AMS concluded that the new sequences in Kirsten and Harvey sarcoma 
viruses were rat virogene sequences because their expression can be regulated by 
bromodeoxyuridine induction, because they can be copied by reverse transcriptase 
and because they are present as multiple-copy elements in the rat genome. 

8COLNICK, MARYAK and PARKS (1974) pointed out, however, that there is more 
than one rat virogene. Two different cell lines derived from Osborne-Mendel rats 
produced different viruses. The rat thymus cell line, RT 21c, releases a leukemo­
genic virus, RT 21c virus (CREMER et al., 1970). The rat kidney cell line, NRK, 
releases an RNA virus, vNRK (Duc-NGUYEN et al., 1966). Both viruses are 
ecotropic; they grow only in rat cells (8COLNICK, MARYAK and PARKS, 1974). The 
ratlike sequences in Kirsten and Harvey sarcoma viruses are related to vNRK, 
not to RT 21c. The vNRK and RT21c virogenes are independently regulated. The 
product of the RT 21c virogene is a 34-358 RNA; that of the vNRK virogene is 
somewhat smaller (8COLNICK et al., 1976). 

ANDERSON and ROBBINS (1976) also found homology between the rat-originat­
ed components of Kirsten sarcoma virus and the virus from NRK cells of Osborne­
Mendel rats. They saw no or little homology with the leukemia virus of Wistar­
Furth rats, Jones chloroma rat virus or Fisher rat leukemia virus. 

Amphotropic mouse viruses, mouse leukemia viruses and endogenous mouse 
viruses can package the vNRK virogene transcripts as they, themselves, replicate 
in rat cells (8COLNICK et al., 1973, 1976; ANDERSON and ROBBINS, 1976). During 
this "rescue" of the virogene transcripts by the infecting viruses as much as half 
of the RNA recovered from extracellular virus particles is vNRK RNA (8COLNICK 
et al., 1976), though it is not certain whether the vNRK RNA is packaged by the 
infecting virus or by rat "particles". 

Apparently, infecting type-C viruses specifically package transcripts of those 
virogenes potentially coding for type-C viruses (GOLDBERG et al., 1976). Hemo­
globin message RNA is packaged only rarely, if at all. The RNA virogenes that 
code for a type B virus, mouse mammary tumor virus, and the RNA of a provirus 
coding for a type-D virus, the Mason-Pfizer monkey virus, are not rescued by 
infecting type-C viruses. 

Rats are not the only animals harboring RNA that can be rescued by RNA 
tumor viruses. HowK et al., (1978), identified a 308 RNA in mouse cells that could 
be rescued by superinfection. The 308 RNA rescued by Moloney leukemia virus 
and separated from the 388 RNA of the leukemia virus was unrelated to the 
Moloney leukemia virus genome and was unrelated to the RNA of mouse xeno­
tropic and amphotropic viruses. The 308 mouse RNA is coded by multiple genes 
and is inducible with bromodeoxyuridine (HoWK et al., 1978). No mention was 
made concerning whether the 308 RNA was homologous to the src sequences of 
Moloney sarcoma virus. 
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SHERWIN et al. (1978) reported on a similar RNA species in mouse cells. They 
found that baboon endogenous virus could rescue a 30S RNA when replicating in 
mouse cells. They also learned that the RNA was coded by multiple genes in 
mouse DNA and that it was not related to any known mouse virus. It was related, 
however, to abundant RNA molecules produced by several mouse strains and 
species. 

Other workers reported on RNA species in mouse cells having some properties 
of the 30S RNA, but where identity is less certain. TsuCHIDA and GREEN (1974) 
discovered a 26-28S RNA in normal mouse cells with homology to Moloney 
sarcoma virus. MUKHERJEE and MOBRY (1975) found an RNA in proliferating 
mouse cells with homology to the genome of an endogenous mouse virus, the 
S2Cl3 virus. This RNA was more abundant in embryos than in newborns and 
more in reproductive and proliferating tissues of adults than in other adult tissues. 
Finally, GETZ et al. (1977) reported higher levels of RNA homologous to the AKR 
virus in chemically-transformed cells than in normal control cells. 

Other cells produce "rescuable" RNA. Mink cells produce an RNA that can be 
rescued by Kirsten sarcoma virus (SHERR, BENVENISTE and TODARO, 1978) and 
probably by mouse amphotropic viruses (CHATTOPADHYAY, 1978). It is not known 
whether the RNA is related to that of an endogenous mink virus described by 
BARBACID, TRONICK and AARONSON (1978). The RNA of the endogenous cat virus, 
RD 114, is found at an elevated level in many types of tissues, including some 
tumors (NIMAN et al., 1977). 

We do not know whether the endogenous type-C RNAs of mice, mink, or cats 
participate in the origin of sarcomagenic (or leukemogenic) viruses in their 
respective species. We do not know whether these RNA molecules have a positive 
role in the development or maintainance of the animal. Nonetheless, it is probably 
time to suspect that SCOLNICK'S model for the formation of mouse sarcoma viruses 
can be generalized to other mammalian species and it is probably time to be 
concerned about its participation in natural forms of cancer. 

SCOLNICK'S model can be extended to other viruses of mice, for there are now 
several examples of tumorigenic recombinant retroviruses. The spleen focus­
forming virus component of the Friend leukemia virus is a laboratory recombinant 
between an ecotropic and a xenotropic virus (TROXLER et al., 1977), one crossover 
being near the env gene, some 1000-1500 nucleotides from the 3' end of the RNA 
genome of the virus (TROXLER et al., 1977). The amphotropic MCF viruses are 
also laboratory recombinants between ecotropic and xenotropic mouse viruses at 
the envelope gene (ELDER et al., 1977). The MCF virus appears late in the pre­
leukemic period in AKR mice (KAWASHIMA et al., 1976) and may playa role in the 
etiology of spontaneous lymphomas of certain laboratory mice, according to 
HARTLEY et al. (1977). Certainly, the avian sarcoma viruses are recombinants 
between a cell gene and an avian virus (STEHELIN et al., 1976). 

The fact that tumorigenic viruses are recombinants may not be restricted to 
laboratory viruses. The lymphoma viruses recovered from wild mice have pro­
perties of both xenotropic and ecotropic viruses, being amphotropic in host range 
(RASHEED, GARDNER and CHAN, 1976; HARTLEY and ROWE, 1976). Unlike the 
MCF virus, which is neutralized by antisera directed against either the xenotropic 
or the ecotropic mouse viruses, the wild amphotropes are neutralized by neither 
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serum. Nevertheless, it may be that the natural viruses of mice, too, are recom­
binants. 

The feline leukemia virus may also be a recombinant virus. The simplest 
explanation of the data pertaining to its origin is that it was a rat virus that 
infected cats and recombined repeatedly with cat DNA, becoming tumorigenic 
in the process (see pp. 64--68). This virus is the etiologic agent for leukemia 
and lymphomas in cats (see pp. 15, 85). Cats possess sequences in their DNA that 
are related to the genome of feline leukemia virus (BENVENISTE, SHERR and To­
DARO, 1975). Tumors of some leukemic cats, especially virus-shedding tumors, 
possess new DNA sequences related or identical to feline leukemia virus genes, 
but other tumors, especially in virus-negative cats, apparently lack new viral 
sequences at a detectable level (KosHY et al., 1979). Stipulating that tumors in 
virus-negative cats are nonetheless caused by feline leukemia virus, it follows that 
little, if any, of the viral genome need be integrated into DNA of the animal to 
produce a tumor. 

RNA tumor viruses may act chiefly by activating and modifying cell genes 
that are used for normal growth, development and differentiation. They may act 
as "site-specific" mutagens, having some homology with the genes they affect. 
This feature would make them more potent than chemical mutagens, which must 
act randomly. Nevertheless, there is probably a randomness to natural mechanisms 
for viral-induced cancer, concerning which part of the virus genome integrates, 
where in the chromosome it integrates, and the physiological state of the infected 
cell. We are especially attracted to a model where a retrovirus productively infects 
a cell and acquires a host repeated DNA sequence. This sequence might permit the 
virus to move around the host chromosome, integrating at many alternate sites. 
Depending on the virus titer in the animal, there may be a significant probability 
of one of those secondary infections arresting the differentiation of an embryonic, 
fetal, stem, or incompletely-differentiated cell, causing cancer. 

This scheme ignores the physiology and phenotype of cancer cells. Probably, 
the physiologies of different tumors differ fundamentally as their phenotypes are 
known to differ. To treat cancer as a single disease at the phenotypic level seems 
hopeless. However, there is still the possibility that the varied phenotypes of the 
cancer cell are manifestations of a genetic change whose nature is common to all 
tumors. It is in the direction of elucidating this change, whether it is a change in 
DNA as TEMIN (1971) proposed or an alteration in its expression as RNA as 
HUERNER and TODARO (1969) favored or some alternate abnormality in genetic 
control, that fundamental inroads toward understanding the causes of cancer will 
be made. In the process, it is likely that we shall come to understand aspects of 
development and evolution that are now obscure. 
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Several lines of evidence suggest an association between RNA tumor viruses 
and cancer in man (GILLESPIE, SAXINGER and GALLO, 1975; VIOLA et al., 1976; 
GALLO and GILLESPIE, 1977). If the link is a causal one, the availability of the 
causative agent could be useful both for research and for therapy. The rare isola­
tion of infectious type-C RNA viruses from cultured human tissues has been 
reported by several groups (see later). These reports have generated criticisms of 
two major forms: (1) If type-C RNA viruses cause human cancer, they should be 
regularly isolated from the neoplastic tissue and (2) the viruses could be con­
taminants which were inadvertently introduced into the tissue sample during the 
course of laboratory manipulation. 

As our knowledge increases concerning the relationship between RNA tumor 
viruses and cancer in animals, it is becoming clear that the first criticism is 
unwarranted. In cats, for example, feline leukemia virus (FeLV) is one causative 
agent for leukemias and lymphosarcomas (BRODY et aI, 1969; JARRET et al., 1973). 
FeLV consists of viruses that are freely transmissible among cats and many cats 
excrete appreciable levels of infectious virus. However, in some leukemic cats 
infectious, replicating virus cannot be detected. In addition, FeLV viral proteins, 
proviral DNA and antibodies against viral proteins are missing in many of these 
cats. These virus-negative cats do carry a tumor-specific antigen (FOCMA) whose 
production is in some way associated with virus infection. Therefore, in cats, one 
would not expect to isolate replicating virus in every case. Isolation of infectious 
virus from animal neoplasms varies widely from animal to animal. The isolation 
of infectious virus from leukemic gibbons is relatively easy. The isolation of virus 
from leukemic cows is rather difficult. Infectious virus has never been isolated 
from leukemic dogs. Infectious virus is rarely isolated from mice or chickens with 
spontaneous leukemia. 

The ease of virus isolation will probably vary with different animals and even 
with different neoplasms in the same species. A priori one could not have predicted 
where to place humans in such a matrix. With available data and technology, it is 
now apparent that the isolation of infectious virus from humans will occur ex­
tremely rarely. 

The second criticism, that of laboratory contamination, is a more difficult 
problem. The criticism is especially apropos in the cases of existing candidate 
human RNA tumor viruses for all reported isolates are very closely related, 
though not identical to laboratory isolates from nonhumans. 

If the transmission of type-C RNA viruses to humans has occurred, one might 
expect the transmitted viruses to be related to, but easily distinguishable from 
other viruses obtained from the progenitor animal. In fact, the viruses obtained 
from cultured human cells are not easily distinguished from laboratory viruses, 
prompting the conclusion by some that they are laboratory contaminants. 
However, if the argument is taken to its conclusion, it states that viruses recently 
transmitted from one species to another will very closely resemble other viruses 
from the progenitor animal and in this context the close relationship of the candidate 
human viruses to viruses obtained from nonhumans might have been predicted. 
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There are several approaches that can be used to dispel the criticism of 
laboratory contamination. One is to obtain evidence for proteins or nucleic acids 
of the particular virus type in fresh, uncultured human tissue. A second is to 
repeatedly isolate virus from tissues of the same patient, several times from the 
same tissue or, preferably, from different, independently-drawn tissue samples. 
A third is to repeatedly isolate the same virus type from several patients under 
different experimental conditions. A fourth approach would be, having a candidate 
human virus, to isolate DNA from fresh, uncultured tissues of the same patient 
and to use it for transfection. H transfection were accomplished, and if the 
transfected virus were indistinguishable from the candidate virus obtained by 
conventional cocultivation, there should no longer be a question of laboratory 
contamination. This experiment has not yet been done, but perhaps it would be 
a useful one in the future. 

In the absence of a conclusive experiment it is necessary to weigh existing 
circumstantial evidence. The discussions that follow have that as their objective. 

2. The Natural History of Primate, Type-C, RNA Viruses 

This section will be a historical account of the isolation of viruses relevant to 
the topic of candidate human viruses. The nonhuman primate, type-C RNA 
viruses consist of two major groups, one group is infectious for but not endogenous 
to primates, and the second group is endogenous to baboons. The first group consists 
of simian sarcoma and associated virus and gibbon ape leukemia viruses and is 
clearly tumorigenic in animals. The second group consists of viruses isolated from 
several species of baboons. The baboon viruses under experimental conditions so 
far utilized do not cause cancer. Some details of nonhuman, type-C RNA viruses 
are presented in Table 3. 

Simian sarcoma virus and simian sarcoma-associated virus (SSV, SSA V) is a 
virus complex consisting of members that can be separated by biological pro­
perties into at least two members: a sarcoma-causing, nonreplicating agent (simian 
sarcoma virus or SSV) and a fully replication-competent virus not capable of 
causing tumors (simian sarcoma-associated virus or SSA V). Usually the ratio of 
SSA V : SSV in the complex exceeds 100: 1 or 1000: 1. It is not clear whether 
SSV and SSA V represent the only two components of the complex or reflect ends 
of a spectrum whose interior consists of viruses defective in particlar functions. 
Less than 1 % of the virus particles in a typical preparation of SSV -SSA V are 
infectious. Both cDNA and RNA of SSV-SSAV are comprised 30% or more 
of sequences not found in SSAV. For simplicity and to be consistent with our 
previous publications concerning this virus, we will refer to the complex simply 
as SiSV. 

SiSV was isolated from a fibrosarcoma of a woolly monkey (see p. 51 and 
Fig. 30). The monkey was trapped in South America as an infant and was hou­
sed in a pet store for several weeks but for most of its life was a household pet. 
The monkey was kept in associ ation with other animals, one of these was a gib­
bon ape. At 3 years of age the monkey developed a fibrosarcoma. Type-C virus 
was observed in the tumor by THEILEN et al. (1971) and virus was isolated from 
extracts of the tumor tissue by WOLFE et al. (1971). Viruses were isolated from 
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Table 3. Summary of primate and candidate h1tman, type-C RNA viru8e8 

Virus Origin Common host cells 
used for propagationa 

N onhumanprimateviruse8 

SiSV woolly monkey fibrosarcoma 71AP 1, NRK, NC37 

GaLV-l gibbon lymphosarcomatous UCD-144-MLA 
tumor 

GaLV-2 gibbon myeloblasts NC37 

GaLV-3 gibbon lymphoblasts cells of origin b 

Gbr-1 normal gibbon brain A204 
(uninoculated) 

Gbr-2 "normal" gibbon brain FEC,Ib1Lu 

Gbr-3 "normal" gibbon brain DBS-FRhL-1, Tb1Lu 

BaEV (M28) normal baboon testes cells of origin 

BaEV (M7) normal baboon placenta A7573c, Tb1Lu, 
MV1Lu, A204 

BaEV (455K) normal baboon kidney A7573c, Tb1Lu 

BaEV (8K) normal baboon kidney A 7573 0 

BaEV (BILN) leukemic baboon inguinal cells of originb 

lymph node 

BaEV (P. papio) 

BaEV (T. gelada) 

Candidate h1tman viru8e8 

HL23V human leukemic myeloblast A204, A 7573c 

culture (HL 23) 

HL23Vbab HL23V HOS 

HL23VSiSV HL23V Tb1Lu 

HEL-12V normal human embryo lung cells of origin 
(HEL-12) 

HEL-1V normal human embryo lung cells of origin b 

(HEL-1) 

L104V human lung tumor cells XC 

SAK21V human leukemic marrow NRK, R-970-5, SIRC 

a See text for description of cell lines. 
b Cells of origin = cells from which virus was obtained. Otherwise virus is produced 

following transmission to a suitable target cell. 
e Also called FCF 2 Th. 
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several samples of the extract in different ways, giving rise to the several labo­
ratory isolates now in use. SiSV causes fibromas or regressing, well-differentiated 
fibrosarcomas in primates (WOLFE et al., 1971). 

In one case a cell-free extract of the fibrosarcoma was applied to cultured 
marmoset skin fibroblast cells (line 1283). The cells became infected 1283 (SiSV). 
The virus-producing cells were inoculated into a marmoset (marmoset number 
71AP1). The marmoset developed a tumor, a fibrosarcoma which was cultured. 
The cultured cells, 71AP1 (SiSV) eventually produced SiSV (71AP1). Early 
passage 71APl (SiSV) cells do not produce virus. SiSV (71AP1) has been used 
to infect many other cell lines. Two in common use are HF marmoset skin fibro­
blasts and NRK rat cells (not to be confused with KW23, see below). 

In a second case, the extract was inoculated directly into a marmoset (mar­
moset number 71Q1). The marmoset developed a fibrosarcoma. The tumor was 
put into culture and produced virus. This virus, SiSV (71 Q1), has been used to 
infect NC37 human lymphoid cells. The virus produced by the infected NC37 
cells does not have transformation capabilities. Earlier, an NC37 (SiSV) line had 
been created using SiSV (71AP1), but this line eventually stopped producing 
virus, and as far as we know, is no longer in use. This infected NC37 line also 
produced nontransforming virus. 

In a third case the extract was placed upon NRK rat cells that had been 
previously transformed by Kirsten murine sarcoma virus. This line, KW23 or 
KNRK (SiSV), produced SiSV. From this virus population a nontransforming 
virus was isolated by endpoint dilution. This virus is called M55 or M55 (NRK). 

The preparations of SiSV obtained in the different ways outlined above are 
indistinguishable using immunological techniques to compare some of the major 
structural proteins (gp70, p30 and p12). By the criterion of molecular hybridiza­
tion, however, the genomes of SiSV (71AP1), SiSV (NRK) or SiSV (KNRK), and 
SiSV (NC37) are all slightly different from one another (unpublished results with 
M. Reitz and R. G. Smith). Most notably, SiSV (NC37) lacks sequences found in 
other viruses. Whether this is related to its lack of transformation potential is not 
known. 

SiSV produced by any given cell line may not consist 9f a collection of particles 
having RNA with identical nucleotide sequences (see Section IV on Organization of 
Infectious Retrovirus Genes). The proviral DNA sequences of the 71AP1 (SiSV) 
cells consists of related, nonidentical sequences. Possibly, the RNA of the virus 
produced by these cells is heterogeneous also. It may be noteworthy that different 
cell lines producing SiSV were constructed without cloning the virus or the cells. 
The point is raised because if one attempts to compare a candidate human virus 
with known laboratory virus stocks, the experiments are more difficult to design 
if one or both of the viruses are heterogeneous. As far as we know, this is a possible 
complication with molecular hybridization analyses of virus genomes but not with 
comparative immunological studies of virus proteins. 

The first isolate of gibbon ape leukemia virus (GaL V) came from a 3.5 year old 
female gibbon (Hylobates lar) having a spontaneous lymphosarcoma with tumors 
consisting of prolymphocytic cells in the lymph nodes, liver and bone marrow 
(KAWAKAMI et al., 1972). Tumor cells (UCD-144-MLA), primarily lymphoid, were 
established in culture, and they produced the virus. The gibbon was supplied 
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by the San Francisco Medical Center and was a member of a group of six imported 
gibbons housed in a single cage. They had been exposed to radiation during the 
course of an aging study. A male cagemate of the virus-producing female gibbon 
also showed histological evidence of type-C virus particles. The virus from the 
female gibbon has been called GaLV-1, the San Francisco strain of GaLV or SLV. 
The UCD-l44-MLA cells cause lymphocytic leukemia in gibbons. So far the 
purified virus does not cause neoplasms. 

KAWAKAMI and BUCKLEY (1974) obtained the second isolate of GaLV from a 
gibbon (Hylobateslar) with a spontaneous granulocytic leukemia. The gibbon was 
a part of a large SEATO colony in Bangkok, Thailand, from which DE PAULI et al. 
(1973) had earlier reported 5 cases of "spontaneous" granulocytic leukemia. It may 
be noteworthy that the 5 leukemic gibbons were representatives of a group 
inoculated with blood of humans with malaria. The virus was transmitted from 
the gibbon tumor to human lymphoid NC37 cells, but the techniques used to 
accomplish this have not been reported. The second GALV isolates have been 
called GaLV-2, the SEATO or Thai strain of GaLV or SMV. 

Three new isolates of GaLV were obtained from brains of "normal" gibbons 
(TODARO et al., 1975). The animals were imported to Louisiana from Southeast 
Asia and could have been part of the Thailand SEATO colony. Two animals were 
inoculated intracerebrally with brain extracts from humans with kuru disease 
and the third, uninoculated was a cagemate. The inoculated animals died within 
four months of injection and tissues were frozen for 7 years, until 1975. The brain 
tissues were initially established in culture and later were cocultivated with 
uninfected cells from various animals. The virus produced by the target cells were 
termed GBr-1, GBr-2, and GBr-3 (see Table 3 for details). 

The most recent GaLV isolate came from a seven year-old male gibbon (Hy­
lobates lar) with spontaneous malignant lymphoma and lymphoblastic leukemia 
(GALLO et al., 1978). The animal was housed on Hall's Island, Bermuda, between 
1974 and 1976 as part of a free ranging colony. Previously, the gibbon was colonized 
in Madrid, Spain, but its earlier history is unknown. Shortly after diagnosis the 
animal was flown to Bethesda, Maryland, where it died a few days later. Examina­
tion of many tissues obtained at death revealed virus particles or biochemical 
markers in many tissues, both involved and uninvolved. Virus was produced by 
blood leukocytes established in cell culture and was transmitted to target cells 
from several other tissues by cocultivation. 

All of the isolates of GaLV are related to one another and to SiSV. Sero­
logically, their p30 proteins are indistinguishable and their gp70 and reverse 
transcriptases are highly related. They contain divergent p 12 proteins. Their RNA 
genomes are related, but distinguishable. Because of their interrelatedness with 
one another and their wide divergence from most other type-C RNA viruses, 
excepting certain mouse viruses, we consider SiSV and GaL V to be a family of 
oncogenic, type-C RNA viruses infecting primates. The term "primate type-C 
RNA virus" is often used, but it should be noted that the use of the word "primate" 
in this terminology reflects the supporting host and not the animal that originated 
the virus. The progenitor animal for the SiSV-GaLV family was probably an 
ancestral mouse or rat (WONG-STAAL, GALLO and GILLESPIE, 1975; LIEBER et al., 
1975). This is in contrast to the virus isolated from baboons, also a primate type-C 
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RNA virus, wherein the baboon is probably the progenitor animal as well as the 
supporting host. 

There are at least seven isolates of baboon endogenous virus (BaE V), from seven 
different animals including four species of the genus, Papio and one member of 
the genus, Theropithecus. These viruses do not cause tumors in animals, and they 
do not transform fibroblasts in tissue culture. 

Virus particles were first noticed in placentas of normal yellow baboons (Papio 
cynocephalus) (KALTER et al., 1973; and LAPIN, 1973) and have since been seen 
in a variety of tissues from several baboon species. The first isolate of the baboon 
endogenous virus, BaEV, was called M28 and was obtained by infecting normal 
baboon testes cells (line 731) with feline sarcoma virus (MELNICK et al., 1973 and 
BENVENISTE et al., 1974). Because of the possible presence of the feline virus, 
M28 has not been routinely used. 

The first isolate of BaEV free of other viruses was obtained by cocultivating 
placental cells of Papio cynocephalus with several uninfected target cells (BEN­
vENIsTE and TODARO, 1974). The first target cell to show evidence of viral 
production was a line of canine thymus cells (FCF2Th, also called A 7573), and 
the virus produced was called M7. The virus was subsequently transmitted from 
the infected canine cell line to bat (line Tb 1 Lu) and mink (line MV 1 Lu) cells. 
All of these lines are in use. cDNA transcripts of M7 RNA hybridize fully to DNA 
from normal baboons and DNA from canine thymus cells producing M7 virus, but 
not to DNA from uninfected canine thymus cells (BENVENISTE and TODARO, 
1974). This and many other similar experiments classify M7 as an endogenous 
virus of P. cynocephalus. 

Four more isolates of BaEV were obtained from other baboons (TODARO et al., 
1974). Though not explicitly stated, it is our understanding that at least two of 
the animals (numbers 8 and 455) were dogface baboons, Papio anubis,. baboons 
that are very closely related to P. cynocephalus. Bab-8K arose from kidney cells 
that had been cultured for 3 passages, treated with iododeoxyuridine, then 
CO cultivated with canine thymus cells. Bab-455K arose from kidney cells that had 
been cultured for 3 passages, then cocultivated with canine thymus cells without 
prior treatment of the baboon cells with iododeoxyuridine. Another isolate of 
Bab-455K was obtained following iododeoxyuridine treatment of the baboon 
cells, but it is our understanding that this line is not in use. 

One isolate of BaEV was obtained from the royal baboon (Papio hamadryas) 
(LAPIN, 1973). The mother of the animal involved was inoculated with the blood 
of a leukemic human. The inoculation program was followed by an "outbreak" of 
leukemia among the baboon colony. The inoculated mother was bred to an 
uninoculated male and the inguinal lymph node of the offspring was placed in 
tissue culture and produced virus. The virus is referred to as the BILN virus and 
is usually grown in its natural host in inguinal lymph node cells. 

BaEV has also been isolated from the western baboon (Papio papio) and the 
gelada (Theropithecus gelada). 

The M7, 8K and 455K varieties of BaEV are virtually indistinguishable, 
measuring the antigenic relatedness of their major structural proteins using 
competitive radioimmune assays or probing the nucleotide sequence of their RNA 
genomes using molecular hybridization. 
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3. Candidate Human Retroviruses 

Virus markers in human tumor cells, especially in blood leukocytes of leukemic 
patients have been regularly reported, starting in 1970 (GALLO, YANG and TmG, 
1970). Reverse transcriptase (BAXT, HEHLMAN and SPIEGELMAN, 1972; SARNGA­
DHARAN et al., 1972) and viral-like RNA (KUFE, HEHLMAN and SPIEGELMAN, 
1972; HEHLMAN, KUFE and SPIEGELMAN, 1972; GALLO et al., 1973; Mn.LER et al., 
1974; LARSEN et al., 1975; TAVITIAN et al., 1976) in particles resembling RNA 
tumor viruses and capable of synthesizing cDNA with viral sequences (BAXT and 
SPIEGELMAN, 1972; BAXT, 1974; GALLO et al., 1973, 1974; MAK. et al., 1974, 1975) 
have been described. Reports of viral proteins other than reverse transcriptase 
exist (STRAND and AUGUST, 1974; SHERR and TODARO, 1974, 1975; NOOTER et al., 
1975, MELLORS and MELLORS, 1976; METZGAR et al., 1976), but remain unconfirm­
ed. A recent literature describing the presence of antibodies in human sera directed 
against surface viral proteins is accumulating (AOlIT et al., 1976; SNYDER et al., 
1976; KURTH et al., 1977). However, the serological specificity of these antibodies 
is being investigated. 

Antibodies which were thought to precipitate labeled virus apparently pre­
cipitate labeled globulins from the calf serum used to grow the infected cells 
(AARONSON, personal communication). AARONSON suspects that humans raise the 
anti-globulin antibodies because of the milk they drink. Antibodies which were 
thought to be directed against purified viral gp70 are probably instead directed 
against a carbohydrate added posttranslationally by the host cell (BARBACID, 
BOLOGNESI, and AARONSON (1980). Antibodies in humans directed against viral 
reverse transcriptase (PROCHOWNIK and KIRSTEIN, 1977; JACQUEMIN, SAXINGER, 
and GALLO, 1978) remain uncontested. 

The release of virus-like particles from blood leukocytes or marrow cells from 
leukemic patients has been described; (MAK. et al., 1974; VOSIKA et al., 1975), 
but these particles are usually not infectious and may reflect release of intracyto­
plasmic particles from degenerating cells. 

Reports of the release of infectious viruses from human cells are rare. Below 
are described infectious viruses that have been released from human cells and are 
now or were at one time seriously considered to be candidate human RNA tumor 
viruses. Some details of the candidate human viruses are presented in Table 3. 

(1) The ESP-l virus. PRIORI et al. (1973) obtained a virus from pleural effusion 
cells from a 5-year old American child with Burkitt lymphoma (American type). 
The virus ESP-1 was a typical type-C particle, containing reverse transcriptase 
and viral interspecies determinants. Though the cultured Burkitt cells originally 
produced usable quantities of virus, virus production decreased with continued 
culturing and persistent mycoplasma infection developed. Transmission of ESP-1 
to secondary uninfected cells failed. This, and the findings of murine-related 
antigens in the virus has discouraged further characterization of it. The history 
and current status of ESP-1 has been recently reviewed by DMOCHOWSKI and 
BOWEN (1978). 

(2) The RD114 viru8. MCCALLISTER et al. (1972) inoculated prenatal kittens with 
a cell line (RD) derived from a human with a rhabdomyosarcoma, producing 
tumors in the kittens. The RD cell line did not produce type-C virus particles, but 
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two of the cat tumors did, as did a cell line (RD 114 cells) derived from one of the 
tumors. The cell line had a human karyotype. It was shown that the RD 114 virus 
differed completely from known feline and mouse type-C virus, the basis for 
considering it as a candidate human virus. Later, it was shown that RD 114 was 
a new feline virus, an endogenous type-C RNA virus of domestic cats (GILLESPIE 
et al., 1973; NEIMAN, 1973). 

(3) The HL23 viruses. For several years no new candidate human type-C RNA 
viruses were reported, probably because of the unfortunate experiences with 
ESP-1 and RD114. GALLAGHER and GALLO (1975) reported the production of 
virus particles from blood leukocytes of a patient with acute myelogenous leukemia 
(AML), patient HL23, and they and their colleague (TEICH et al., 1975) transmitted 
this virus(es) (HL23V) to uninfected target cells wherein it was readily propagat­
ed. It soon developed that two viruses were present, one related or identical to 
SiSV and another related or identical to BaEV. Of several new viruses obtained 
from cancer patients, HL23V is the most exhaustively studied. 

The HL23 patient was a 70-year old woman at the time she presented with 
symptoms of AML on October 16, 1973. On this date prior to the initiation of 
chemotherapy, a sample of blood leukocytes was initiated in tissue culture as part 
of a program involving the study of cells from many patients with different forms 
of leukemia (GALLAGHER et al., 1975). Of cells from 20 patients tested at the same 
time and 50 subsequently, only cells from patient HL23 has released virus. The 
first sample of cell released transmissible virus by passage 5 and by passage 10 
virus was detectable in cultured cells themselves by electron microscopy and 
extracellular reverse transcriptase assays. Cells frozen at passage 2, before trans­
missible virus was detectable, were reinitiated in culture and by passage 10, they, 
too, produced virus detectable by electron microscopy. 

A portion of the fresh, uncultured blood leukocytes received in October, 1973 
was utilized for biochemistry. A reverse transcriptase activity was identified in 
these cells and shown to be antigenically related to the rever8e transcriptase of 
SiSV (MONDAL et al., 1974). Whether reverse transcriptase activity related to 
BaEV was also present could not be determined at that time since the appropriate 
antiserum was unavailable. 

In December 1974, fresh specimens of blood and marrow cells were drawn from 
patient HL23 and established in tissue culture. At this point the patient was 
beginning to relapse from chemotherapy-induced remission. Virus was detected 
in the cultured blood leukocytes by electron microscopy but not in the cultured 
marrow cells. Virus transmission attempts with the blood leukocytes were un­
successful, but virus was transmitted from the bone marrow specimen. 

In January 1975, new specimens of blood and marrow cells were drawn and 
established in tissue culture. The patient was in full relapse and on heavy chemo­
therapy. Virus was transmitted from the blood leukocytes but not from the bone 
marrow cells. 

A portion of these uncultured blood leukocytes was reserved for biochemistry. 
Virus-like particles were detected in the cytoplasm of these leukocytes as were 
nucleic acids related to the genomes of both SiSV and BaEV (REITZ et al., 1976). 
These are likely to be two separate sets of nucleic acid sequences (CHAN et al., 
1976). 
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In summary, virus was repeatedly detected in and transmitted from cultured 
blood and marrow leukocytes of patient HL23 but not from cells of many other 
patients. Moreover, the fresh, uncultured blood leukocytes of patient HL23 
harbored SiSV - and/or BaEV -related markers in two separate blood samples 
collected more than one year apart. 

When the transmitted virus was analyzed immunologically and by molecular 
hybridization, several groups noticed two viral components, one SiSV-like and 
another BaEV-like (CHAN et al., 1976; REITZ et al., 1976). Early studies could 
find no differences between HL23V components and their laboratory counter­
parts. Thus, reverse transcriptase, gp70, p12, and p30 and the RNA genomes 
of SiSV and BaEV were experimentally identical to the comparative components 
of HL23V. More recently, small differences have been noticed, especially in 
analyses of the sequence of "strong stop" cDNA made on the RNA of the viruses 
(W. Haseltine, personal communication). Nonetheless, the differences are small 
and not relatable to biological origin at present. The question of whether a 
virus isolate ostensibly from humans must necessarily be distinguishable from 
viruses obtained from nonhumans in order to qualify as a "human" virus will 
be dealt with later. 

(4) The Rijswijk Viruses. NooTER, BENTVELZEN and their colleagues have isola­
ted several viruses ostensibly from marrow cells of leukemic children. The first, 
reported by NooTER et al. (1975) came from a four year old boy with lympho­
sarcoma that progressed to lymphoblastic leukemia. Type-C particles were seen 
in media after cultivation of the child's marrow cells for three days in the presence 
of phytohemagglutinin. The leukemic cells were cocultivated with XC cells (rat 
cells transformed by but not producing Rous sarcoma virus) wherein syncytia 
were produced. No syncytia were produced after cocultivation with five other 
samples from normal or leukemic individuals. The virus produced by the XC cells 
contained determinants related to SiSV and MuLV R (Rauscher murine leukemia 
virus) and was transmitted to HEK human embryonic kidney cells. Only MuLV R­
related antigens were assayed in the virus from HEK cells, and they were present. 
It is not known whether two sets of determinants existed, one related to SiSV 
and another to MuLV R, or whether one determinant reacted with both antisera. 
No antigens related to rat endogenous virus were detected. Antigens related to 
BaEV were not analyzed. The infected cells eventually stopped producing virus, 
making further analyses difficult. 

Recently, NooTER et al. (1977 and 1978) reported the isolation of viruses from 
two new cases of childhood leukemia. One (patient 21875) was a three year old 
child having tonsillar lymphoblastic leukemia with marrow infiltration. The 
second (patient 221075) was a five year old child having acute lymphoblastic 
leukemia with involvement of the bone marrow. Marrow cells were co cultivated 
with uninfected A 7573 canine thymus cells, resulting in a transient burst of 
extracellular, particulate, reverse transcriptase activity at passages 3-5. The 
infected A 7573 cells were taken at passage 5 and cocultivated separately with 
two transformed nonproducer cell lines, a human osteogenic sarcoma cell line 
transformed by Kirsten murine sarcoma virus (R-970-5) and a normal rat kidney 
line transformed by the same virus (KNRK). These cocultures exhibited extra­
cellular, particulate reverse transcriptase activity after 8 days of culture and 
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released transforming virus, capable to forming foci on several cell lines including 
SIRC rabbit corneal cells. These viruses are then available in two nonproducer 
cell lines (tertiary host cells) and several quaternary hosts. The secondary host 
cells, A 7573, no longer produce virus and the primary marrow cells never did 
produce infectious virus. 

The antigenic properties of the virus from patient 21875, was tested and found 
to carry SiSV-related antigens. The test was performed on virus passed through 
KNRK to SIRC cells, virus called SAK-21 virus. BaEV-related antigenS were not 
examined. Molecular hybridization experiments, carried out by R. G. Smith and 
M. S. Reitz (personal communication) confirm the presence of an SiSV-related 
component. BaEV-related nucleotide sequences have not yet been found. 

It is the interpretation of the authors that the transforming potential of the 
SAK-21 virus derives from the Kirsten virus component of the nonproducer cells 
and that the replicating activity results from an SiSV-related helper virus from 
the leukemic patient. The procedure for obtaining virus from human leukemic 
cells described above is frequently successful, at least with childhood leukemia 
(P. Bentvelzen, personal communication). 

(5) TheL-l04 Virus. GABELMAN etal. (1975) reported the isolation of a virus from 
a 66-year old male with a pulmonary adenocarcinoma and concurrent chronic 
lymphocytic leukemia. Primary lung tumor cells (L 1 cells) were established in 
culture but showed no evidence of virus components. Co cultivation of L 1 cells 
with XC cells (rat cells infected by but not producing Rous sarcoma virus) gave 
rise to stable dimorphic cultures consisting of epitheloid and fibroblast cell types 
(L104 cells) and producing type-C virus (L104 virus). The virus shares antigenic 
and nucleic acid homology with SiSV. No BaEV-related component has been 
reported. 

(6) The HOOL Virus. This virus was isolated from a 60-year old man with meta­
static adenocarcinoma of the stomach by BALABANOVA et al. (1975). Primary 
tumor cells were carried as a monolayer in culture. Most of the cultures appeared 
to be fibroblastic, spindle-shaped cells, but one bottle developed foci of polyploid, 
epitheloid cells (HCCL cells). This culture produced particles having a buoyant 
density in sucrose of 1.18 gm/ml which were then labeled with radioactive 
uridine. Particles of similar density contained a 70 S RNA and a DNA-synthesizing 
activity (presumably reverse transcriptase) capable of using the endogenous 70S 
RNA as a template for cDNA synthesis. Particles released into the media by HCCL 
cells caused foci on human embryonic muscle but not on skin or kidney cells. The 
transformed muscle cells released virus, but the level of production is so low as to 
hamper detailed investigations (Y. Becker, personal communication). The virus 
carried antigens related to SiSV proteins (S. Spiegelman, personal communica­
tion). 

(7) The DHL-l Virus. This virus was isolated from a 10-year old male with 
diffuse histiocytic lymphoma (KAPLAN et al., 1977). Cells from the pleural effusion 
of this patient were put into culture in 1974 (EpSTEIN and KAPLAN, 1974). Cyto­
genetic, immunological and histochemical markers defined the SU-DHL-1 line as 
a tumor line. Microsomal particles having a buoyant density of about 1.14 g/ml 
in sucrose contained a DNA polymerase capable of using oligo(dT).poly(rA) as 
primer-template and an endogenous template-primer complex of high molecular 
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weight (KAPLAN et al., 1977). Low levels of DNA polymerase were also excreted 
into the medium. The extracellular DNA polymerase, when purified, had pro­
perties of true reverse transcriptase and was related in amino acid sequence to 
reverse transcriptase of SiS V and BaEV, but clearly differed from all standard 
laboratory viruses tested (GOODENOW and KAPLAN, 1979). Thus, its presence in 
the SU-DHL-l cell is not easily explained by contamination. Whether it is a 
viral-human recombinant enzyme is not yet konwn. To our knowledge it is not 
known whether the DHL-1 agent is capable of completing a life cycle nor has a 
genetic relationship been established between the DHL-l genome, if it has one, 
and viral or cell genes. Nevertheless, the DHL-1 "virus" represents the only 
extant example which shows demonstrable differences from animal retroviruses. 

(8) The HEL-12 and HEL-l viruses. These and the HL23 viruses are among the 
best studied of viruses that still can be considered candidate human viruses. 
Unlike the viruses previously described, the HEL-12 and HEL-1 viruses were 
obtained from tissues of apparently normal (nonmalignant), human embryos. 
Primary cultures of HEL-12 cells were established from lung tissue of an 8 week­
old female embryo (PANEM et al., 1975). The mother, a 31-year old black, gravida 
IX, para VII, had no history of cancer. Primary cultures of HEL-1 cells were 
established in 1969 from the lungs of a sixteen week-old male embryo. The mother 
was a 34-year old black, gravida V, para V, who developed breast carcinoma 
in 1959. She was treated by radical mastectomy and received X-irradiation in 
1959. 

PROCHOWNIK, PANEM, KIRSTEN and their colleagues reported that both the 
HEL-12 and HEL-1 cells began to produce virus after about 35 and 45 passages 
in culture, respectively. In both cases the viruses shared antigenic relatedness 
with both SiSV and BaEV (PANEM et al., 1977; PROCHOWNIK et al., 1979). The 
presence of an SiSV-related component has been confirmed in the HEL-12 virus 
by molecular hybridization (unpublished results, M. S. Reitz and R. G. Smith). 
These viruses are infectious viruses capable of replicating in secondary cells and 
in the case of HEL-12 virus the SiS V- and BaEV-related components are not 
separable (S. Panem, personal communication). 

The HEL-12 and HEL-1 cells are capable of supporting virus production for 
only about 10 passages. Some 5-10 passages earlier, intracellular viral antigens 
are spontaneously produced (PANEM et al., 1975; PROCHOWNIK et al., 1979) and 
production of virus particles can be induced with iododeoxyuridine, but there is 
little or no spontaneous production of infectious virus or virus particles. At an 
earlier time yet, though intracellular antigens are not produced spontaneously, 
they are synthesized following iododeoxyuridine treatment. Thus, the appearance 
of intracellular viral proteins or extracellular virus exhibits an inducible phase 
preceding a period of spontaneous production. 

PROCHOWNIK et al., emphasize that these transient events and their intricate 
scheduling may explain the failure of others to have made similar observations. 
Additionally, not every human embryonic strain tested yielded virus. Virus 
production by the HEL-12 and HEL-1 strains was reproducible, using several 
early freezes of cells and there is no reason to suspect virus contamination of 
these stocks, especially since the HEL-12 cells were frozen in 1969-1971 in a 
laboratory not working on RNA tumor viruses. 
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General. We support the view that most or all of the viruses isolated from 
human materials since 1975 do not reflect laboratory contaminants. Great care 
has been taken to eliminate this possibility, to the extent of constructing special 
virus-free laboratories for isolation of human agents. The fact that the viruses are 
always specifically related to 'primate retroviruses (simian sarcoma virus-gibbon 
ape leukemia virus) and that reverse transcriptase and nucleic acids related to the 
same specific retroviruses are detectable in fresh, uncultured human tumors 
supports this conclusion. This is especially true since the animal retroviruses are 
known to be passed among primates and are capable of causing leukemia and 
sarcoma in them. It is not surprising that infectious viruses are only rarely isolated, 
considering that even laboratory-reared retroviruses are generally defective and 
considering that in some cat leukemias feline leukemia virus cannot be detected, 
even though the virus is known to be the etiologic agent for the disease (ESSEX 
et al., 1975). It may now be time to expect that retroviruses are etiologically 
related to human tumors and that the recombinant model of tumorigenesis 
developed from work on murine retroviruses will be applicable to man. 

VIII. Retrovirus Integration, Growth Regulation 
and Human Cancer 

A reasonable model for tumorigenesis, one which confers a common mode of 
action upon retroviruses, DNA-containing viruses, chemical carcinogens and other 
tumor-eliciting agents takes advantage of the essence of both the oncogene­
virogene theory (HUEBNER and TODARO, 1969) and the protovirus hypothesis 
(TEMIN, 1971) and puts them in the context of our current state of knowledge. 

It is certainly true that normal cell genomes contain genes that code for func­
tions sufficient to create infectious retroviruses (see Section II on Origin of 
Retroviruses). It is probably true that part of the virogene genetic apparatus 
involves growth-regUlating functions, for example, the envelope glycoprotein gene 
(env). The involvement of virogenes in oncogenesis can be pictured as direct if, 
for example, virogenes carry growth-regulating functions as part of their intrinsic 
properties, or if they can translocate and form hybrid genes consisting of a portion 
of the virogene fused with growth-regulating cell genes. The involvement can be 
pictured as indirect if virogenes affect the expression of growth-regulating genes 
or if they abort the utilization of products of growth-regulating genes. 

The number and nature of growth-regulating genes that can be modified and 
then cause cancer has only recently become amenable to experimental attack. 
Src gene products are being synthesized in vitro, but a catalogue of their properties 
is not yet available. The role of the postulated growth-promoting genes in normal 
differentiation is also obscure, and, to our knowledge, there is no information 
available on this point. TODARO and his colleagues are documenting abnormalities 
in the recognition of low molecular weight growth factor proteins by transformed 
cells (SHERWIN, SLISKI, and TODARO, 1979), but whether these growth factors 
correspond to oncogene products is not known. 
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To maintain a "common cause" hypothesis for the origin of cancer, it is 
mandatory to..invoke an alteration in the DNA of a cell since sarcoma-causing 
retroviruses carry a transforming gene which is an altered cell gene (see Section II 
and Section VI). TEMIN (1971) discussed virogene translocation and modification 
as a means of generating an oncogenic virus from a nononcogenic "protovirus". 
Cell gene modification by DNA-containing viruses and by chemical carcinogens 
can be accommodated by this model, if one assumes that the role of virogene 
translocation in carcinogenesis is to modify cell genes and that viruses are site­
specific while chemicals are site-unspecific. 

The only obvious model wherein the transformed cell is not the genetically 
altered cell, specifies that there exists a nontransformed cell that produces a 
diffusible growth-regulating substance. The cell it regulates appears malignant 
if the growth-regulating substance is altered. In this model the producer clonal 
cell undergoes the genetic change while the transformed cell is genetically normal. 
Transplantable tumors are difficult to fit into this model as are clonal cancers. 

We favor a model wherein a virogene or a portion of it translocates to the 
environs of a growth-promoting gene, altering the amount or structure of its gene 
product thereby altering its function in particular settings; i. e. in a committed 
cell. We call this translocation a microrearrangement. The structure of the RNA 
genome of Rous sarcoma virus (Fig. 3) is evidence that this type of translocation 
occurs and can result in neoplasia. The genome of Rous sarcoma virus carries 
genes corresponding to chicken RA Vo virogenes covalently linked to a src gene. 
The src gene is required for the transforming activity of the virus and represents 
a modified form of a normal chicken gene, termed protosrc (see Section II and 
Section IV). We picture Rous sarcoma virus as a recombinant between two types 
of cell genes: a virogene and a growth-regulating gene. Its origin can be viewed as 
a DNA microrearrangement; the translocation of a chicken virogene to the 
environs of a growth-regulating gene, protosrc. 

This situation is not restricted to Rous sarcoma virus. Most oncogenic viruses 
are recombinants between viral genes and cell genes (see Section VI on Relatedness 
Among Retroviruses: Recombinant Viruses). In most cases it has not been 
rigorously proven that the cell genes are growth-regulating genes, but in the case 
of Moloney and Kirsten murine sarcoma viruses, the initial evidence favors this 
idea. 

In some cases the recombination events occur between viral genes from one 
species and cell genes from another (see Sections V and VI on Horizontal Trans­
mission of Retroviruses Among Animals and on Relatedness Among Retroviruses: 
Recombinant Viruses). Interspecies transfer of endogenous retroviruses appears 
to be common and indeed the transfer appears to enhance the probability that a 
virus will become tumorigenic. 

It is most improbable that an agent like .-Rous sarcoma virus, a replicating 
virus carrying cancer-causing genes, is the etiology of all- or most cancers. In 
Fig. 49, transformation by Rous sarcoma virus is case A and is pictured to be 
direct, often resulting in a virus-producing tumor. In Fig. 50, transformation by 
Rous sarcoma virus takes a normal cell (1) directly to a tumor cell carrying a 
malignant microrearrangement (5). More likely, a retrovirus which causes malig­
nancies in outbred populations, will be less efficient, replicate poorly and only 
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rarely calise cancer after infection. Imagine, for example, the consequence of 
infection of a chicken cell by RAVo. In Fig. 49 transformation "caused" by RA Vo 
is case B and is pictured to be indirect, requiring many genetic alternations in 
order to produce a tumor. Almost always, this infection has no discernible effect. 
However, we know that at least one time it recombined with cell genes to form 
an oncogenic virus, Rous sarcoma virus. We suspect also that other recombinant 
oncogenic viruses can occasionally be formed by infection of avian cells with RA V 0 

A 
InfectiOUS 

tumor -
virus 

,nfecI"",. 
nont.mor 

YIfUS 

INFECTIOUS VIRUSES 

cell 
OtnOlTle 

wtC.TDJI "Nt\IS(I 

B 
reorranvements --- NONiNfECTIOUS I'IUITICLES 

ochvollOn IeodInQ to INTRACELLULAR MARKERS 
of e ndoQenous transformallOn NO VIRUS MARKERS 

virooene 
Fig. 49. Consequences of retrovirus infection. 

Scheme A shows the results of infection by oncogenic retroviruses, often giving rise 
to transformed cells which produce infections virus. Transformation is a direct con· 
sequence of infection; the nature of the infection dictates whether virus genes are 
expressed or whether active viruses are produced. Scheme B shows the results of 
infection by nononcogenic retroviruses or of virogene activation. In this case several 
steps are required to produce cell transformation (see Fig. 50 and text) and infectious 
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(2) and (3) repeated DNA furnishes recombination sequence, cytogenetics normal. 
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Fig. 50. Hypothesis for carcinogenesis. 
Infection of normal individuals by retroviruses or other viruses leads tQ genetic 
instability. Genetic instability characterizes the precancer state. New gene combina­
tions are formed frequently during precancer. Some gene combinations alter growth 

patterns, leading to cancer. See text for fuller explanation 
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(see Section VI on Relatedness Among Retroviruses: Recombinant Viruses). 
These oncogenic viruses are usually discovered by examining extracts of tumors 
for infectious virus. How much more often is a noninfectious recombinant formed 1 
Probably this is the most common result of recombination of viral genes with cell 
genes. See GILLEspm, SAXINGER and GALLO (1975) for a discussion on this point. 
1'-' It is likely that retrovirus-induced cancer, which occurs naturally in outbred 
animals, is usually caused by infection of an animal with a nontumorigenic virus 
which, by recombination with and modification of growth-promoting cell genes 
becomes tumorigenic after infection (Fig. 49, part B). The initial infection need 
not involve the target cell but could involve any cell of the body that promotes 
virus replication. The virus released from this first infection would promote many 
new infections in other cells of the body, each new infection resulting in recombina­
tion events for integration of the virus genome into the infected cell chromosome. 
Some integration may lead to DNA mobilization, i. e. to DNA rearrangements not 
requiring infectious virus (see later). H one of these secondary infections results 
in the rearrangement of a growth-promoting gene, transformation of that cell is 
probable. 

The secondary infections were thought to be nonclassical, in the sense that 
only a portion of the virus genome need be inserted, a portion sufficient to modify 
the activity of th~ growth-regulating gene, but a portion so small as to be undetect­
able by current methods of molecular biology (GILLESPIE and GALLO, 1975). It 
is clear now that integration of small portions of infecting viral genomes is common 
(see Section IV on Organization of Infectious Retrovirus Genes); it remains to be 
seen whether these partial integrations can result in cancer. 

It is thought that there are many integration sites in cell chromosomes for 
accepting the genomes of infecting RNA tumor viruses (int sites; see Introduction). 
In the context of the present model for tumorigenesis, we must invoke some 
degree of specificity to the integration event, otherwise retroviruses would be no 
more efficient at causing cancer by modifying growth-regulating genes than are 
mutagenic chemicals. The use of repeated DNA sequences as int sites satisfies the 
multiplicity-specificity problem. Sites containing repeated DNA sequences in 
mammalian genomes number in the thousands or tens of thousands, small numbers 
compared with the millions of potential genes in a mammalian genome. Should an 
infecting virus acquire a cellular repeated DNA sequence as part of its genome, 
then it acquires homology with specific yet multiple int sites (see Section V). 
When the virus acquires a cellular repeated DNA sequence that is also found in 
the vicinity of a growth-promoting gene, the virus becomes able to modify the 
growth-promoting gene with a reasonably high probability. Thus, among the 
microarrangements from secondary infections by such a virus, there will be some 
leading to transformation. 

KLEIN (1979) recently reminded us that any model for carcinogenesis must take 
into account chromosomal abnormalities often seen in tumor cells. He proposed 
a three-hit model for human lymphomas involving an initial infection by Epstein­
Barr virus followed later by a secondary chromosome rearrangement. 

BRODSKY (1973) had earlier proposed that in leukemia the first hit, a retrovirus 
infection, would lead to a preleukemic state; the individual thereby incurring a 
high risk of developing acute leukemia. KLEIN (1979) reiterated this thought and 

7· 
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postulated further that long-lived, preneoplastic, nontumorigenic cells develop 
additional genetic changes, including specific karyotypic alternations, which may 
change genetic control of cellular responses to growth-regulating forces. Repeated 
DNA could mediate both "hits"; it could serve as integration sites for viral 
infection and as loci of homology for chromosome exchanges. Virus infection could 
somehow perturb repeated DNA geometry such that abnormal chromosome 
pairing is encouraged and translocations frequently occur. 

Figure 50 diagrams a specific hypothesis to this effect. The hypothesis derives 
from data pertaining primarily to leukemia-lymphoma but is probably a gener­
alized theory. This model is a "three-hit" scheme. The first hit is usually virus 
infection which produces a viremia. Individuals at this stage are not preleukemic, 
they are normal but with a risk of progressing to preleukemia. Individuals who 
handle the infection poorly increase the chance of a secondary infection of a type 
that Can eventually lead to malignancy. The type of secondary infection that Can 
lead to malignancy is one where infecting virus genes integrate in repeated DNA 
in a way that CaUses mobilization of that DNA region. 

DNA mobilization is the second hit. DNA mobilization occurs when the virus 
integrates next to a recombination-promoting sequence in repeated DNA and 
causes frequent microrearrangements through its "reintegration" at multiple 
chromosomal sites. This process can occur indefinitely without detectable effect 
or, more probably, will occasionally result in a specific microrearrangement of a 
growth-regulating gene, leading to Cancer. This type of microrearrangement we 
call a malignant microrearrangement. Also occasionally, macrorearrangements 
occur by mobilization of loci consisting of tandemly-ordered repeated DNA and 
are detected as karyotypic alterations. Initially, these macrorearrangements are 
more or less random. Cells with a specific karyotype may accumulate when .a mali­
gnant clone proliferates. Certain macrorearrangements (malignant macrorear­
rangements) contain specific microrearrangements within them and appear to 
be causally linked to cancer. In either Case the malignant rearrangement leads 
to regulatory changes which lead to growth changes that characterize the phe­
notype of the individual Cancers. 

Radiation and carcinogens can art directly or ind ·rectly at any step. They can 
activate endogenous virogenes (step 1), causing reintegration and indirectly 
causing microrearrangements. They may directly mobilize DNA. Or in the most 
extreme case a carcinogen can directly alter a growth-regulating gene, by causing 
a malignant microrearrangement. 

It follows from the model that cancer therapy which is most likely to be of 
value will control the processes which lead to the malignant rearrangements in 
addition to controlling the proliferating cell clones (Fig. 50). Otherwise, continued 
rearrangements will occur during and after therapy and the probability of relapse 
will be high. The use of antiviral agents to control chronic viral infections may be 
useful in preventing certain cancers. For example, if chronic hepatitis B infection 
is a cause of hepatomas, then successful antiviral therapy with interferon should 
prevent the subsequent development of liver cancer. It is interesting to note that 
interferon indeed does seem to be an antitumor agent. It will be even more 
interesting to see whether its action includes control of a premalignant pool of 
cells, in addition to its" antitumor" or "antiproliferative" effects on malignant cells. 
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