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The history of tumor virology is one of the more stormy
and interesting chapters in the history of 20th century
science. From the very beginning of tumor virology, the
pioneers in this field have had to go through successive
cycles of optimism and disillusion as each technical and
conceptual breakthrough failed to achieve any degree of
success in dealing with the problem of human cancer. In
addition to struggling with themselves, these pioneers had to
deal with intensive opposition from other parts of the
scientific community. The virus-cancer question has been
such a highly polarized issue that the question "Do you
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believe that viruses cause cancer?" has always been as much
a test of faith as "Do you believe in God?"; and if the answer
was "Yes," it was as likely to be greeted by a patronizing
half-smile half-sneer.

To put the current development of tumor virology into
perspective, it is very helpful to view it against this historical
background. This history can be divided into 4 rather
distinct periods. The first, from 1910 to the early I930's,

was purely the era of Rous. He alone was the spokesman
and investigator of virus-induced tumors. At this early stage
of knowledge of infectious disease, thinking on etiological
relationships was completely dominated by Koch's postu

lates. Koch s postulates are an incisive and compact state
ment of the host-parasite relations that will be found if a
certain agent is indeed the cause of a particular acute
infectious disease. Although Rous was able to fulfill most of
the postulates in the avian sarcoma system, the blatant
failure of his techniques to yield positive results in mamma
lian systems led the general scientific public to dismiss the
avian system as an anomalyâ€”the agents were not really
viruses, and the sarcomas were not really cancersâ€”so the
hypothesis of viral etiology of cancer was not merely
rejected, it was dismembered, distorted, and forgotten.
Given the logical power and irrefutable productiveness of
Koch's postulates, it is easy to see how this type of thinking
prevailed. However, Koch's postulates contain 2 assump

tions that were not appropriate to tumor virus systems.
First, it was assumed that infectious agents always follow
the pattern of acute infectious diseases, that is, that the
agent enters the host shortly before the onset of disease and
that the agent is present at the height of the disease. Second,
it was assumed that the agent would be present in readily
detectable form.

In the 2nd period of tumor virology, from about 1935 to
1960, some of the inappropriateness of the Koch's postu

lates model began to be recognized. This period, which
received its great impetus from the discovery of tumor
viruses in mammals, by Shope, Bittner, Gross, Stewart, and
Friend, revealed some of the inadequacies of a naive
etiological model but did not attack the basic assumption
that Koch's postulates were appropriate. There were 2 main

conceptual changes during this time. Most apparent was the
realization that tumor virus-host systems were highly fastid
ious; another was that the simple expectation, fostered by
the avian sarcoma model, that inoculation of a tumor virus
into an adult animal would shortly lead to tumor response,
was erroneous. It was now recognized that the latent period
may cover much of the life-span of the animal and that the
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virus did not necessarily act alone but that the tumor
response might require, in addition to virus, particular
genetic or hormonal influences or treatment with a chemical
carcinogen. Equally important was the conceptual impact of
Shope's discovery of the noninfectiousness of Shope papil-

lomas induced in the domestic rabbit. Together, these
concepts said that if viruses cause cancer, the virus may not
be demonstrable in the tumor, and even if present, it may
require an exquisitely specific system for its detection.
Otherwise stated, the impact of this era was that a negative
test was meaningless.

Again, these very concepts were turned against the viral
proponents. Systems that were so fastidious meant that they
were only laboratory artifacts. The absence of virus in the
papillomas meant that the virus was only 1 of the great
number of initiating agents now known and should receive
no more attention than coal tar or X-rays. During this
period, the viral hypothesis received another setback from
the success of the mouse geneticists in defining the major
role of genetic factors in the etiology of various spontaneous
tumors; the absence of virus, the presence of genetic factors,
and the lack of a conceptual system to interrelate viruses
and genetic systems did much to relegate tumor viruses to a
position of being laboratory curiosities.

The 3rd era of tumor virology, which might be called the
era of integrative DNA viruses, was ushered in by Stewart
and Eddy's demonstration that polyoma virus had the

general properties of ordinary viruses. With 1 stroke this
finding cut through 2 of the most obdurate concepts
inhibiting tumor virology. First, it proclaimed that tumor
viruses were not mysterious, vague, uncultivatable agents
which could only be studied by supremely patient geneticists
with immense animal rooms; it said that tumor viruses
could now be studied as viruses, by virologists, immunolo-
gists, and molecular biologists. Second, it provided a way
out of the impasse between the tumor virologist and the
epidemiologist; up to the time of this discovery there was no
way to reconcile tumor viruses, then considered as being
inexorably linked with the presence of tumor, with the
geographical and age-related patterns of cancer occurrence
and the clear lack of any epidemiological indicator of a
contagious component in cancer etiology. Now it was clear
that any virus was a conceivable candidate for being a cause
of tumors, particularly those viruses which are so common
that they could explain a worldwide, stable pattern of
disease occurrence. Stimulated by this idea, the search for
oncogenic potential among common viruses was promptly
rewarded by Trentin's finding of adenovirus tumorigenesis

and more recently by the mounting evidence for an onco
genic potential of herpes simplex virus.

The greatest conceptual impact of this period came from
the discovery that, with 1 possible exception, tumorigenesis
by DN A viruses was accompanied by integration of the viral
genome into the cell, the viral DNA becoming a heritable
cellular component, probably chromosomal. The key dis
covery which led to this conclusion was Huebner's discovery

of T antigens; the finding of these viral antigens in
noninfectious virus-induced tumor cells made it easy to
prove that the viral genome was present in all cells, that it

was transmitted regularly at cell division, and that part of
the viral genome could be expressed without the process
going all the way to production of infectious virus. It also
provided a specific tag for testing for the particular viral
etiology of tumors.

Once again, the opening up of new dimensions of the
virus-cancer problem was followed by a degree of disillu
sionment; polyoma virus, rather than being the universal
carcinogen, was found to play no role in spontaneous
tumors of the mouse; also, the search for adenovirus T
antigen or mRNA in human tumors came to naught.
However, the vigor of this period continues in the herpes-
virus field, where the possible etiological role of viruses of
the herpes group in Burkitt lymphoma and carcinoma of the
cervix and lip is under intensive study.

The unifying concept of viral integration as the underly
ing basis of DNA viral carcinogenesis has been of particular
value in bringing the model of bacteriophage lysogeny to
bear on mammalian cells; it is conceivable that the ultimate
contribution of virology to the cancer problem may not
come from the discovery of a particular cause of cancer but
from the understanding of cell function and control mech
anisms which will emerge from the study of integrated viral
genomes.

In the 4th phase of tumor virology, from the late 1960's to

the present, there has been an astounding addition to this
unifying concept. That is, that not only the DNA tumor
viruses but also the RNA tumor viruses can be carried as
cellular DNA components. This concept, originated in the
pioneering work of Rubin with the Rous sarcoma virus, was
articulated by Temin and Bader and became credible and
widely accepted with Temin and Baltimore's dazzling

discovery of the reverse transcriptase enzyme.
Up to this point, we have been discussing the classical

model of exogenous viruses entering a host and in various
ways inducing a disease response. Even with an intimate
association of virus and host, like the mammary tumor virus
of mice, where virus is regularly transmitted by nursing, the
general concept has been that the virus is basically some
thing apart from the mouse, an exogenous virus differing
from other viruses only in the details of its mode of
transmission.

In contrast, this 4th period of tumor virology has been
sparked by the emergence of a totally distinct concept, that
of endogenous tumor viruses; that is, viruses which are such
an integral part of the host that they must be thought of as
being no more exogenous than are his ribosomes, liver, or
hemoglobin.

It is with the endogenous viruses, their mode of inheri
tance, and their impact on the virus-cancer problem that
this presentation is chiefly concerned. The development of
this area has been going on simultaneously in the avian
leucosis, murine leukemia, and mouse mammary tumor
virus fields, but I will discuss only the murine leukemia, or
C-type, viruses.

Since the early work of Gross in the 1950's, it has been

recognized that murine leukemia virus infection was not a
classical horizontal-type infection. Gross postulated that
infection of the high virus AKR mouse was transmitted
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vertically, by infection of germ cells. The indication that
there was something unique in the transmission of these
viruses was furthered by Gross's and Kaplan's finding in the
late 1950's that X-ray-induced lymphomas in low leukemia,

supposedly virus negative, strains of mice also contained the
virus. Then in the 1960's the discovery of the group specific,

or gs, antigen of leukemia viruses by Huebner et al. (6) and
of a number of virus-specific virion and cellular antigens by
Old et al. (I, 2, 22) and the development of tissue culture
assays for MuLV2 by Hartley et al. (4) brought the problem
into focus. In studying various strains of mice for the
presence of these markers of virus activity, it became clear
that 2 unprecedented phenomena were occurring. First,
mouse strains did not really differ so much in whether or not
they contained virus, but rather they differed in when it
became expressed, or otherwise stated, in the probability
that virus would be expressed. Second, and perhaps more
remarkable, it was found that the various markers of virus
activity, infectivity, presence of various antigens, and pres
ence of C-type particles, were to varying extents expressed
independently of one another, with each mouse strain
showing its own age-related spectrum of virus expression.

Table 1 exemplifies some of these patterns.
The high leukemia, high virus strains, such as AKR, C58,

and the Figge substrain of C3H, are positive for all indices
of virus activity, throughout life. BALB/c, mice, which have
a moderate incidence of various forms of leukemia late in
life, differ in that virus expression is not observed in young
animals, but after the age of 4 to 6 months infectious virus
appears, in small amounts, with increasing frequency until
at age 18 to 24 months about 60% of animals are virus
positive (12). They resemble AKR in that the various
virus-specific antigens appear together with the infectious
virus, so that it is probably not necessary to postulate
noninfectious virus expression to explain their patterns.

The situation is quite different in the NIH Swiss and the
129 mouse strains (Table 1). These mice have never yielded
infectious virus, yet consistently, and independent of age,
are positive for part, but not all, of the spectrum of antigens
induced by the virus, gs antigen in the NIH mice (5) and G,x
antigen in the 129 mice (22). In the case of the G,x antigen
in 129 mice, Stocken et al. (22, 23) have shown that its

2The abbreviations used are: MuLV, murine leukemia virus: lUdR,
5-iododeoxyuridine.

expression is genetically controlled.
It is important to note that these patterns of virus

expression cannot be explained in terms of spread of
infectious virus from 1 animal to another, either by
horizontal or transplacental infection. The patterns are not
affected by ovum transplantation, foster nursing, or germ-
free rearing; and in hybrids, the patterns are generally
independent of the maternal direction of the cross.

The classical virologist is generally used to thinking of all
measures of virus activity occurring together, and it was
against this conceptual framework that the unusual patterns
of MuLV expression seemed so inexplicable. However, the
virologist did have a recently obtained model for these
phenomena, and that was the partial expression of inte
grated virus genomes in DNA virus-induced tumor cells.
Doubtless influenced by this model, Huebner and Todaro
(7) proposed a theory, the so-called oncogene theory, to
explain the leukemia virus expression patterns. In my view,
this theory contains 3 hypotheses: (a) that viral genetic
material is present in normal cells; (b) that it can be
expressed as infectious virus, or in some cases may be
defective and expressed only as viral antigens, without
production of virus; and (c) that the noninfectious expres
sion of a portion of the viral genome may be responsible for
the cellular alteration leading to cancer.

The main problem in interpreting these patterns of virus
expression as representing noninfectious expression of viral
genes in cells is the near impossibility of trusting a negative
infectivity test. The biology of these viruses is so complex
that one can envision many circumstances where a tissue
which is producing antigen as the result of a disseminated
infection could register as negative in the available infectiv
ity assays.

As one way of circumventing this problem, we have
investigated the transmission and expression of virus in the
most highly infectious system, that is, the AKR mouse. We
know the characteristics of its MuLV, and how to detect it,
and thus can have confidence that a negative test is
meaningful. Also, studying viral genome transmission and
expression by using infectious virus as an endpoint offers
several great advantages. First, there can be no question of
specificity; with a virus-associated antigen the question of
whether it is coded by viral or cellular genes is always going
to raise doubts. With infectivity, this doubt cannot arise.
Second, infectivity studies offer the possibility of using

Table 1
Patterns of MuL V expression in various mouse strains

In vivo testing
ILJdR induction of embryo

tissue cultures

BALB/c

Parameter

AKR and
C58 young,

old, or
leukemic Young Old

NIH

Leu- Young Leu- 129 (young
kemic or old kenne or old) AKR BALB/c NIH

MuLV infectivity
C-type particles
gs antigen
GIX antigen
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genetic markers of the virus to trace its origin. And third, if
it can be rigorously established that the whole virus genome
is a host genetic element, it will be easy to accept the genetic
nature of incomplete viral genomes, while it would be much
more difficult to make the inference in the other direction.

In studies of the tissue distribution of MuLV in AKR
mice of various ages (19), it became clear that virus was
present in high titer as early as 1 week after birth, yet
extracts of AKR embryos were noninfectious. Tests of
AKR mice at daily intervals from 1 week before to 1 week
after birth showed that virus first appeared in trace amounts
at 17 to 19 days of gestation and increased progressively in
titer thereafter (19). Primary tissue cultures of the noninfec
tious 15-day AKR embryos show several noteworthy fea
tures (18). First, they are fully susceptible to infection with
AKR-type MuLV. Second, they regularly show spontane
ous emergence of virus from a small number of cells.
Primary cultures planted in the routine manner with about
IO6 cells often show 1 or 2 spontaneous plaques within 1
or 2 weeks, and secondary cultures regularly show foci of
infection, even when the primary cultures were negative.
The infection spreads rapidly and within I or 2 additional
passages essentially all cells have become infected. Thus, the
tissue cultures resemble the developing embryo, in that virus
spontaneously appears, at first in small amounts, and
subsequently involves large numbers of cells.

In view of the sensitivity of AKR embryo cells to
exogenous infection, we postulated that this pattern was due
to emergence of virus from a few cells with subsequent
spread throughout the culture (or animal). If this was the
case, then establishing cultures from very small numbers of
embryo cells should allow us to obtain noninfectious cell
lines, as well as to quantitate the number of cells which
independently begin producing virus (18). Of cultures
planted with 250 to 1000 AKR embryo cells, about 10%
were virus-positive within 2 weeks; on serial passage, most
of the cultures became virus-positive within I or 2 passages,
but 2 lines were able to be carried as completely noninfec
tious lines.

The virus-negative cell lines, as well as all clonal sublines,
have the capacity to yield virus. This may occur spontane
ously, with about 1 cell in 10" per passage producing virus

and infecting the rest of the culture. The induction rate can
be increased about 1000-fold by X-irradiation or treatment
with 3-methylcholanthrene or mitomycin C (25); however,
this increase to 1 cell in IO5or IO6is not enough to permit
quantitative or biochemical study of the phenomenon.
However, in studying the ability of various drugs to induce
virus in these cell lines, we were able to make the striking
observation that halogenated thymidine analogs, lUdR and
5-bromodeoxyuridine, are extremely efficient inducers (9).
These drugs increase the induction rate by more than 1
million-fold; in the most readily inducible clonal lines,
ILJdR can induce up to 70% of the cells to synthesize viral
antigens and 5% of the cells to produce virus within a few
days of adding the drug. By means of this technique we were
able to demonstrate that all clones, and subclones, of AKR
cells could produce virus, and thus conclude (a) that the
complete viral genome is an integral, heritable component

of all AKR cells, (b) that it can be present in unexpressed
form, and (c) that it does not render the cells resistant to
superinfection by the same virus.

To study the question of what form the viral genome
takes in AKR cells, we have applied classical Mendelian
genetic techniques (15, 16), using 2 phenotypic markers for
virus expression in which the AKR parent is 100% positive
and the low virus strains to which AKR was mated are
essentially 0% positive. The bulk of the studies were done
using appearance of infectious virus by the age of 6 to 8
weeks as the phenotype; in this work, the observation that
the tail tissue is a rich source of virus (19) was invaluable.
We simply snip off 1 cm of tail, make an extract, and test
this for virus by the XC plaque test (20). This permits
large-scale work and repeated testing of individual animals,
provides quantitative data, and produces no disturbance of
the health or breeding ability of the test mice. The other
technique for examining virus phenotype is to test mice as
embryos by lUdR induction of their cells in tissue culture.
While much more tedious than testing for virus in vivo, the
lUdR studies have provided important confirmatory data
and have been invaluable for clarifying the role of genes
which inhibit virus growth, such as the Fv-1 gene studies,
which are described below.

The results of the genetic studies have been clear-cut,
particularly in the crosses of AKR with low virus mouse
strains which carry the Fv-1 alÃelefor sensitivity to AKR-
type MuLV (N-type mice) (15). The F, hybrids of AKR x
N-type mice were essentially identical to AKR in the time of
appearance of virus and the quantity of virus produced. On
backcrossing to the low virus parental strain, clear-cut
segregation was seen, with approximately 75% of the mice
positive, in agreement with the previously reported data of
Taylor et al. (24). The mendelian model which these data fit

TRANSMISSION OF AKR VIRUS-INDUCING LOCI TO F, AND
BACKCROSS PROGENY

Low Virus Strain Observed % (No.)

100% 1161)

72% (592)

75%*

Chart 1. Mendelian genetics of the F, and 1st backcross generations
(Bel) of a cross between a negative strain and a strain carrying 2 unlinked
loci producing the same phenotype. Straight and curved bars, different
chromosomes; dark spots, positive alÃeles.
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is that AKR carries 2 unlinked genes, either of which
suffices to produce the positive phenotype (Chart 1). In
agreement with this model, the F2 generation gave 92%
positive, 93% being the expected number.

Definitive testing of this model came from progeny
testing. Randomly selected C57BR x (C57BR x AKR) F,
mice were mated to C57BR or other N-type, low virus mice;
17 produced more than 20 progeny, the minimum number
felt necessary to estimate the number of virus-inducing
genes the parent was carrying. As shown in Chart 2, the
2-gene model predicts that backcross mice would transmit
2, 1, or 0 genes in a ratio of 1:2: 1; the observed number of
families having the order of 75, 50, or 0% positive were
3:11:3 (or possibly 4:10:3), in good agreement with the
model. Further, with the finding of the chromosomal
linkage of 1 (AkV^ of the 2 genes (see below), it was
possible to characterize the 1-gene (approximately 50%
positive) families as to whether they were carrying AkVl or
the other gene (K2), whose linkage is not known. Of the 9
second backcross families so studied, 4 were AkVl, and 5
were not; again, this is in excellent agreement with the
2-gene model, which predicts that equal numbers of the
1-gene segregants would carry the 2 different genes.

Ak yÂ¡has been mapped on chromosome 7 (Linkage Group
I), 12 map units from Gpi-l, with gene order c-Gpi-l-Akyt
(17). As will be described later, this finding of close linkage
between AkVl and a simple biochemical maker has already
proved useful in getting at several important questions on
the biology of these genes.

The studies described to this point show that the MuLV
genome is a heritable component of AKR cells and that its
presence or expression in hybrids is genetically controlled.

PROGENY TESTING OF 17 Bel MICE

ObUfvKl
(No.)

75%

81%
75
74

[1171

56%
48
43
31

(NT)

60%
56

(S17I

53%

43
38

0%
0
0

ran

Chart 2. Progeny testing of 17 first backcross generation (Bel) mice
[C57BR x (C57BR x AKR) F,] by mating with virus-negative mice. The
genetic model and observed frequency of virus-positive offspring are
shown. NT means that the families were not characterized as to whether
they carried VÂ¡or Vt.

Genetic Factors of MLV Infection

The next crucial question is whether the virus-inducing
genes are the viral genomes themselves or genes which allow
the expression of episomally located viral genomes. This
requires using virus genetic markers to see whether they
travel with the host chromosomal loci.

Since the only available viral genetic marker is the host
range marker, it was necessary to introduce an additional
complexity into the genetic experiments, the Fv-I gene of
the mouse. This gene was first recognized as affecting
Friend virus infection (8) and was later found to regulate
sensitivity of cells to infection with naturally occurring
MuLV strains in tissue culture (13, 14). The properties of
the Fv-1 system are shown in Table 2. There are 2 distinct
host range types of MuLV, N-tropic and B-tropic viruses;
the sensitivity of mouse cells to the 2 variants is determined
by a unique gene system, Fv-I, Fv-1" (N-type) mice being
sensitive to N-tropic strains and Fv-lh (B-type) mice being
sensitive to the B-tropic strains of virus. The system is
unique in that it is reciprocal, that is, sensitivity to
N-tropic viruses is always accompanied by resistance to
B-tropics and vice versa. Resistance is dominant, so an
Fv-1"" hÃ©tÃ©rozygoteis resistant to both types of virus. AKR
virus is N-tropic, and AKR and the other mouse strains
mentioned to this point are Fv-l", so the virus was in
permissive cells in all of the crosses.

There are 2 reasons why it was necessary to bring Fv-1
into the breeding studies in order to use the virus host range
marker as a virus genetic tag. First, present evidence
indicates that B-tropic virus is found only in Fv-l" mice.
Second, because of the dominance of Fv-1 resistance, it is
necessary to make backcrosses to Fv-7" and Fv-l" mice to
produce appropriately permissive hosts so that the presence
of the 2 host range types can be most efficiently detected.

Otherwise stated, when AKR is mated to a low virus
Fv-l" mouse carrying the unexpressed genome of a
B-tropic MuLV, the F, mice will have the N-tropic
virus-inducing genes of AKR plus the B-tropic virus
genome of the low virus parent; however, the F, will be
restrictive for both viruses. By backcrossing to an Fv-l"
mouse, the expression of B-tropic virus will be favored, and
N-tropic virus will be suppressed. If the V genes of AKR
are expression genes, meaning that they increase the
probability of spontaneous activation of MuLV genomes,
the b x (b x AKR) F, mice sHould show a high incidence of
B-tropic virus. If the V genes are the genomes of N-tropic
MuLV, these backcross mice should show only N-tropic
virus; this would be in a low percentage of the mice, since
they are either homozygous or heterozygous resistant.
These studies of Fv-l'' crosses also provide a study of the

effect of a presumably restrictive gene system on the
expression of an endogenous virus.

Virus was detected in 80 to 90% of the b x AKR F .mice,
but it took longer to reach detectable levels, and the titers
were lower than in the permissive Fv-l" hybrids (16). The
viruses recovered from the F, mice were almost exclusively
N-tropic. On backcrossing to Fv-lb or Fv-l" mice (Table
3), again the viruses detected were essentially all N-tropic,
and the restrictive effect of Fv-l was clearly evident. Instead
of the 72% observed in the n x (n x AKR) mice, only 21%
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Table 2
General characteristics of the Fv-l gene system

Two types of MuLV: N-lropic and B-tropic.
Fv-l" mouse cells are sensitive to N-tropic and relatively resistant to

B-tropic strains.
Fv-l" cells show the opposite pattern.
Dominant for resistance: Fv-l"" resistant to N and B.
Restrictive effect observed both in vivo and in vitro.
Fv-l" mice appear to carry only N-tropic virus, while Fv-l" mice gen

erally carry both N-tropic and B-tropic virus.

Table 3
Virus testing of 1st backcross generation of crosses between A KR and

low virus strains in relation to Fv-l type

n
h
nCross"x

(n x AKR)
x (b x AKR)
x (ft x AKR)Tail

testsNo.

positive/
no.tested419/579

63/295
103/204in

vivoMedian

%liter"72

2.7
21 1.0
50 2.5ILJdR

induction of
embryos invitroNo.

positive/
no.tested51/65

38/44%78 86

"n = Fv-l" strains (C57L, DBA/2, C57BR, and NIH Swiss): b =
Fv-l" strains (C57BL, B10.D2, BIO.BR, and BALB/c).

*Median liter of the virus-positive mice (log,0 plaque-forming units/0.4
ml of 2% tail extract).

of the b x (b x AKR) mice and 50% of the n x (b x AKR)
mice contained detectable levels of virus. The ILJdR
induction studies (Table 3) showed that this Fv-l effect was
not due to some direct interaction with the virus genome but
must relate to the degree of virus spread and consequent
ability to be detected. That is, ILJdR induction of b x (b x
AKR) embryos in tissue culture gave as high a proportion of
positives as in the permissive n x (n x AKR) cross. Again,
all the viruses induced by ILJdR were N-tropic.

The direct inference from the virus host-range studies is
that the AKR virus-inducing loci increase the probability of
spontaneous or ILJdR induction of AKR-type virus and
have no effect on the induction of a B-tropic genome in the
same cell. This is strongly supportive of the hypothesis that
the virus-inducing loci are the structural genes of the virus;
however, because of possible complexities of the poorly
understood B-tropic systems, we do not yet consider this to
be formal proof.

I would like to turn now to 2 important questions where
the mapping of Ak Vl has been particularly helpful. The first
concerns the genetic stability of the virus-inducing loci. The
fact that AKR possesses 2 unlinked, presumably identical,
virus loci and that 2 other high leukemic, high virus mouse
strains appear to carry 3 (Ref. 21; W. P. Rowe, unpublished
data), in conjunction with the evidence that MuLV RNA
synthesizes a DN A copy which may be able to integrate into
the host genome, suggests that a cell carrying a virus locus
has the capacity to insert a copy of this locus elsewhere in
the genome, either of the same cell or by induction and
infection of a neighboring cell. We are presently carrying
the isolated AkVl and K2 genes by a successive series of
backcrosses to a virus-negative strain in order to obtain

congenie lines. The virus-positive mice of these backcross
generations, being single gene hÃ©tÃ©rozygotesand thus
producing about 50% virus-positive progeny, offer an excel
lent chance to see whether a new insertion in gametes will
occur. If a copy should insert into the allelic site on the sister
chromosome, the mouse born from that gamete would be
homozygous and would be detected by his producing 100%
positive offspring. If a copy were inserted at a nonallelic site
in a gamete, the mouse would be a double hÃ©tÃ©rozygoteand
would give 75% positive offspring. We have obtained
progeny test data on 64 mice (almost all males) born of
single-gene hÃ©tÃ©rozygotes;Table 4 shows the frequency of
virus-positive mice in their offspring. Three cases suggested
that double heterozygosis may have occurred, in that 62 to
66% of the progeny were positive. In 1of these, the gene was
AkVl; hence, it was possible to see whether the correlation
with Gpi-l type was less than in other AkVl families. This
was not the case; the Gpi-l linkage data showed conclu
sively that the virus phenotype in this family was still
determined by a gene 13 units from Gpi-l and 38 from c.
These data thus indicate that the virus-inducing loci are
relatively stable, at least to the extent that the kind of
event we are looking for has not been definitely detected in
the 64 gametes studied.

The other question, which is somewhat related to the
above, is whether the chromosomal regions where Ak K, and
K2 are located are preferred integration sites for viral
genomes, to use bacteriophage terminology; whether, in
classical genetic terms, they are positive alÃeleswith compa
rable but possibly modified DNA sequences being present at
that site in other mouse strains; or whether virus genomes
have been inserted essentially at random into the mouse
genome. One approach, based on the previously discussed
study of the progeny of single gene hÃ©tÃ©rozygotes,will be to
see whether a K2 family reverts to 2-gene segregation and
whether the 2nd gene is Gpi-l linked, allelic to AkV,. The
other approach is to determine whether other high virus
mouse strains have a virus-inducing alÃeleat the AkV\ site.
We are in the process of undertaking this with C3H/Fg
mice and seem to have a somewhat surprising result. In
crosses with Fv-l permissive mice, the backcross mice are
83% positive in vivo or in vitro, indicating that C3H/Fg
carries 3 unlinked virus-inducing loci; as with the AKR

Table 4
Proportion of virus-positive mice in offspring of 64 single-gene

(Vt or K2) hÃ©tÃ©rozygotesmated with low virus mice
Only families with more than 16 offspring are included.

% of offspring positiveNo.1

910
1920
2930
3940
4950
5960-6970

or overTotal
1057/2347 (45%)of

families01014331330
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crosses, there was a significant correlation between presence
of virus and inheritance of the alÃeleat c from the
virus-positive grandparent. This, of course, suggested that 1
of the virus-inducing loci of C3H/Fg was at AkV^.
However, preliminary data indicate that this is not the case.
First, in the 1st backcross generation there is no correlation
of virus with segregation of Gpi-1. Second, by carrying out a
2nd backcross, we have isolated the c-linked locus; of 80
mice of this 1-gene family, 70 were concordant for virus and
c. This places the olinked C3H/Fg locus on Linkage Group
I significantly closer to c than is AkVl. Thus, these
preliminary findings suggest that the viral genomes are not
inserted at allelic sites in different strains; they also suggest
that there may be something unique about Linkage Group I.
In this regard it is perhaps significant that 1 of the 2 genes
required for expression of G,x antigen in 129 mice is also on
Linkage Group I (23), at a site different from either AkVl
or the C3H/Fg locus.

Thus, the evidence that MuLV genomes are chromosom-
ally located is mounting rapidly. The evidence for this can
be summarized as follows. Presence of virus and of certain
virus-associated antigens expressed in the absence of infec
tious virus shows Mendelian segregation, and a host-range
marker of the virus appears to be determined by the genes
promoting its expression. Second, biochemical studies in
several laboratories have shown that normal mouse cells
contain DNA homologous to the 70 S RNA of the MuLV
virion (Ref. 3; S. K. Chattopadhyay, N. Teich, D. R.
Lowy, A. S. Levine, and W. P. Rowe, manuscript in
preparation). Third, the fact that the virus-inducing effect of
lUdR requires its incorporation into DNA (25) is in accord
with this. Finally, the finding that there are at least 4
different sites for virus-inducing loci in the mouse genome
(AkVi, the Linkage Group I C3H/Fg locus, and the 2 other
C3H/Fg loci) with differences between mouse strains is
much more reminiscent of the insertion of viral genomes in
phage systems than it is of loci for cell enzymes which
permit expression of nonchromosomal viral genomes.

These findings are of potential significance in many areas
of the biology of murine leukemia and raise many questions
about the nature of the factors controlling the probability of
viral induction, whether the V genes can be only partially
expressed, and what evolutionary selection mechanisms
have been operative to select for those genes which can give
rise to infectious virus. I will not go into these here but
would rather point to the significance of the present studies
in resolving 3 of the major controversies in the history of
tumor virology.

First, it is apparent that the genetic and infectious
theories of the etiology of AKR lymphoma are fully
reconciled. At least 3 genes are involved, the 2 V loci, which
induce virus, and Fv-l, which regulates its spread, and H-2
(or its lr-l region) probably plays a significant role as well.
AKR lymphoma is a genetic infectious disease. There are
probably many additional genes which affect the final
outcome, and with the understanding and ability to score for
the 3 early ones, the late ones can now be investigated.

Second, 1 of the most bitter personal conflicts on the viral
etiology of cancer involved the 2 pioneers in the field,

Peyton Rous and James Murphy. Murphy worked with
Rous in the very 1st studies of the avian sarcomas, but
because of the difficulty in relating Rous's system to the
generality of cancer, by the 1930's he had become a bitter

and vocal opponent of the viral theory of cancer. In this
connection, I would like to cite 2 statements by Murphy
explaining the logical necessity which forced him to reject
the virus theory.

On the ability of Rous's strains to reproduce the exact

histological type of tumor from which they derived, he said
in 1931.

"This consideration has led us to accept as a working

hypothesis that the tumor agents are probably of endoge
nous origin rather than extraneous infective agents" (italics

ours) (10).
And in 1937,
"In the light of the known facts of the chemical induction

of tumors, the advocates of the virus theory are forced to
accept the fanciful idea that the cancer virus is universally
distributed in all normal tissue, but only manifesting itself
after the cell has become conditioned by the action of a
carcinogenic agent. Professor Boycott sums this chapter up
with the remark that 'when it becomes necessary to

postulate a normal virus occurring in normal cells one had
better call it something else than a virus'" (11).

To me, these are brilliant insights but too far ahead of
their time; instead of being used to reject the viral theory,
they are now 1 of its chief supports.

The 3rd controversy on which these studies may throw a
new perspective is the storm which greeted the part of the
oncogene theory which postulated that the endogenous viral
genomes are the cause of cancer. In large part this reaction
recalled the old "Do you believe in viruses'?" catechismâ€”a

question of faith rather than data. Although the present
studies prove that part of the oncogene theory is correct, by
doing so they make it essentially impossible to test the
crucial part, that is, that the integrated endogenous genomes
cause cancer. I doubt that it will ever be possible to
rigorously prove whether the expression of viral antigens in
tumor cells represents a cause or a result. The virus may
cause the cancer, the cancer may cause the activation of
virus, or some other factor may independently cause both of
them. However, the growing understanding of endogenous
viruses does provide an unexpected answer to the question,
"Do C-type virus genomes cause cancer?" In my view, the
answer to this question is now, "It doesn't matter." That is,
the C-type virus is so integral a part of the cell (and this
almost certainly will be found for human cells as well) that
its expression in malignant cells is in itself sufficiently
important and potentially exploitable that whether the viral
genomes are the cause, in a formal or semantic sense, is of
little additional practical importance. What is important is
that the viral genomes are there, often expressed, and thus
may provide a specific point of attack against the cancer cell
by either biochemical or immunological approaches.
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